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SHOP NOTES
These are “how to do it” papers. They should be written and illustrated so that the reader may easily follow whatever
instruction or advice is being given.

Minimizing open-loop piezoactuator nonlinearity artifacts in atomic force
microscope measurements
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Department of Physics and Astronomy, Department of Electrical and Computer Engineering,
Iowa State University, Ames, Iowa 50011

(Received 5 July 2017; accepted 25 August 2017; published 8 September 2017)

Atomic force microscopes (AFMs) are widely used to study molecular interactions with

piconewton force sensitivity. In an AFM, interaction forces are measured by reflecting a laser beam

off a cantilever onto a position sensitive detector and monitoring cantilever deflection. Precise

measurements of interaction forces rely on accurately determining the optical lever sensitivity, i.e.,

the relationship between cantilever deflection and changes in detector voltage. The optical lever

sensitivity is measured by pressing the cantilever against a hard substrate using a piezoactuator and

recording the resulting change in detector voltage. However, nonlinearities in the motion of

commonly used open-loop piezo actuators introduce significant errors in measured optical lever

sensitivities. Here, the authors systematically characterize the effect of piezo actuator hysteresis

and creep on errors in optical lever sensitivity and identify measurement conditions that minimize

these errors. VC 2017 American Vacuum Society. [http://dx.doi.org/10.1116/1.4994315]

I. INTRODUCTION

Atomic force microscopes (AFMs) are widely used to

measure structural properties and inter/intramolecular forces

with single molecule sensitivity.1–3 In a typical AFM experi-

ment, forces are measured by monitoring the deflection of a

micrometer-sized cantilever with a sharp tip at one end. To

measure cantilever deflection, AFMs commonly utilize an

optical lever setup where a laser beam is reflected off the

back side of the cantilever onto a position sensitive quadrant

photodiode (QPD). As the cantilever bends, the position of

the laser beam on the QPD changes, which results in a

change in difference voltage (DV). The deflection of the can-

tilever is determined by measuring the inverse optical lever

sensitivity (sensitivity, S), which is the relationship between

cantilever deflection (DD) and DV.4,5 Accurate values of

measured sensitivity are critical for determining interaction

forces, calculating cantilever spring constants, and calculat-

ing the distance between the AFM tip and the underlying

substrate.6,7

Sensitivity is typically measured by pressing the cantile-

ver on a hard, nondeformable surface and then moving it by

a known distance, DD, relative to an arbitrary reference

point, while simultaneously monitoring the voltage change

in the QPD. The sensitivity is calculated as: S¼DD/DV. In

these measurements, either the cantilever or the sample is

translated using open-loop or closed-loop piezoelectric

actuators (PZTs). While closed-loop PZT displacement is

characterized by its linearity, repeatability, and accuracy, the

displacement of an open-loop PZT is nonlinear due to hys-

teresis and creep.8–10 These nonlinearities in open-loop PZT

motion can contribute to substantial errors in DD, which

results in sensitivity errors.11,12 While methods have been

developed for correcting sensitivity errors by calibrating the

response of QPDs,13 quantitative measurements of sensitiv-

ity errors due to PZT nonlinearity and simple strategies to

minimize these errors have not been explored.

In this study, we characterize the effect of the open-loop

PZT travel range, travel direction, travel rate, and dwell

times on DD and sensitivity errors. We show that these errors

are dramatically reduced when an open-loop PZT is operated

around the region where its travel is most linear. This linear

travel region can be easily measured using established meth-

ods for measuring hysteresis in open-loop PZT motion.14,15

II. RESULTS

We systematically measured the motion of closed-loop

and open-loop PZTs, identified regions with linear travel, and

compared optical lever sensitivities in the linear and nonlinear

travel ranges. All measurements were performed using two

PZT scanners (navy VI type piezoelectric ceramic, PZT5H2,

Keysight Technologies), which could be operated in either

closed-loop or open-loop modes and had travel ranges of

13.2 lm (þ6.6 to �6.6 lm) and 16.6 lm (þ8.3 to �8.3 lm),

respectively. Built-in inductive position sensors allowed us to

monitor the movement of the PZT at a data acquisition rate of

25 kHz. Linear travel was defined as the region of expecteda)Electronic mail: sivasank@iastate.edu
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versus measured PZT position plots that had a slope that was

within the range of 1 6 0.05.

