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Abstract—Probing nanostructures (e.g., nanoelectron-
ics) requires accurate and precise nanopositioning. Fur-
thermore, since measuring /-V data from dc to GHz typically
takes more than a minute, tolerance for position drift is
stringent during the data collection process. This paper re-
ports a closed-loop controlled nanomanipulation system for
operation inside a scanning electron microscope. A new po-
sition sensing method with low power consumption is used
to achieve nanometer sensing resolution and effective heat
dissipation management. For automated probing of nanos-
tructures, the position sensor-based closed-loop probing
approach was found to be four times faster than visually
servoed probing, and ten times faster compared to manual
operation. Probing accuracy was determined to be better
than 3 nm and a drift rate lower than 1 nm/min.
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probing nanostructures.
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[. INTRODUCTION

S the integrated circuits (IC) industry continues its

miniaturization trend, nanometer-sized nanoelectronic
structures need to be probed for design verification and man-
ufacturing quality monitoring. Nanoelectronic probing is often
performed inside a scanning electron microscope (SEM) with
piezoelectric nanomanipulators. Real-time SEM image feed-
back and precise positioning of probes via a nanomanipu-
lation system offer significant speed advantages over atomic
force microscopy-based probing. State-of-the-art SEM-based
nanoprobing is conducted by highly trained personnel via joy-
stick tele-operation, a process that is time consuming, is highly
skill dependent, and has poor repeatability. To alleviate these
challenges and achieve automated nanoprobing, a closed-loop
controlled system is needed.

Several nanomanipulation systems have been reported in
the literature [1]-[5]. There are also commercially available
nanomanipulation systems developed by Kleindiek, DCG Sys-
tems (Previously Zyvex), SmarAct, Klocke, and Attocube.
These systems have been applied to nanomaterial character-
ization [6]-[12], micro-nano device assembly [13], [14], pho-
tonics [15], [16], and biology research [17]-[19]. We previously
also reported an SEM load-lock-compatible nanomanipulation
system [20] driven by piezomotors and piezoactuators to selec-
tively remove silicon nanowires for the construction of field-
effect transistor nanowire protein sensors with well-controlled
nanowire number and diameter bridging the source and drain
electrodes [14].

Utilizing SEM image feedback, several automated opera-
tions have been demonstrated, including the handling of micro-
nanomaterials [21]-[25], micro-nano device assembly [14],
nanomaterial characterization [26], [27], and nanoprobing [28],
[29]. These automation techniques are limited by the low imag-
ing frame rate of SEM (~15 Hz) and are susceptible to SEM
imaging conditions (e.g., brightness fluctuation, image drift, and
image noise).

Automation can also be realized via the integration of position
sensors for closed-loop positioning. Optical encoder-based sen-
sors generate heat that is difficult to dissipate inside SEM’s high
vacuum environment, causing nearby materials to thermally ex-
pand and result in drift. Capacitive sensors are costly and intri-
cate to integrate into nanomanipulation systems due to the de-
mand for carefully routing sensing signals over long distances
(e.g., 10 cm) between nanomanipulators and the feedthrough

1083-4435 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. (a) Nanomanipulation system with closed-loop controlled fine
positioners. (b) Flexure guided, preloaded piezo fine positioner with a
single strain gauge integrated. (c) Example nanoprobing targets.

flanges on an SEM. Strain gauge-based sensing is sensitive to
temperature change, and the traditional sensing circuitry with
the Wheatstone bridge configuration and signal amplifiers gen-
erates significant heat that leads to sensing signal drift.

This paper reports a new nanomanipulation system with a po-
sition sensing method based on strain gauges and time-to-digital
conversion (TDC). This method requires low power because the
measurement method is based on the charging of a capacitor.
The system consists of long range coarse positioners and
high precision fine positioners. Closed-loop nanoprobing was
demonstrated and quantitatively evaluated. The experimental
results demonstrate that the system is capable of performing
automated probing of nanostructures under IC-chip-probing
relevant electron microscopy imaging conditions. The nanoma-
nipulation system has sub-nanometer sensing resolution, a
sensing signal drift rate that is lower than 1 nm/min, and a
closed-loop positioning accuracy better than 3 nm.

