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We describe and demonstrate an improvement to the curresgty admpedance detection
methodfor tip-sample distance control in near-field scannipgcal microscopes. The output
signal of the electronic bridge is increased by a fact&060 sothat aroot-mean-square chip can
be used in place of sensitive lock-in detection. 3hew that thesignal-to-noise ratio of this new
method is high enough tetect0.07 nmchanges in topography. In addition, tmdification
makes the electronics for the shear force feedback compact and inexpensive.

PACS Nos. 07.79.-v, 07.79.Fc, 07.50.Yd, 77.65.Fs

Introduction

Several non-optical methdds®*>¢ of detectingshear forcechanges, whichare used to
control tip-sample separation in near-field scanning optical microscopes (NSOM), have been put in
practiceduring the past twoyears. Sheaforce refers tahe effects ofsurface damping on a
vibrating probe(tip), which isattached tand driven by giezoelectric elemer{tither piezo), as
the oscillating tip isorought within ~ 10 nm of a sampdairface. One such methodsenseshis
force by measuringhe change in the finite-frequency (atgctrical impedance of ttaither piezo

in the piezo/tip electromechanical assenfbince the impedance change is about 1 part tn 4.0

bridge, either passiveor active® is used tdalance oumost ofthe piezo/tip impedanceith the

tip far from the surface. The detection of smaBignals constitutethe biggest challenge in this
method. Typicallythe demodulated bridge output signal is 10 to 20whén the feedback is
engaged.Evenwhengreat care isised tominimize noise, suctsmall signalsare susceptible to

noise pickup and drift due to environmenthlanges. Furthermoréhe nulled signafrom the

bridge islimited by the accuracy of the potentiometesed inthe phase shifter. During a long

scan, i.e., > 1 hr, the bridgmutput could drift by several microvolts, causihg tip to move out

of theshear force feedbaakange. In this paper, waescribe an improvement in tledectronic

bridge that gives a 50 time increase in the signal, while the background noise only increases by five
fold. Consequently, the signal-to-noise ratio now ranges from 30 td'bé.larger signal is also

less susceptible to noise pickup and drift. When combined with 100x gain, the signal now is in the
10 to 100 mV range. Thus,@mmercially availableoot-mean-square (rmghip can beused
instead of a lock-in amplifier to demodulate thesgmal. Thismakes the electronic®mpact, as

well as reduces the cost significantly.

Description of Instruments
We made three modifications to the circuits in Ref. 3 for detecting ac impedance changes.

(1) The 1 K2 resistors andnput followersfor the piezo and th&80° phase-shifted signals are

changed to transconductance amplifieiBhe rest of the electronic bridge is the samevfaat was

published in Fig. 1 of Ref. 3.

(2) Another stage of 10x gain is added after the summing junction.

(3) An rms chip, instead of a lock-in amplifier, is used to demodulate the bridge output signal.
The reason for the first modification is to boost the input sigiake impedance change of the

dither piezo is measured by monitoring the change in the ac cuirdéioi( acrossthe dither piezo

for a fixed amplitude drive voltag®) at frequency. In Ref. 3,I is monitored by measuring the

voltage across a Iksampling resistor, which acts as a voltage divider in series with the piezo. In



the transconductance amplifisthemethe output voltage is proportional to the currdgmbugh a
feedbackresistor. Because impedance is reduced by tpen-loop gain ofthe operational

amplifier at the operatinfrequency’ a larger feedback resistor results in a sigyah without
increasing the input impedance. dddition, the Johnsoncurrent noise associated withlaager
feedback resistor is lower. The value of the feedback resistor depends on the piezo impedance, the
desired bandwidth andain. In ourNSOM setup,the dither piezo is a tube made of EBL#2
materialwith dimensions 1/8'0.d., 1/8" length, andd.01" wall. Itscapacitance is 200 pF,

corresponding to an ac impedance of ~ @Qrkearly all capacitive, at 80 kHi)e midrange of the
operating frequencieor NSOM tips. We chose &eedback resistor (Rgpacp Value of 100

kQ for moderate gain without significantly decreasing tandwidth® However, without an
external feedback capacitor (parallel to the feediesistor), we observe signal at thesecond
harmonic frequency {Rwhen the bridge is close to the balance point. Beddsens chip has a
wide bandwidththe second harmonic signatse also demodulated and contribute to aoffset.
This can be avoided by adding a capacitor to increasgpsekin the transconductan@nplifiers.
With a 47 pF feedbackapacitor, the £ signal whenthe bridge is balanced is sufficiently
suppressed withespect to the feedbaskgnal. Thiscircuit alterationfrom Ref. 3increases the
bridge output by a factor of ~ 50 at 60 kHz, i.e. the feedback signalis~ 500 pVinstead of ~
10 pV. This gain enhancement agrees well with the calculated f@sthe values of components

we used. The increase in the background ndise 18 nV/+/Hz to 90 nV/\JHz, however, is
not proportional to the gain. Therefore, the signal to noise ratio is significantly enhanced.
The purpose of the lock-in amplifier in Refs. 2 and ganly to demodulate the small bridge
outputsignal. Since in the distance control application, the lock-in outipo constant used is
typically less than 100 pus, the bandwidth narrowing feature of lodktection is not reallysed.
Moreover, since the phasetbie bridge signatlepends onhe tip, the sample, anenvironmental
conditions and is ndtnown a priori, a wide-bandwidth magnitude converteas added tomake