First, we characterized the linearity of the closed-loop and

open-loop PZT by sweeping it across its complete travel

range [Figs. 1(a) and 1(b)]. The PZT was swept from the posi-

tive to negative extremum (approach sweep) and then swept

back to the positive extremum (withdrawal sweep) at a speed

of 1 lm/s. As expected, closed-loop PZT motion across the

entire travel range was linear with a slope of 1.0001 6 0.0002

and 1.0000 6 0.0001 for the approach and withdrawal

sweeps, respectively. In contrast, when the PZT was operated

in the open-loop mode, only 9.1% of the entire approach

movement (þ0.6 to �0.6 lm) and 9.5% of the entire with-

drawal sweep (�2.4 to �1.1 lm) were linear [Figs. 1(b) and

1(c)]. Similarly, we measured a linear travel range of 9.6%

(þ0.7 to �0.9 lm) in the approach sweep and 10.9% (�2.4 to

�0.6 lm) in the withdrawal sweep, using a second open-loop

PZT with a total travel of 16.6 lm (supplementary material

Fig. 1).19

Next, we characterized the effect of the open-loop PZT

travel range on nonlinearity and consequently on optical lever

sensitivity. During the approach sweep, the PZT was trans-

lated from the same starting position (þ6.6 lm) to different

ending positions (�6.6, �4.6, �2.6, �0.6, þ1.6, þ3.6, and

þ5.6 lm, respectively) at a speed of 1 lm/s. During the with-

drawal sweep, the PZT returned to þ6.6 lm at the same

speed [Fig. 1(b)]. Thus, while all the approach sweeps started

at the same position, the starting positions for each with-

drawal sweep were different. Our measurements showed that

the approach sweeps overlapped in all cases and linear travel

was centered between �0.7 and þ0.6 lm. In contrast, the

withdrawal sweeps did not overlap and the linear travel did

not occur within the same region of each sweep [Fig. 1(b)].

Since the linear region in Fig. 1(b) overlapped only during

the approach sweep, we hypothesized that its location was

determined by the starting position of the sweep. To test this

hypothesis, we moved the PZT across a similar range and at

the same speed as in Fig. 1(b) but changed the starting position

of the approach sweep. Consequently, while we started the

approach sweep at þ6.6, þ4.6, þ2.6, þ0.6, �1.6, �3.6, and

�5.6 lm, respectively, every withdrawal sweep began at its

negative extremum (�6.6 lm) [Fig. 1(c)]. As anticipated,

the approach sweeps did not overlap and their linear regions

were no longer centered on the same portion of the sweep.

In contrast, the withdrawal sweeps, which now began at the

same starting point, overlapped and the corresponding linear

regions were all centered around the same portion of the

sweep (�2.4 to �0.6 lm) [Fig. 1(c)].

FIG. 1. (Color) Characterizing closed-loop and open-loop PZT linearity. For each measurement condition, ten consecutive sweeps were performed at a speed

of 1 lm/s [except in (e)] and then averaged. Linear regions of travel are colored black. (a) Closed-loop PZT motion across the entire travel range was linear.

PZT was swept between þ6.6 and �6.6 lm (approach: dashed; withdrawal: solid). (b) and (c) The overlap and linearity of open-loop sweeps, depended on the

sweep starting position. In (b), the PZT was moved from þ6.6 lm to different end positions (dashed lines) and then back to þ6.6 lm (solid lines). In (c), the

PZT was moved from different start positions to �6.6 lm (dashed lines) and back to the start positions (solid lines). (d) Sweep direction did not affect open-

loop linearity. PZT was moved from different start positions to þ6.6 lm (dashed lines) and back to the start positions (solid lines). (e) Effect of the sweep rate

on open-loop linearity. PZT was moved from þ6.6 to �6.6 lm (dashed lines) and back to þ6.6 lm (solid lines) at different sweep rates. (f) Effect of the open-

loop PZT creep. Different dwell-times were introduced between sweeps in the approach (dashed lines) and retraction (solid lines) directions as the PZT was

swept between þ5.0 and �5.0 lm.
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To confirm that the position of the linear region in an

open-loop sweep was dominated only by the starting posi-

tion, we reversed the direction of the sweep [Fig. 1(d)]. We

set the PZT to move with the same travel range and the same

speed as in Fig. 1(b) but in an opposite direction by first exe-

cuting a withdrawal sweep and then performing an approach

sweep. The measured trajectories were identical to those

shown in Fig. 1(b), indicating that the sweep sequence

did not matter. Furthermore, while the linear region in the

withdrawal traces did not overlap, the linear portion of the

approach sweep, which all started at þ6.6 lm, was centered

between þ0.6 and �0.6 lm [Fig. 1(d)].

Next, we characterized the effect of the sweep rate on lin-

ear movement; the open-loop PZT was swept between þ6.6

and �6.6 lm at 1, 3, and 10 lm/s [Fig. 1(e)]. While the frac-

tion of linear travel in approach sweeps was independent of

PZT speed (linear travel of 9.1%, 8.8%, and 9.2% at 1, 3,

and 10 lm/s, respectively), the fraction of linear travel in

withdrawal sweeps slightly increased with the sweep rate

(linear travel of 9.5%, 10.4%, and 12.5% at sweep rate of 1,

3, and 10 lm/s, respectively).

