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Interferometric measurement of the tip oscillation amplitude in apertureless
near-field optical microscopy
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We have implemented an optical homodyne interferometer to measure the tip oscillation amplitude
in apertureless near-field optical microscopy. The setup is fully embedded in the microscope’s
design, avoiding the presence of external arms. Our method is based on the synchronous detection
of the interference between the fields reflected by the tip and a glass sample surface, while scanning
the tip—sample distance over a few wavelengths. With the help of a simple model, we show how the
different interference terms arising at frequencies multiple of the tip oscillation can be exploited to
easily achieve sub-Angstrom resolutig®. 2005 American Institute of
Physics.[DOI: 10.1063/1.186691]2

Apertureless scanning near-field optical microscépy placed close to the proheand the mechanical stability. In
SNOM) has pushed the optical resolution below 10 Tfm. this paper we show the implementation of an interferometer,
The a-SNOM setup is based on atomic force microscopyimilar to the Mirau configuration adopted by optical
(AFM) working in the tapping mod%implemented for what profilers!® It exploits the optical elements embedded in
concerns the optical excitation and the collection of the scata-SNOM which employs lock-in detection techniques at dif-
tered light. A metallized tip, located at the edge of the canferent harmonics for fast and precise measuremenég.of
tilever beam, oscillates orthogonally to the sample surface The experimental setup is sketched in Fig. 1. The tip,
with an amplitudeay ranging from a few nanometefsoft  glued to a tuning fork(TF), is oscillated at resonance
tapping or noncontagtto a few tens of nanometerhard (fo~32.5 kH2 by a dither piezo driven by a function gen-
tapping. The tip oscillation is detected either opticdllgr  erator (V1). The probe beantEg) is provided by a HeNe
by piezoelectric means after gluing it perpendicular to aaser(A=632.8 nm, coupled to a single mode optical fiber,
quartz tuning-fork. The tip oscillation amplitude is a param- whose output is collimated, reflected by a 50% beamsplitter
eter of relevant importance for different reasons: regardingBS1), and, after passing a further beamsplittBS2), fo-
the imaging capabilities, the tip modulation serves as a banctused to one of the TF prongs, beside the tip, by means of a
pass filter of the spatial frequencies associated with the osens (L, f=8 mm). The reference beam originates from the
cillation amplitude’ acting as an effective tip sharpenifig; hack-reflection(E<) of BS2, which is mounted on a piezo-
tip-induced surface plasmon modes can produce an enhanggihe whose vertical axis is driven by a linear voltage ramp
ment of the optical near-fields, and the resonance energy N@v2). Finally, part of the light impinging on L is back-
tably shifts with the tip-sample distantén nanolithogra-  reflected(E, ) and reaches the photomultiplig?MT), inter-
phy, increasingy Ieads.to a redu_ced tim_e i_nterval into which fering with Ex andEg. The PMT output is split and sent both
the evanescent near fields are in proximity of the photoseny, g |ock-in amplifier referenced to the TF oscillation, and to
sitive surface, with consequences on the dimensions of thg ow-pass filter(f,= 1.6 kHz<f,). A digital oscilloscope is
nanostructures so produc%ff.he most widely used method |;5ed to acquire simultaneously the lock-in sigBatlemodu-
to measure the vibration of AFM or SNOM probes exploits |ated at thenth harmonic. the low-passed optical sigiSy|
an external differential interferometer setlip® placed at  4nq the driving piezo voliage, during thescan of BS2. An-
close distance from the prolia few mmj. In this scheme, oiher oscilloscope, preceded by diV converter (G

the laser beam is split into a probe and a reference beam.»q 7¢ mV/nA, is used to measure the current generated by
Once recombined onto the detector, the two beams provide o T4

signal proportional to th_e oscillation_amplitude with sub- Let us calla(t)=a, coswt the tip oscillation(w=27f),
An_gstrom accuracy. Rlacmg a further interferometer in prox-y 4 lo the average distance between the oscillating tip and
imity of an a-SNOM tip can be troublesome, both for what

) . the fixed lens L. The position of BS2 will be(t)=z,
concerns the lack of spag¢the collection optics needs to be +AZ(t), wherez, is the TF-BS2 average distance, ahelt)

the z-scan amplitude. The signal measured by the detector
¥Electronic mail: gucciardi@me.cnr.it will be proportional to
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FIG. 1. Sketch of the experimental setup.