Our previous publications [28], [29] described the use of
real-time SEM image denoising and drift compensation to en-
able automated probing. The main limitation of the approach is
the slow frame rate of SEM (15 Hz). The approach reported in
this paper utilizes strain gauge sensory feedback with 100 Hz
bandwidth, allowing higher speed automated probing. In addi-
tion, the automation shown in this paper is no longer susceptible
to the random SEM image fluctuations due to external magnetic
field and thermal image drift. The automated probing can be per-
formed even when the SEM electron beam is turned off, which
minimizes electron beam damage to the sample.

In this paper, system design is introduced in Section II.
Section III presents characterization details of the position
sensors and the control system. Section IV describes nanoprob-
ing experiments and performance evaluation of the system
for automated probing of nanostructures. Finally, Section V
concludes this paper.

Il. SYSTEM DESIGN

The nanomanipulation system (see Fig. 1) consists of four
manipulators centrally mounted on a load-lock compatible
carrier. The system can be transferred in and out of SEM

through the vacuum load-lock, eliminating the need to break
the high vacuum within the SEM chamber during sample and
end-tool changes.

To enable closed-loop controlled nanoprobing, position feed-
back is required to be repeatable, accurate, and with minimal
drift. In this work, the nanomanipulation system integrates a
new position sensing method. It is critical to design the posi-
tion sensing electronics with minimized heat generation, allow-
ing the overall system to efficiently reach thermal equilibrium
quickly. By maintaining thermal equilibrium, thermal expansion
or contraction of the system structural elements is reduced, and
the sensing elements that are sensitive to temperature changes
are not significantly affected.

A. Manipulators

Each manipulator consists of three long range coarse posi-
tioners with three high precision fine positioners stacked on top.
The coarse positioners are composed of three stick-slip-based
piezo positioners for XYZ coarse positioning. In this design,
no sensory feedback is implemented in the coarse positioners
to minimize heat generation sources. Stainless steel rail con-
struction improves guiding accuracy and ensures efficient heat
dissipation. Coarse positioning is open-loop controlled and only
needs to move end effectors (e.g., tungsten probes) into the field
of view of SEM.

The fine positioners are three flexure guided, preloaded piezo
positioners with one strain gauge mounted on each piezostack.
Unlike the use of traditional Wheatstone bridge configuration
that requires up to four strain gauges mounted on a single piezo
to maximize sensitivity, our single strain gauge method provides
comparable sensitivity while using significantly less power. Us-
ing position feedback, the system is able to control the fine
positioners via closed-loop control to probe nanoscaled struc-
tures. In the automated mode, end effectors are moved by the
system to reach specified target coordinates with a high re-
peatability and accuracy. After the coarse positioners bring the
end-effector into the field of view, if this distance between a
target and the end-effector is larger than the remained motion
range of fine positioners, position sensing signals stay constant
before the end-effector reaches the target although actuation
voltages are increased. This prompts the actuation of the coarse
positioners again and readjustment of the fine positioners.

B. Sensor Design

Strain gauges and the Wheatstone bridge for sensing strain
in piezostacks are commonly used in the air environment where
four strain gauges are glued to the surfaces of a piezostack to
form a full-bridge circuit configuration for maximizing sensi-
tivity. When the piezostack expands or contracts, strain-induced
resistance changes in the strain gauges are converted to volt-
age changes by the Wheatstone bridge. The method requires a
relatively large piece of piezostack to accommodate four strain
gauges, which increases the overall size of fine positioners. In the
vacuum environment, heat generated from the four strain gauges
is mainly conducted through the ceramic piezostack that has
poor thermal conductivity. Inefficient heat transfer in vacuum
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circuitries for amplifying Wheatstone bridge readout also gener-
ate heat that is difficult to dissipate in the vacuum environment.