Finally, we characterized the nonlinearity of open-loop

PZT travel at different dwell times, i.e., the time period the

PZT is held at a constant voltage between approach or with-

drawal sweeps. Dwell time is an important parameter in the

operation of an open-loop PZT actuator since it is related to

PZT creep under a constant drive voltage.16 The PZT was

swept between þ5.0 and �5.0 lm at a speed of 1 lm/s;

dwell times of 0, 0.1, 1, 10, and 100 s were used [Fig. 1(f)].

As the dwell time increased, the linear range in approach

sweeps increased slightly from 9.6% to 10.7%. In contrast,

the linear travel of withdrawal sweeps dropped from 17.1%

to 11.7% [Fig. 1(f)].

Having characterized closed-loop and open-loop PZT

motion, we proceeded to test if open-loop sensitivities mea-

sured during linear PZT travel were similar to the real

(closed-loop) sensitivity. Since the linear regions in open-

loop approach sweeps in Fig. 1(b) were centered between

þ0.6 and �0.6 lm, we measured the closed-loop and open-

loop sensitivities at three positions in the approach sweep:

þ4 lm (nonlinear open-loop), 0 lm (linear open-loop), and

�4 lm (nonlinear open-loop). A glass substrate was posi-

tioned such that a PZT mounted AFM tip came into contact

with the substrate at a PZT position of þ4, 0, or �4 lm. The

PZT was then translated in the approaching direction until

the increase in QPD voltage due to cantilever deflection

reached 4 V (Fig. 2). Sensitivity was calculated as the

inverse of the linear slope when the cantilever was pressed

against the substrate (Fig. 2). Only cantilever deflection at

relative PZT position <�100 nm was used in sensitivity

analysis (Fig. 2). As anticipated from the linearized travel of

the closed-loop PZT [Fig. 1(a)], our measurements showed

that the closed-loop sensitivity does not change with the

PZT position [Fig. 2(a)]. Sensitivities of 309, 312, and

314 nm/V were obtained at þ4, 0, and �4 lm. In contrast,

while open-loop sensitivity measured within the linear travel

region (S¼ 283 nm/V at 0 lm) was similar to the closed-

loop sensitivity, the open-loop sensitivity measured outside

the PZT linear range had an error of up to 36% (S¼ 377 nm/

V at þ4 lm and S¼ 200 nm/V at �4 lm) [Fig. 2(b)].

We confirmed that we could always obtain accurate open-

loop sensitivities during linear PZT travel, using eight differ-

ent cantilevers (supplementary material, Table I).

Sensitivities were measured, as shown in Fig. 2, and normal-

ized errors were calculated as: (Sopen-loop� Sclosed-loop)/

Sclosed-loop. Average errors of 29.7 6 5.6%, �4.2 6 2.7%,

and �32.9 6 1.9% were obtained when open-loop sensitivi-

ties were measured at þ4, 0, and �4 lm, respectively (sup-

plementary material, Table I). When the measured

sensitivities were used to calculate cantilever spring con-

stants using the thermal fluctuation method17 (supplementary

material, Table II), an error of �40% and þ122% was mea-

sured using open-loop sensitivities at þ4 and �4 lm. In con-

trast, when the open-loop sensitivity measured at 0 lm was

used in the calculation, the error in the spring constant was

reduced to þ9%.

FIG. 2. (Color online) Optical lever sensitivity is accurate during linear PZT

travel. Detector voltage vs PZT movement during (a) closed-loop and (b)

open-loop operation. Sensitivity was measured at three different PZT posi-

tions. To enable direct comparison, the points of the tip-surface contact in

all measurements were aligned to the origin.
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III. DISCUSSION AND CONCLUSIONS

Our study characterizes the effect of PZT nonlinearity on

the optical lever sensitivity of AFM cantilevers and identifies

measurement conditions which minimize these errors. By

systematically studying the effect of the travel range, travel

direction, travel rate, and dwell times on the open-loop PZT

linearity, we identify conditions where linear PZT motion

can be measured. We show that the linear portion of open-

loop PZT motion is largely controlled by the starting posi-

tion of the sweep. For the open-loop PZTs used in this study,

motion was linear and sensitivity was accurately measured,

around the center of PZT travel during a full-range approach

sweep. Measurements in this linear region reduced errors in

sensitivity to �4% and errors in the spring constant to þ9%.

In contrast, when sensitivity was measured in regions where

travel was nonlinear, errors in the measured sensitivities and

spring constants were up to 36% and 122%, respectively.

