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Antenna effects in terahertz apertureless near-field optical microscopy
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We have performed measurements on teral@itlz) apertureless near-field microscopy that show
that the temporal shape of the observed near-field signals is approximately proportional to the
time-integral of the incident field. Associated with this signal change is a bandwidth reduction by
approximately a factor of 3 which is observed using both a near-field detection technique and a
far-field detection technique. Using a dipole antenna model, it is shown how the observed effects
can be explained by the signal filtering properties of the metal tips used in the experime&ie4©
American Institute of Physic$DOI: 10.1063/1.1797534

Apertureless near-field scanning optical microscopybased on a dipole antenna model qualitatively reproduce all
(ANSOM) is an attractive technique for obtaining subwave-the essential features observed in the measurements and pro-
length resolution in optical imaging at visible and midinfaredvide insight into ANSOM experiments in general.
wavelengths™® In this technique, light is scattered off a The two THz ANSOM configurations, used for the ex-
subwavelength-sized metal tip which is held close to a surperiments, are schematically shown in Fig&) Band Ib). In
face. The scattered light is collected in the far-field, givingFig. 1(a) THz pulses from an ultrafast photoconductive
subwavelength resolution in the immediate neighborhood o$witch are incident on a subwavelength copper—berylium tip
the tip apex. Very recently, there have been reports showingf 10 um diameter, which is held close to a metal surface.
how ANSOM can be adapted for the teraheffHz) fre-  The scattered THz radiation, emerging from the tip/sample
guency domain, by combining it with THz time-domain system, is focused onto a photoconductive, time-gated detec-
spectroscopf/._7 This is an exciting development, as it is be- tor. The tip is vibrated at 750 Hz and subsequent lock-in
coming increasingly clear that many systems of interest, indetection at this frequency is used to ensure that only signals
cluding biological molecules and a variety of artificial nano- coming from the near-field of the tippexare measured. In
structures, have absorption features in the THz frequencthe setup illustrated in Fig.(ft), THz pulses are incident on
range, but are far smaller than the wavelength of the THa subwavelength copper tip of 2dm diameter, held close to
radiation®** These developments therefore offer greatthe surface of #100) oriented GaP crystal. In this case the
promise for THz microscopy. In the THz ANSOM experi- tip is not vibrated. THz electric-field polarization compo-
ments, two different detection techniques are currently emnents perpendicular to the crystal surface, which develop
ployed: THz electric fields are either detected in the nearhear the tip apex, are electro-optically detected in the GaP
field of the tip using electro-optic sampling, or in the far-field
of the tip with a receiver. In the latter case, near-field infor-
mation from the tip apex is obtained by vibrating the metal
tip at a high frequency, followed by phase-sensitive detection ,
at this frequency. However, an important aspect of both ex- /'i'H
periments remains unexplained: The measured temporal pro-
file of the near-fieldsignals is very different from that of the \
incidentTHz pulses. Associated with this shape change is a
bandwidth reduction of about a factor of 3, which could limit
the utility of the technique in spectroscopic measurements. (@)
For practical applications, such as THz microscopy, it is es-
sential that the origin of this bandwidth reduction is
understood.

Here, we present measurements and calculations which
demonstrate that the observed bandwidth reduction is a con-
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sequence of the antenna properties of the metal tips used in Bf)e detection setup
the experiments. We demonstrate that, regardless of whether Tir
the near-field signal is observed directly under the tip or in ol ]

the far-field, it is approximately proportional to the time-

integral of the incident THz signal. Near-field calculationsFIG. 1. (a) “Far-field” THz ANSOM setup. The THz pulse is detected in the
far-field while the tip is vibrated(b) “Near-field” THz ANSOM setup. The
THz pulse is detected in the near-field of the {ip. Angle and coordinates
¥Electronic mail: p.c.m.planken@tnw.tudelft.nl of the oscillating dipole.
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FIG. 2. THz electric fields measured with THz ANSOM setyp) 1left) and » 1 0'3 |
THz ANSOM setup tb) (right). The top graphsa) and (b) correspond to L
measurements of the THz pulses incident on the metal{djpand (d) cor- 1 N
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crystal by a probe laser pulse, which is focused to aut®
spot size dlre_ctly underneath the_ tip. Details of these SetljpF':‘IG. 3. (a) Power spectrum of the measured incident THz puldgs?ower
can be _four_‘d in Refs. 4-6. _The_dlffe_rence b_etW_een the SetuF%%ectrum of the measured THz near-field pulse, @ygower spectrum of
shown in Figs. la) and Xb) is primarily that in Fig. 1a) the  the calculated THz near-field, wittR=150Q, C=1023F, and L=2
THz near-field signal is measured in the far-field whereas in<10** H (solid line), and the power spectrum of the near-field calculated
Fig. 1(b) the THz electric field is directly sensed in the near-sing resistive coupling onlgdotted line.
field of the tip.

