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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-Ångstrom resolution.© 2005 American Institute of
Physics.fDOI: 10.1063/1.1866912g

Apertureless scanning near-field optical microscopysa-
SNOMd has pushed the optical resolution below 10 nm.1,2

The a-SNOM setup is based on atomic force microscopy
sAFMd working in the tapping mode,3 implemented for what
concerns the optical excitation and the collection of the scat-
tered light. A metallized tip, located at the edge of the can-
tilever beam, oscillates orthogonally to the sample surface
with an amplitudea0 ranging from a few nanometersssoft
tapping or noncontactd to a few tens of nanometersshard
tappingd. The tip oscillation is detected either optically,4 or
by piezoelectric means after gluing it perpendicular to a
quartz tuning-fork.5 The tip oscillation amplitude is a param-
eter of relevant importance for different reasons: regarding
the imaging capabilities, the tip modulation serves as a band-
pass filter of the spatial frequencies associated with the os-
cillation amplitude,6 acting as an effective tip sharpening;7

tip-induced surface plasmon modes can produce an enhance-
ment of the optical near-fields, and the resonance energy no-
tably shifts with the tip–sample distance;8 in nanolithogra-
phy, increasinga0 leads to a reduced time interval into which
the evanescent near fields are in proximity of the photosen-
sitive surface, with consequences on the dimensions of the
nanostructures so produced.9 The most widely used method
to measure the vibration of AFM or SNOM probes exploits
an external differential interferometer setup10–12 placed at
close distance from the probesa few mmd. In this scheme,
the laser beam is split into a probe and a reference beam.
Once recombined onto the detector, the two beams provide a
signal proportional to the oscillation amplitude with sub-
Ångstrom accuracy. Placing a further interferometer in prox-
imity of an a-SNOM tip can be troublesome, both for what
concerns the lack of spacesthe collection optics needs to be

placed close to the probed, and the mechanical stability. In
this paper we show the implementation of an interferometer,
similar to the Mirau configuration adopted by optical
profilers.13 It exploits the optical elements embedded in
a-SNOM which employs lock-in detection techniques at dif-
ferent harmonics for fast and precise measurements ofa0.

The experimental setup is sketched in Fig. 1. The tip,
glued to a tuning forksTFd, is oscillated at resonance
sf0,32.5 kHzd by a dither piezo driven by a function gen-
erator sV1d. The probe beamsEFd is provided by a HeNe
lasersl=632.8 nmd, coupled to a single mode optical fiber,
whose output is collimated, reflected by a 50% beamsplitter
sBS1d, and, after passing a further beamsplittersBS2d, fo-
cused to one of the TF prongs, beside the tip, by means of a
lens sL, f =8 mmd. The reference beam originates from the
back-reflectionsESd of BS2, which is mounted on a piezo-
tube whose vertical axis is driven by a linear voltage ramp
sV2d. Finally, part of the light impinging on L is back-
reflectedsELd and reaches the photomultipliersPMTd, inter-
fering with EF andES. The PMT output is split and sent both
to a lock-in amplifier referenced to the TF oscillation, and to
a low-pass filtersfc=1.6 kHz! f0d. A digital oscilloscope is
used to acquire simultaneously the lock-in signalSn demodu-
lated at thenth harmonic, the low-passed optical signalS0,
and the driving piezo voltage, during thez-scan of BS2. An-
other oscilloscope, preceded by anI /V converter sG
=21.76 mV/nAd, is used to measure the current generated by
the TF.14

Let us callastd=a0 cosvt the tip oscillationsv=2pf0d,
and l0 the average distance between the oscillating tip and
the fixed lens L. The position of BS2 will bezstd=z0

+Dzstd, wherez0 is the TF-BS2 average distance, andDzstd
the z-scan amplitude. The signal measured by the detector
will be proportional toadElectronic mail: gucciardi@me.cnr.it
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I = uEF + ES + ELu2

= C + BFS cosf4p/l · szstd + a0 cosvtdg

+ BLF cosf4p/l · sl0 + a0 cosvtdg

+ BLS cosf4p/l · sl0 − zstddg, s1d

where C= uEFu2+ uESu2+ uELu2, BFS=2uEFESu, BLF=2uELEFu,
andBLS=2uELESu.