It is important to note that since our scanner was equipped

with position sensors, we directly identified linear travel from

the expected versus measured PZT position plots. However,

linear travel in open-loop PZTs that do not have positon sen-

sors can be easily measured by using simple methods such as

scanning a tilted smooth surface14 or using a small mirror to

perform laser interferometry.15 Furthermore, while linear

motion in our PZT was measured around the center of travel,

this might hold only for PZTs that have a voltage drive which

changes symmetrically between positive and negative values.

It is therefore important to measure the linear region of travel

for any open-loop PZT14,15 before using it for sensitivity

measurements.

While our results clearly demonstrate that accurate sensi-

tivities are best measured using closed-loop PZTs, the guide-

lines provided in this study also enable the accurate

measurement of sensitivity using open-loop PZTs. Currently,

there are ongoing efforts to standardize AFM spring constant

calibrations and improve its reproducibility and accuracy.18

Our results add to these efforts and will facilitate the accurate

measurement of interaction forces in AFM experiments.

ACKNOWLEDGMENT

This work was supported by the National Institute of

General Medical Sciences of the National Institutes of

Health under award No. R01GM121885.

1P. Hinterdorfer and Y. F. Dufrene, Nat. Methods 3, 347 (2006).
2C.-F. Yen, D. S. Harischandra, A. Kanthasamy, and S. Sivasankar, Sci.

Adv. 2, e1600014 (2016).
3L. Gross, Nat. Chem. 3, 273 (2011).
4N. P. D’Costa and J. H. Hoh, Rev. Sci. Instrum. 66, 5096 (1995).
5R. Proksch, T. Sch€affer, J. Cleveland, R. Callahan, and M. Viani,

Nanotechnology 15, 1344 (2004).
6H. J. Butt, B. Cappella, and M. Kappl, Surf. Sci. Rep. 59, 1 (2005).
7Y. Gan, Surf. Sci. Rep. 64, 99 (2009).
8R. V. Lapshin, Rev. Sci. Instrum. 66, 4718 (1995).
9D. Hall, J. Mater. Sci. 36, 4575 (2001).

10M. S. Rana, H. R. Pota, and I. R. Petersen, IEEE Trans. Autom. Sci. Eng.

14, 1265 (2017).
11D. Walters, J. Cleveland, N. Thomson, P. Hansma, M. Wendman, G.

Gurley, and V. Elings, Rev. Sci. Instrum. 67, 3583 (1996).
12R. Levy and M. Maaloum, Nanotechnology 13, 33 (2001).
13H. Xie, J. Vitard, S. Haliyo, and S. Regnier, IEEE International

Conference on Intelligent Robots and Systems (2008), pp. 4024–4029.
14J. Fu, Rev. Sci. Instrum. 66, 3785 (1995).
15M. Jaschke and H. J. Butt, Rev. Sci. Instrum. 66, 1258 (1995).
16H. Jung and D.-G. Gweon, Rev. Sci. Instrum. 71, 1896 (2000).
17J. L. Hutter and J. Bechhoefer, Rev. Sci. Instrum. 64, 1868 (1993).
18R. S. Gates, M. G. Reitsma, J. A. Kramar, and J. R. Pratt, J. Res. Natl.

Inst. Stand. 116, 703 (2011).
19See supplementary material at http://dx.doi.org/10.1116/1.4994315 for lin-

earity characterization of an additional open-loop PZT, and for tabulation

of errors in open-loop sensitivity measurements and spring constant

calculations.

053201-4 C.-F. Yen and S. Sivasankar: Minimizing open-loop piezoactuator nonlinearity artifacts 053201-4

J. Vac. Sci. Technol. B, Vol. 35, No. 5, Sep/Oct 2017

http://dx.doi.org/10.1038/nmeth871
http://dx.doi.org/10.1126/sciadv.1600014
http://dx.doi.org/10.1126/sciadv.1600014
http://dx.doi.org/10.1038/nchem.1008
http://dx.doi.org/10.1063/1.1146135
http://dx.doi.org/10.1088/0957-4484/15/9/039
http://dx.doi.org/10.1016/j.surfrep.2005.08.003
http://dx.doi.org/10.1016/j.surfrep.2008.12.001
http://dx.doi.org/10.1063/1.1145314
http://dx.doi.org/10.1023/A:1017959111402
http://dx.doi.org/10.1109/TASE.2016.2538319
http://dx.doi.org/10.1063/1.1147177
http://dx.doi.org/10.1088/0957-4484/13/1/307
http://dx.doi.org/10.1063/1.1145438
http://dx.doi.org/10.1063/1.1146018
http://dx.doi.org/10.1063/1.1150559
http://dx.doi.org/10.1063/1.1143970
http://dx.doi.org/10.6028/jres.116.015
http://dx.doi.org/10.6028/jres.116.015
http://dx.doi.org/10.1116/1.4994315

	s1
	s2
	l
	n1
	f1
	f2
	s3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19