In this paper, we developed a strain gauge sensing method that
is more suitable for use in vacuum. As shown in Fig. 2, a single
strain gauge is mounted on a piece of piezostack and connected
in series with a capacitor. When no strain is applied to the strain
gauge, the resistance of the strain gauge remains constant, and
the time it takes to charge and discharge the capacitor remains
constant. When the resistance of the strain gauge changes due
to applied strain, the time it takes to charge and discharge the
capacitor changes, thus can be correlated to strain changes [30].

The charging and discharging time can be accurately mea-
sured using a TDC, and correlated to resistance change in strain
gauge according to (1). It is feasible to obtain high accuracy
time measurement with TDC, which leads to a more accurate
strain measurement than the Wheatstone bridge

LtQ
= . -] 2
t1 R-C n(wl)
cc — Vil
ty= R-Coln( Ve = Vi 1
) C n( C(:_‘,t2> ()

where V. is the voltage of a fully charged capacitor; V;; and
V1 are the threshold voltage of charging; and #; and #» are the
discharging and charging time, respectively.

The proposed strain gauge sensing method uses approxi-
mately 200 times less power than the conventional Wheatstone
bridge configuration, and approximately 50 times less power
than optical encoders with comparable sensing performance.
The low heat generation feature allows the overall nanomanip-
ulation system to quickly reach thermal equilibrium and effec-
tively maintain it. The surface area on a piezostack needed for
mounting strain gauge is also reduced by four times, allowing
smaller fine positioners to be constructed.

The TDC circuit built in this work is based on the measure-
ment of charging and discharging time of a capacitor through the
strain gauge. The circuit has a higher complexity than the con-
ventional Wheatstone bridge circuitry, and is presently limited
to 100 Hz in bandwidth. The process of charging and discharg-
ing is typically slower than AD conversion in the conventional
Wheatstone bridge. This bandwidth was intentionally designed
for improving the position sensing resolution while satisfying
the need of nanomanipulation inside SEM.

pper
Computer

Fig. 3. Closed-loop controlled nanomanipulation system architecture.
The devices of low power consumption are inside the SEM, while the
ones of high power consumption are all outside.

On-board electronics is placed within the aluminum housing
of the nanomanipulation system carrier inside the SEM. The
strain level of the strain gauge mounted on the piezostack is
measured with TDC circuitry positioned in close proximity to
ensure signal integrity. Sensor output from every manipulator
is collected by the on-board MCU (microcontroller unit), syn-
chronized, filtered, and sent to the external electronics (outside
SEM) via the I2C bus. Our approach minimizes sensor signal
interference by reducing the length of signal wires, and allows
large amount of sensor data to be transferred out of the SEM
without the need for additional vacuum feedthrough wiring.

The external electronics consists of an MCU and arrays of op-
erational amplifiers for driving the piezo stack. After receiving
sensor readout from the on-board electronics, the MCU com-
putes the required piezo stack driving voltages based on the
PID control law, and sends driving voltages to the on-board
electronics, as illustrated in Fig. 3.

C. Control System

The imaging magnification of an SEM can typically be varied
up to a million times. When the SEM magnification is changed,
it is desired for the positioning speed and resolution of the
nanomanipulation system to automatically change accordingly.
Therefore, using a single set of PID controller parameter for
all imaging magnifications is inadequate. Online switching of
PID parameters can result in sudden changes in positioner out-
put, which in practice may cause the delicate nanoprobe tips
to collide with the sample and cause tip or sample damage.
To overcome this problem, the system changes control gains
gradually, and new integral term is calculated according to

to t
w = [Kp1S+ Kpa(1=S)les + K > er+Kip Y e
0 to+1
+[Kp1Si + Kp2(1 — Sp)](er —er-1) (2)

where { Kp1, K11, Kp1 } and { Kpo, K19, Kps } are the control
gains to be switched; e; is the error at time #; and v, is the output.
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S, is a smooth curve that is defined as

1 t <t
St = 1+ t() /tw - t/tw t() <t § tw (3)
0 t>t,

where ¢, is the time of switching, and ¢,, is the length of switch
window.