| = |Ep+Eg+E.|?
=C+Bggcog4n/\ - (z(t) + ag coswt)|
+ B g cod4n/\ - (Ig+agcoswt)]
+Bys coddm/\ - (o= z(1)],

ey

where C=|Eg*+|Eg*+|E [°, Brs=2|EFEg|, B r=2E E],

and BLS: 2| ELES|'

In the small oscillations approximatio@m/\)ay<< 2,

i.e.,ag<<\/2 (well verified in a-SNOM operation and high
oscillation frequency{fy>1/\-d(Az)/dt], we expand Eq.
(2) in power series of4/\)ay coswt, up to the fourth or-
der. Expandingcoswt)" in terms of cotnwt), after recom-

bining the harmonic terms, we can write 2|, cognwt).

The first three terms will be
IO =C+ CO COS(¢0) + AO COS{¢2 + 4q/\ - AZ(t)]
+ BLS COS{gbl - 477/)\ . AZ(t)],

I, =Cy sin(¢g) — Ay sin ¢, + 4m/\ - Az(t)],

|2 = C2 COQ(}S()) - Az COS{¢2 + 4g/\ - AZ(I)],
where

Ao=[1 - Aagm/\)? + 4(agm/N)*] - Bsr,
A, = 4agm/\)[1 - Aagm/\)] - Bsp,

A, = dagm/\) 1 - 4/3 -(agm/\)?] - Bgp,

with ¢o=4mlo/\, p1=(47/N)(1g—2y), Pp=(47/N\)Z5, andC,

(B ) independent from\z.
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FIG. 2. dc interference patterns related(@the L1-BS2 assemblyb) the
TF-BS2-L1 system. The interference signal demodulated in-phase with the
TF oscillation at the firstc) and secondd) harmonic, carry information on

the TF oscillation amplitude. The black symbols correspond to the experi-
mental values, the grey lines are the fits.

and acquiringSy(Az) [Fig. 2(a), black symbol$ during a
z-scan. From a fifFig. 2(a), grey ling we obtain the values
of B, s(~0.4 mV) and ¢, which will be used as known pa-
rameters in the following. We now introduce the TF. Apply-
ing a dither voltage amplitudg=0.6 V (resulting in an os-
cillation of ~0.35 nm of the dither-piezothe TF piezo-
current amplitude i$=8.73 nA. TheS;(Az) curve[Fig. 2(b)]
features a remarkable increase of the signal due to the good
reflectivity of the TF. In fact, a fit of, using Eq.(2) leads to

a value Ag=16-B,s=6.45 mV. The uncertainty o\, (
~0.16 mV, corresponding te-2.5%) comes from the fit,
which takes into account also the uncertai(t®.1 mV) as-
sociated with the B term. We note that, even disregarding
such contribution, the maximum error we could commit on
Ay is of the order oB, g, i.e., ~6%. Simultaneously witls,,

we acquire the first harmonic in-phase demodulated signal
[Fig. 2(c), black symbol$ The z-scan is carried out i
=6.25 s and the lock-in integration time set 6200 ms.
We note therr/2 phase shift betwee®, andS,, predicted by
Egs. (2) and (3). A fit using Eq.(3), [Fig. 2(c), grey ling
gives A;=0.084, with an error of~1.5% (mainly due to
electronic noisp Subsequently we acquire the demodulated
in-phase signal at the second harmo8jd Fig. 2(d), black
symbolg, showing therr phase shift with respect 1&,. A fit
using Eq. (4 yields A,=1.8-10° A,
with an error of ~1.5% [Fig. 2(d), grey ling. The ratios
A,/ A, are polynomial functions o, that numerically solved
give ay(A1/Ag=4.1+£0.2 nm, ay(Ay/Ay)=4.2+0.2 nm,
a9(Ay/A1)=4.3+£0.1 nm. The error og, calculated from the