In the small oscillations approximations4p /lda0!2p,
i.e., a0!l /2 swell verified in a-SNOM operationd, and high
oscillation frequencyff0@1/l ·dsDzd /dtg, we expand Eq.
s1d in power series ofs4p /lda0 cosvt, up to the fourth or-
der. Expandingscosvtdn in terms of cossnvtd, after recom-
bining the harmonic terms, we can writeI =onIn cossnvtd.
The first three terms will be

I0 = C + C0 cossf0d + A0 cosff2 + 4p/l · Dzstdg

+ BLS cosff1 − 4p/l · Dzstdg, s2d

I1 = C1 sinsf0d − A1 sinff2 + 4p/l · Dzstdg, s3d

I2 = C2 cossf0d − A2 cosff2 + 4p/l · Dzstdg, s4d

where

A0 = f1 − 4sa0p/ld2 + 4sa0p/ld4g ·BSF, s5d

A1 = 4sa0p/ldf1 − 2sa0p/ldg ·BSF, s6d

A2 = 4sa0p/ld2f1 − 4/3 ·sa0p/ld2g ·BSF, s7d

with f0=4pl0/l, f1=s4p /ldsl0−z0d, f2=s4p /ldz0, andCn

s~BLFd independent fromDz.
The key point here is that an optical signal is expected at

every harmonic order, oscillating withDz, whose amplitude
scales assa0p /ldn. Since the L-BS2 distance does not oscil-
late at the tip frequency, the corresponding interference term
s~BLSd only contributes toI0, not to the harmonics. There-
fore, such term can be singled out by pushing the TF away
from the optical path and carrying out az-scan of BS2. The
measured signalsSn s~Ind carry information abouta0. The
presence of theBLS and Cn terms, however, prevent from
calculatinga0 from simple ratiosSn/Sk. We have first to de-
termine the amplitudesAn by fitting the experimental curves
SnsDzd, and finally evaluatea0 from the ratiosAn/Ak. First of
all, we characterize the L-BS2 interference, removing the TF

and acquiringS0sDzd fFig. 2sad, black symbolsg during a
z-scan. From a fitfFig. 2sad, grey lineg we obtain the values
of BLSs,0.4 mVd andf1, which will be used as known pa-
rameters in the following. We now introduce the TF. Apply-
ing a dither voltage amplitudeV=0.6 V sresulting in an os-
cillation of ,0.35 nm of the dither-piezod the TF piezo-
current amplitude isI =8.73 nA. TheS0sDzd curvefFig. 2sbdg
features a remarkable increase of the signal due to the good
reflectivity of the TF. In fact, a fit ofS0 using Eq.s2d leads to
a value A0<16·BLS>6.45 mV. The uncertainty onA0 s
,0.16 mV, corresponding to,2.5%d comes from the fit,
which takes into account also the uncertaintys±0.1 mVd as-
sociated with the BLS term. We note that, even disregarding
such contribution, the maximum error we could commit on
A0 is of the order ofBLS, i.e.,,6%. Simultaneously withS0,
we acquire the first harmonic in-phase demodulated signalS1
fFig. 2scd, black symbolsg. The z-scan is carried out inT
=6.25 s and the lock-in integration time set tot=200 ms.
We note thep /2 phase shift betweenS0 andS1, predicted by
Eqs. s2d and s3d. A fit using Eq. s3d, fFig. 2scd, grey lineg
gives A1>0.08A0 with an error of,1.5% smainly due to
electronic noised. Subsequently we acquire the demodulated
in-phase signal at the second harmonicS2 fFig. 2sdd, black
symbolsg, showing thep phase shift with respect toS0. A fit
using Eq. s4d yields A2>1.8·10−3 A0
with an error of,1.5% fFig. 2sdd, grey lineg. The ratios
An/Ak are polynomial functions ofa0 that numerically solved
give a0sA1/A0d=4.1±0.2 nm, a0sA2/A0d=4.2±0.2 nm,
a0sA2/A1d=4.3±0.1 nm. The error ona0 calculated from the
ratios involvingA0, mostly suffers of the uncertainty of the
term proportional toBLS. Conversely, the determination of
a0 through the harmonics ratio is independent from the
L-BS2 interference, decreasing the uncertainty by a factor 2,
and proving the advantages of the demodulation at higher
harmonics.