the tip-sample approadkliable® Therefore, it would bsimpler and more direct tose an rms
chip for demodulation provided the signal is large enougbwever, 500 pV istill well beneath
the minimumresolution forcommercialrms chips ofsufficient bandwidth ¥ ~ 50 kHz); such
chips typically require 10 to 50 mV minimusignal levels. An 100 foléhcrease isieeded. To
preservethe wide bandwidth required bthe feedback iscanning microscopy, we chose a two-
stage amplificatiorfusing OP-27s) with 10gaineach. The output is then AC coupled and sent
into the input of a commercial rms chip (AD636YT.he output from the rms chip is compared with
a reference signal, arible differencegoes inthe feedback circuit of a commercgdanning probe
microscope (PSI AutoProbe CP). Fig. 1 shows the block diagram of oueleevonicsetup for
sensing AOmpedance changes of the piezo#lpctromechanicaystem. The bandwidth of the
electronic bridge combinedith the rms demodulator is estimated to be ~ BBz, limited by
Rreedbacieedback for afeedback signal of 10 t@00 mV. The actualbandwidth ofthe entire
feedback system is mudmaller, given bythe time constant and gain of thactual (digital)

feedback circuit’

Results and Discussion

An example of a topographimage takerwith a tapered NSOM fibgorobe usingthe circuit
described above is depicted kilg. 2(a) for a two-dimensional2D) grating. Aline cut, as
indicated onFig. 2(a), ofthe topographidmage isshown on Fig. 2(b). The error signal as a
function of tip-sample separatiop) {s shown in Fig. 2(c).All datawere taken with 25 mV drive
voltage applied to thpiezo. Far away frornthe surfacethe demodulatedms signal is 10 to 20
mV, depending on the frequency, when the bridge is nulled. As sdgg.i2(c),the totalnoise
whenthe tip is farfrom the sample is about £ 1@V. This noisecan be reduced bgroper
grounding and shielding to £ 2 mVEven with a 10 mV noise levelpor an approactcurve

distance of éhm, this circuit is sensitive enough tdetect0.07 nmheightchange$. With better



electronics and careful isolation from nogiekup, animprovement on the sensitivity can be
expected.

When the bridge is near the balangamint, the signal isvery sensitive to slight changes in
impedance and tpickups. We foundhat temperaturehanges of the dither piezo and of the
electroniccomponents areesponsible for most dhe signaldrift. To minimize drift, we placed
the NSOMs away from any air drafts and encased them in Styrdfoaes. Usinghe oldsetup,
the drift could still be as large as the feedback signal (~ 10spMetimes. However, using the
setup described in thgaper,the drift during a 30-minute scamas measured to be ~ 6 mV on
average while the feedback signal was ~ 70 niénce,the tip will not drift out of the feedback
range during a long scan. We also testedwo bridges undeidenticalconditions using 200 pF
capacitors. After the bridges were balanced, the drift over 3 hours using the old bridge was ~ 2 pVv

while using the new one (in this paper) was ~ 4 MVl hus,the percentage of the drift signal to
the feedback signal is significantly smaNenen using this new improvedesign, 4mV/70 mV
versus 2 pV/10 pV.

An added advantage of thiew acimpedancesensingcircuit is that it nolonger requires a
lock-in amplifier. This not only reduces cost, but also makeselectronics much more compact.
It is now possible to build all the electronics on an NSB#Ad,similarly to commerciakcanning
force microscopes. Having the electronic bridge physically close to the piezo further reduces drift
and noise pickup.

Summary

In summary, waeport an improvedircuit on a method currentlysed tocontrol tip-sample
separation in NSOM. The input stage in the electronic bridge was modified to achieveghigher
A commercialrms chip instead of a lock-in amplifier issed todemodulate the bridge output

signal. While the sensitivity and bandwidtre comparable tprevioussetup® the advantages of
the new circuit are it (1) has a higher signal-to-noise ratio, (2) is less susceptible to drift, (3) is low
cost, and (4) is compact and self-contained.
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Takingfp = 80 kHz, we obtain a settling time 6f 2 ms. Therefore, the feedback cirudvandwidthonly needs to

be a few hundred Hz.

"' We can routinely balance the bridges begira observe a smalladrift with capacitorsghan with the piezo/tip on
the tip resonance. Thdifferencelies in that weoperatethe shear forcdeedback athe resonanfrequency of the
piezol/tip electromechanical system, whereas the impedance-equivalent capacitors have no resonafregsiémaiiis
regime. Nearthe resonancefoth themagnitudeandthe phase of the ampedancevary rapidly as dunction of
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Figure 1. Block diagram of the improved circuibr detecting ac impedance changes in the
piezo/tip electromechanical assembly. It no longer requires a lock-in amplifier and a fast magnitude
converter as used in Ref. 3. Instead an rms chip is used to demodulate the bridge output signal.
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Figure 2: (a) Animage of a 2D grating takemith an NSOMtip using the new circuit. The
grayscale represents 25 nm height difference. (b) A line cut of height cheergasdistance X),
as indicated in Fig. 2(a). (c) Error signal as a function of tip-sample sepagitiohhg zero ok
is defined by theposition at whichthe bridge output signaaturates, i.e.tip-sample "contact”
point. The 10% and 90% of the transition are marked on the graph. The correspiprsiangple
separation is ~ 6 nm.