Fig. 4 shows the control system architecture, where the de-
formation of piezoelectric ceramics is measured by the strain
gauge sensors. A sudden change in controller parameters can
cause a sudden change in controller’s output (e.g., positioner
making large, sudden movements). By changing controller pa-
rameters in gradual increments, we minimized the changes in
controller’s output. The change of proportional parameter and
differential parameter is given by S; (3). This switching strategy
was proven experimentally to ensure smooth controller output.

D. Alignment of Manipulator Axes

Due to inaccuracies in machining and assembly of the
nanomanipulation system components, it is infeasible to me-
chanically align the motion axes of each manipulator to be
perfectly orthogonal to each other. Since the system contains
multiple manipulators, each manipulator has its own set of co-
ordinate system; proper alignment is important to achieve in
order to avoid confusion to operators.

Using rotation matrices can compensate for the misalign-
ments in motion axes. However, manual calibration of each
motion axis under SEM is time consuming. The long calibra-
tion time results in prolonged electron beam exposure, which
can cause contaminations to end-effectors and the sample due to
electron beam-induced deposition [31]. Furthermore, to change
an end-effector (e.g., nanoprobe) or sample, the operator needs
to physically contact the nanomanipulation system, which can
cause slight alterations in frictions at interfaces and create slight
mechanical misalignments, demanding system recalibration.

In our system, the motion path of each manipulator axis was
characterized using SEM visual feedback and corrected through
online coordinate transformation to match each manipulator’s
axis with the SEM image axis. The transformation from posi-
tioners’ reference frame to that of SEM imaging frame is

. dy
T cosae  —sinf8 — T T
d.
d, 2
Y sinae cosf L Y Aly
d; z z
SEM 0 0 1 pos pos

“

The angle between the manipulator axis and SEM image
axis is « for the X-axis and [ for the Y-axis. Manipulator’s
Z-axis movement d. is projected onto the SEM screen as X—Y
movement due to misalignment, measured to be d, and d,,. In
experiments, the automated calibration process takes approxi-

probe
current
position

sample
surface

Fig. 5. Real-time graphical representation of the sample-probe loca-
tion, enabled by closed-loop feedback of the system.

mately 2 min to align one manipulator. The system repeats auto
calibration under each SEM imaging magnification to improve
positioning accuracy when imaging magnification is changed
during nanomanipulation.

E. Manipulator-Sample Registration

Nanoprobing involves landing nanometer-sized probe tips on
top of IC nanostructures to establish electrical connections. Due
to the lack of depth information from 2-D SEM image feedback,
detecting the probe-sample contact relies on operator skills. The
contact detection process is time consuming, and results in probe
tip or sample damage due to collision.

Because of the closed-loop capability of our nanomanipula-
tion system, the need for manually establishing probe-sample
contact every time is eliminated. The operation of our sys-
tem involves manual establishment of probe-sample contact on
three or more locations on the sample, and the XYZ coordinates
are recorded. These coordinates are used by the system to de-
termine sample position and orientation relative to the manip-
ulators, and the result is graphically presented in the system’s
graphical user interface as shown in Fig. 5. From this point
onwards, the system is capable of automatically establishing
probe-sample physical contact using position feedback.

[ll. SYSTEM CHARACTERIZATION RESULTS

System positioning performance was characterized in a Hi-
tachi S4800 field emission SEM. Denoising and image stabiliza-
tion algorithms [28] are employed by the system to compensate
for the high image noise and image drift at high SEM imaging
magnifications. SEM imaging conditions were tuned to maxi-
mize image quality at the 800000 x magnification. Characteri-
zation of the position sensor and manipulator performance was
conducted using sub-pixel visual tracking [20]. Table I summa-
rizes the overall system performance.