Sweeping the dither voltage, we varya0 in the 1–10 nm
range. In Fig. 3 we plot the measured values ofa0 against the
TF piezo-current. The different symbols refer to the various
ratiosAn/Ak used for the calculationssee insetd. The values
are consistent within the experimental errorssthe bars coin-
cide with the symbolsd. A linear fit provides the TF calibra-
tion coefficient b=0.48±0.01 nm/nA, in good agreement

FIG. 1. Sketch of the experimental setup.

FIG. 2. dc interference patterns related tosad the L1-BS2 assembly,sbd the
TF-BS2-L1 system. The interference signal demodulated in-phase with the
TF oscillation at the firstscd and secondsdd harmonic, carry information on
the TF oscillation amplitude. The black symbols correspond to the experi-
mental values, the grey lines are the fits.
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with what reported in Ref. 14, measured by means of an
external Wollaston-prism interferometer.

S2 is expected to be a factorspa0/ld2 smaller thanS0,
i.e., ,10−4 for a0=1 nm, while for the first harmonicS1/S0
,2·10−2. This explains why in our case the second har-
monic signal resulted too noisy for amplitudes below 2 nm,
whereas the first harmonic is perfectly detectable even for
subnanometer values ofa0. Figure 4 shows the behavior of
uS1u vs Dz sblack symbolsd providing, after fittingsgrey lined,
a value a0=0.50±0.02 nm with sub-Ångstrom accuracy.
Such a pattern remarkably reproduces the behavior reported
in Refs. 2 and 15 for the tip–sample approach curves in the
far-field regime, as expected.

The precise determination ofa0 is based on the accuracy
of the measurement of the modulation amplitude of the sig-
nalsSn. The most important noise sources are represented by
electrical noise, and mechanical driftssmainly thermald, in-
ducing changes of the phasesfn. The latter point, in particu-
lar, defines some constraints regarding the mechanical stabil-
ity of the system. SinceS0 is measured on aT time scale, the
drifts of l0 and zstd must be much smaller thanl /4p
<50 nm within T. This is usually fulfilled by the design
commitments in scanning probe microscopy. For what con-
cerns the harmonics, the same considerations are valid. But,
in addition, the drifts and thermal-noise Fourier components
of l0 and zstd at frequencyf0, integrated on a bandwidth

Df =1/t, must also be much smaller thana0. The use of the
harmonics for the measurement ofa0 concerns the extraction
of small modulations superimposed to a hugeS0 signal. In
particular, when scalinga0 to subnanometer values such a
signal can fall below the detector’s electronic noise. The har-
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 termsswe
measured contributions up to the sixth harmonicd, invalidat-
ing the measurement. The dynamic range of the detector is
thus one of the most important parameters for this technique.

In summary, we have implemented a homodyne Mirau-
type interferometer to measure the tip oscillation amplitude
in a-SNOM. The use of lock-in demodulation at harmonics
multiple of the tip oscillation frequency permits to easily
achieve sub-Ångstrom sensitivity. The exploitation of the
second harmonic signal allows for an increased precision,
cutting out the influences of spurious reflections by the fo-
cusing optics. Such a method can be applied, more generally,
to other scanning probe microscopies in which the tip is
vibrated, althougha-SNOM is clearly the best target since
the optical components are already embedded. Finally, we
outline that the presence of components of the optical signal
at every harmonic has important consequencessto be fully
described elsewhered for the assessment of the far-field back-
ground in a-SNOM imaging based on higher harmonics
demodulation.2,16
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FIG. 3. Plot of the TF oscillation amplitude, calculated from the optical
signal demodulated at the different harmonicsssee the insetd, as a function
of the piezo-current delivered by the TF.

FIG. 4. Plot of the modulus of the first harmonic optical signalsblack
symbolsd, leading to an oscillation amplitude of 0.5 nm. The fitsgrey lined
evidences the different heights of the maxima which are related to the pres-
ence of theC1 sinsf0d offset evidenced in Eq.s3d.
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