In Figs. 2a) and 2b) we plot the measured THz electric

. .2 o tures of the measured near-field transients. We note that in-
fields incident on the metal tips in setup&@jland ib), re-

tegrating in the time-domain is identical to a multiplication

spectively. Although the signals look somewhat different, asoy 1/ in the frequency domain, so the measured near-field
they are measured in different laboratories, they both consi§tpectra lose much of their high ’frequency content

of_approximately a single cy_cle of the electric field, and con- To fully simulate our measurements, detailed numerical
tain frequen_cy_components in the THz range. The So_mewh‘?ttalculations would be needed, taking into account Maxwell’'s
broader emission bandwidth of the THz source used in Setugy ations, the presence of a dielectric medium, and the exact
1(b), also gives rise to more pronounced oscillatory S'Q”alsshape of the tip. Physical insight is obtained, however, by
visible after the main peak in Fig(l). They are caused by employing a simple model, in which we treat the tip as an
the absorption and re-emission of THz light by water VapOryseillating dipole. Withz, r, and ¢ defined as in Fig. (), we

molecules in the atmosphere. _ can write for the electric field emitted by the dipge™
In Figs. 2c) and 2d), we plot the measuredear-field

THz signals obtained with setupgal and 1b), respectively.
The results are strikingly different from the incident THz

electric-field transients shown in Figga2and 2b). Instead o P o - N - L <
. . . . E=——0sint| =+—+—-
of a signal consisting of approximatelysingle cycleof the Arr 3 cr2 A
electric field, we now measure a THz transient consisting of o0 2
a positive peak, followed by a relatively slowly varying, +f0039<_p+£)] 1)
negative tail. We note that the results obtained in the two ¥ cr?

different laboratories are very similar, indicating that the ob-
served effects are quite general and not specific to the detewherep is the oscillating dipole momenpllz) taken to be
tion method. The frequency spectra that correspond with theriented along the tipp’ and p” are the first and second
measured near-field data resemble low-pass filtered versiotisne-derivatives ofp, andr is the distance from the dipole.
of the incident spectréFig. 3). The p andp’ terms decrease rapidly with distance from the
From these measurements, an immediate and importadipole and are the near-field terms, whereaspth&germ cor-
conclusion can be drawn: In THz ANSOM experiments, theresponds to the far-field radiation.
near-field spectrursannot be assumed be the same as the We now concentrate on the setugbjl in which we
spectrum of the input radiation. A crucial clue regarding theelectro-optically measure the THz near-field component per-
explanation for the difference between the incident and the@endicular to the crystal surface, underneath the tip. At short
near-field signals is obtained when we calculate the timedistances, the 1# terms dominate and we can thus write for
integral of theincidentTHz pulse. The results are plotted in the component of the electric field perpendicular to the crys-

Figs. 2e) and 2f). These curves reproduce the essential featal surface,
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1oC2 P this involves the image dipole induced in the metal substrate.

Uy 2 This image dipole generates an additional electric field near
the real antenna dipole according to E®). This field only

showing that the measured near-field must be proportional ttsees” a short antenna of fixed lendtlfior which the radia-

the dipole momenp. We now relate the dipole moment to tion resistance is proportional I@roca)zlz.14 Using Egs.(3)

the incident THz electric field using an antenna model. Theand (4), and assuming th&, dominates ovet. andC, we

continuity equation gives us a relation between the dipolgyequce thap(t)« [t ft_’oc ft_”w Eqp,(t")dt"dt’dt’. The far-field

momentp and thecurrent kyy, in an antenna, radiated by this dipol¢see Eq(1)] and measured by setup

t 1(a) is proportional to the second time-derivative§iving
p(t) “f Ir(t)dt, (3 procft Eqy,(t)dt’. Note that for the THz beam originally
- incident on the antenna, we assume tRais constant. This

where, for simplicity, the current is assumed to be the samiés justified for thefocusedTHz beam for which the product

everywhere along the antenhWe note that expressiq@), ol of the frequency and the effective antenna length is

which is valid for a point dipole, can also be used in the casgonstant.

of a real antenna, assuming that the field is calculated for a In conclusion, we have shown measurements and calcu-

distance away from the antenna, |arger than the relevant afations, which demonstrate that the bandwidth reduction ob-

tenna dimension¥**°A relation between the current and the served in THz ANSOM experiments is caused by the antenna

incident THz electric field can be obtained by treating theproperties of the metal tip employed in these experiments.

antenna as a simple electronic network consisting of a radig@ur results indicate that the metal tips are both resistively

tion resistance,, a capacitolC, and an inductanck, all in ~ and inductively coupled to the incident THz radiation, and

series. The driving “voltageVq,, of this network is the in- that inductive coupling increases in significance at higher

cident THz electric fieldEy,,. The relation between this frequencies. Although our results were obtained at frequen-

electric field and the induced currety, for this network in ~ cies below 2.5 THz, we would like to point out that they

the frequency domain is have implications for ANSOM experiments at higher fre-

quencies as well.
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It may seem suprising that the near-field signal measured, % LS e ICtRl SN e e tnohanged when
Wlth setup Ia) 1S a_Iso.S|m|I§r to t_he tlme'mtegral of the the tip—crystal distance is decreased from a distance ofud0Qwhere the
incident field, as _th|3 S'Qn‘?‘l is radiated by the antenng, andmodel is valid to a distance of um, where strictly speaking, the model
not measured in its near-field. One possible explanation for is no longer valid.
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