A. Sensor Characterization

Sensor characterization includes the quantification of drift,
linearity, resolution, and accuracy. Drift in sensor readout is
mainly caused by temperature change of the strain gauges.
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TABLE |
SYSTEM SPECIFICATION AND PERFORMANCE

100 x 100 x 20 mm?
30 x 30 x 17 mm?

Dimension Complete system

One manipulator

Position sensor Resolution <1nm
Accuracy 3 nm
Drift <1 nm/min

Coarse positioner (open loop) ~ Range 10 mm in XY, 5 mm in Z
Minimum step size 112.5 nm

Fine positioner (open loop) Range ~22 pm
Minimum step size 0.12 nm

Fine positioner (closed loop) Range 20 pm
Accuracy 5nm
Maximum speed 45 pm/s
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Fig. 6. Sensor drift behavior over time. (a) For the entire 10 000 s.

(b) In the first 60 s of start-up, sensor readout changes drastically
(~50 nm/min) due to heating of the circuit components. (c) In the last
60 s of the testing, drift has reduced to less than 0.8 nm/min.

When first placed inside the SEM, it takes some time for
the nanomanipulation system to reach thermal equilibrium for
optimal performance, which is applicable to any foreign ob-
ject/sample placed into an SEM’s vacuum chamber for thermal
stability. Almost all position sensors are sensitive to temperature
change due to inherent expansion/contraction in materials. The
advantage of our sensing method is reduced heat generation,
allowing thermal equilibrium to be quickly reached.

To study the drift behavior of our sensors within the vacuum
environment, the nanomanipulation system was installed into
the SEM for a few hours prior to the experiment to ensure that the
system had reached thermal equilibrium within the SEM. Hence,
any drift observed from the experiment was caused solely by
the heating of the system’s on-board electronics.

After the system was powered on without driving the piezo
elements, the output of the sensors was recorded for 10 000 s, as
shown in Fig. 6(a). In the first 60 s [see Fig. 6(b)], Ohmic heating
of the circuitries from the on-board electronics caused a signif-
icant drift in sensor signal (approximately 50 nm/min). Due to
the low power consumed by the on-board electronics, thermal
equilibrium was quickly reestablished, reducing the sensor drift

4
25210 r r r : Y

Sensor Output (nm)

0 1 1 1 1 1
0 100 200 300 400 500 600
Displacement in Image (pixle)
Fig. 7. Linearity of the sensor based on TDC strain gauge sensing.
Each pixel at this magnification corresponds to about 37.5 nm.
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Fig. 8. Resolution of the sensor was determined to be better than 1 nm.

to less than 3 nm/min after the system was turned on for 1 min.
In the last 60 s of the experiment, the sensor drift rate decreased
to less than 0.8 nm/min [see Fig. 6(c)].

Compared to our previously developed system [20], which
was a load-lock-compatible nanomanipulation system using op-
tical encoder for position feedback and having a drift rate of
~72 nm/min, this new sensory feedback reduced the drift rate
by 90 times. During nanoprobing, it is important for the probes
to stay in contact with the test points (e.g., 20—100 nm in size)
without drifting away. A typical /-V curve characterization takes
less than 2 min to complete, during which our new system drifts
less than 1.6 nm. This low drift rate greatly benefits reliable
probing of nanoelectronics structures.

Sensor linearity represents the relationship between the sys-
tem’s measured input and output. In our testing, a single axis
of the manipulator was operated in closed-loop mode at 80 000
magnification, taking a 2 m motion step every 10 s over entire
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Fig. 10. Automated nanoprobing of four predefined positions over a
span of 35 min. The red dots indicate the probed location in the first
cycle, while the red dot shows the probed location after 360 cycles
(~35 min after). Video is provided.

travel range of manipulator axis while actual positioning was
visually tracked using SEM images (see Fig. 7). The r2 value of
0.9998 confirms excellent linearity of the position sensors.