The key point here is that an optical signal is expected atatios involvingA,, mostly suffers of the uncertainty of the

every harmonic order, oscillating withz, whose amplitude

term proportional toB, 5. Conversely, the determination of

scales agagm/\)". Since the L-BS2 distance does not oscil- g, through the harmonics ratio is independent from the
late at the tip frequency, the corresponding interference term-BS2 interference, decreasing the uncertainty by a factor 2,
(<B.s) only contributes td,, not to the harmonics. There- and proving the advantages of the demodulation at higher
fore, such term can be singled out by pushing the TF awajarmonics.

from the optical path and carrying outzescan of BS2. The
measured signals, («l,) carry information aboug,. The
presence of thé, g and C, terms, however, prevent from
calculatingay from simple ratiosS,/S,. We have first to de-
termine the amplitudea,, by fitting the experimental curves
S,(A2), and finally evaluate, from the ratiosA,/A,. First of

Sweeping the dither voltage, we vaayin the 1—-10 nm
range. In Fig. 3 we plot the measured valuesgphgainst the
TF piezo-current. The different symbols refer to the various
ratios A,/ A, used for the calculatiofsee inset The values
are consistent within the experimental erréise bars coin-
cide with the symbols A linear fit provides the TF calibra-

all, we characterize the L-BS2 interference, removing the TRion coefficient 8=0.48+0.01 nm/nA, in good agreement

Downloaded 13 Dec 2007 to 131.114.129.199. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



036105-3 Notes Rev. Sci. Instrum. 76, 036105 (2005)

T T T T T T

5 Y% Af=1/7, must also be much smaller thag The use of the
[ = SfomAds, N harmonics for the measurementagfconcerns the extraction
< afromAJ/A, . . .
6/ 9 afomAlA; of small modulations superimposed to a hugesignal. In
—— Linear fit particular, when scaling, to subnanometer values such a
T 4 2 signal can fall below the detector’s electronic noise. The har-
55 ) monic’s signals can indeed be enhanced by increasing the
® . light intensity. But saturation of the detector must be pre-
vented, since it would add unphysical nonlinear tere
0 measured contributions up to the sixth harmgniicvalidat-
0 2 4 6 8 10 12 14 16 18 ing the measurement. The dynamic range of the detector is
TF Current (nA) thus one of the most important parameters for this technique.

In summary, we have implemented a homodyne Mirau-
FIG. 3. Plot of the TF oscillation amplitude, calculated from the optical type interferometer to measure the tip oscillation amplitude
signal demodulated at the different harmonisse the insg¢t as a function in a-SNOM. The use of lock-in demodulation at harmonics
of the piezo-current delivered by the TF. multiple of the tip oscillation frequency permits to easily
achieve sub-Angstrom sensitivity. The exploitation of the
with what reported in Ref. 14, measured by means of asecond harmonic signal allows for an increased precision,
external Wollaston-prism interferometer. cutting out the influences of spurious reflections by the fo-
S, is expected to be a factdrrag/\)? smaller thanS,,  cusing optics. Such a method can be applied, more generally,
i.e., ~10™ for ay=1 nm, while for the first harmoni&,;/S,  to other scanning probe microscopies in which the tip is
~2-1072 This explains why in our case the second har-vibrated, althoughe-SNOM is clearly the best target since
monic signal resulted too noisy for amplitudes below 2 nm,the optical components are already embedded. Finally, we
whereas the first harmonic is perfectly detectable even fooutline that the presence of components of the optical signal
subnanometer values af. Figure 4 shows the behavior of at every harmonic has important consequertese fully
|S;| vs Az (black symbol$ providing, after fitting(grey line, described elsewheréor the assessment of the far-field back-
a value ay=0.50+0.02 nm with sub-Angstrom accuracy. ground in a-SNOM imaging based on higher harmonics
Such a pattern remarkably reproduces the behavior reportatemodulatiorf:'°
in Refs. 2 and 15 for the tip—sample approach curves in the o ) ) )
far-field regime, as expected. N Micali and C. Vasi are acknowledged for frum‘u! dis-
The precise determination af is based on the accuracy CUSSIONS. G. B. acknowledges the CNR-CNRS bilateral
of the measurement of the modulation amplitude of the sigProject “Diffusione Raman e Brillouin risonante e localizza-
nalsS,. The most important noise sources are represented kgione spaziale di stati elettronici” for partial financial sup-
electrical noise, and mechanical driftmainly thermal, in-  port.
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