To determine sensor resolution, the fine positioner was moved
by 1 nm every 10 s. Fig. 8 shows a representative set of data. We
read the sensors output twice after the position of end effect is
changed step by step. The difference between the actual position
(measured from SEM imaging) and position sensor reading is
less than 1 nm, demonstrating that the position sensor has a
resolution better than 1 nm.

B. Positioning Characterization

The controller for fine positioners drives the piezo elements
according to position sensory feedback. Step response and po-
sitioning error for tracking 10 nm steps and 2 pm steps are
shown in Fig. 9. In Fig. 9(b), it can be seen that the difference
between the image tracking result and position sensor readout
overall becomes larger over time. This is because under the
high SEM image magnification used (800000 ), hydrocarbon
contaminates were rapidly deposited within the field of view
due to electron beam irradiation [31]. The deposited materi-
als caused the feature being visually tracked to be less salient,
which caused larger errors in visual tracking over time. The
control performance could be improved in transient response
by implementing more advanced control methods; however, in
nanoprobing, manipulation is mainly taken in a small range of
motion (e.g., ~100 nm), and the delay is sufficiently short for
successful nanoprobing.

IV. NANOPROBING EXPERIMENTS

An SEM metrology chip from MetroBoost was used for
nanoprobing tests. The chip contains arrays of identical concen-
tric circles, each containing submicrometer lines and spacing.
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Fig. 11.  Zoomed-in view of each of the probed locations. Each location
is probed 360 times, and a repesentative sample of it is shown on the
figure.

Fig. 12.

Automated nanoprobing of duplicated features inside SEM.

These arrays of structures were used in this work to mimic high-
density, repeated nanoelectronic components (e.g., transistors)
on an IC chip (e.g., SRAM chip).

To demonstrate the long-term stability of the closed-loop
nanomanipulation system, we performed a manual teaching
step of probing four randomly selected locations in sequence
on the concentric circle, followed by automatically performing
the same probing task repeatedly and observing motion repeata-
bility over time. During the manual teaching stage, the operator
controls the motion of the manipulator with a joystick to bring
the tungsten probe tip to contact with the sample, follow by sav-
ing the XYZ coordinate. The process is repeated four times for
four randomly selected locations. During the automated probing
step, the manipulator first moves in XY, followed by Z to estab-
lish probe-sample contact. The probe is then lifted by 100 nm
above sample, and moved to the next saved point.

The automated probing process probed 360 locations within
35 min, and the process is shown in the first part of the Sup-
plementary Video. Fig. 10 shows the probing results over time
recorded, and Fig. 11 shows the detailed positioning history of
the probe for each of the four locations. The positioning accu-
racy for all the four points that were each probed 360 times was
48.6 nm. The accumulative positioning error was measured to
be 35 nm at the end of the 35 min of repeated probing. In terms of
probing speed, each contact took the system 1.45 s to establish.
Compared to our previously reported results [28], this speed is
four times faster than visually servoed nanoprobing. In addition,
the nanoprobing performance does not depend upon the image
quality of the SEM because of position sensor feedback, or the
skill level of the human operator.

In the second half of the supplementary video, the system
was operated in the learning by demonstration mode. The op-
erator uses a joystick to probe the locations of interest on the
first concentric circle. The system then performed closed-loop
control to automatically probe the same locations of interest on
subsequent concentric circles in the array (see Fig. 12). SEM
visual feedback was used in the operator’s teaching process, and
the nanomanipulation system used position sensor feedback for
performing subsequent automated probing without relying on
SEM image feedback.

V. CONCLUSION

In this paper, a closed-loop controlled nanomanipulation sys-
tem that operates inside SEMs was presented. This system
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integrates strain gauges for position sensing, and sensor sig-
nal was measured via the time-to-digital conversion method.
Position sensor accuracy is better than 3 nm with a resolution
of 1 nm. Linearity of the sensor signal throughout the 22 pm
fine positioning range is higher than 0.9998. The system has a
low position drift rate of 0.8 nm/min. The experimental results
demonstrate that the system is capable of automated probing of
nanostructures via closed-loop control via position feedback.
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