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Electro-optic detection of subwavelength terahertz spot sizes
in the near field of a metal tip
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We report on a method to obtain a subwavelength resolution in terahertz time-domain imaging. In
our method, a sharp copper tip is used to locally distort and concentrate the THz electric field. The
distorted electric field, present mainly in the near field of the tip, is electro-optically measured in an
(100 oriented GaP crystal. By raster scanning the tip along the surface of the crystal, we find the
smallest THz spot size of 18m for frequencies from 0.1 to 2.5 THz. For our peak frequency of
0.15 THz, this corresponds to a resolutioméf10. Our setup has the potential to reach a resolution
down to a fewum. © 2002 American Institute of Physic§DOI: 10.1063/1.1503404

In recent years, terahertz time-domain spectroscopyightly focused into the crystal close to the tip and, using the
(TDS) has become a popular method to obtain informatiorelectro-optic effect in the same crystahly detects the THz
on the far-infrared properties of molecules, semiconductorgpolarization component that igerpendicularto the (100
and other materials;* and has shown to be a promising surface. As the incident THz polarization is parallel to the
technique to image objects! Unfortunately, diffraction, crystal surface, the perpendicular component is preselyt
which limits the resolution to about a wavelength, is an ob-near the tip, which functions as a lightning rod where field
stacle for a number of interesting new THz applications.lines are bent and concentrated. We find that, directly under
Breaking the diffraction limit would, for instance, make it the tip, the measured THz spot size has a diameter of only 18
possible to perform THz spectroscopy on extremely smaljum, corresponding ta/110 for a wavelength of 2 mm. Our
volumes, and, ultimately on living cells. Work on the label method to obtain a subwavelength resolution has four advan-
free probing of deoxyribonucleic acitDNA),® shows that tages(i) the resolution is determined by the spot diameter of
THz radiation can be used to distinguish between differenbur probe laser, not by the incident THz beam si#e,our
biomolecules. measurements are background free, as we only detect the

One way to overcome the diffraction limit is to limit the component near the tip that is perpendicularly polarized to
detection area with an aperture. For example, Mitrofanovthe crystal surface(jii) our detection setup measures in the
et al? have shown that by using a detector with an integratethear field, where the electric field can be strong. This pro-
aperture, near field images can be made with a spatial res@ides sufficiently large signals and thus reduces the measure-
lution determined by the aperture size, and not by the THznent time, andiv) our method has the more practical re-
wavelength. Unfortunately, this method relies on extensiveyuirement of scanning a tip along a surface, instead of two
micro-fabrication and requires two parallel plates, namelysurfaces parallel to each other.
one carrying the object and the other the detector, to be OQur setup to generate THz pulses, is described
scanned along each other at close distance, which is difficuilsewherd? As we show in Fig. 1, the THz pulses, which
to do in practice. Also, since the aperture has a finite thiCk'have an average power of 40V, are focused onto a copper
ness, waveguide effects strongly attenuate long-wavelengtfip, which has been sharpened in a FeCl etch bath. A:380
components? which makes their detection difficult. Another thick, (100) oriented GaP detection crystal is placed within a
approach to obtain subwavelength resoluttarses a laser to  distance of several microns of the tip. The crystal surface
modulate the THz transmission of a small area on a semicorgsest to the tip is coated with a 300 nm thick Ge layer on
ductor surface near the object. The modulation on the THZop off a 133 nm thick Si@ layer. A synchonized, 800 nm
beam is measured in the far field, and an improved spatigdrope pulse, derived from the same laser that generates the
resolution, down to 5um is observed. In this method, how- THz pulse, is focused to about a 20m spot size on the
ever, signals are small and superimposed on a large backpating, initially counter propagating with respect to the THz
ground, complicating the detection. pulse. The coating, which has a negligible effect on the THz

Here, we present a method to create and detect a locgam, absorbs any probe light before it reaches the tip. This
THz source with a subwavelength resolution, which has thgiminates any measurement errors that would have been
potential to image a microscopic object by raster scanning itaysed by probe light scattered off the tip. After the reflec-
between the source and the detector. In our method, THgq at the coating, the probe pulse is sent through/4
pulses are incident on a sharp metal tip, having subwavesate  and a Wollaston prism to a differential detector. When
length dimensions, which is held in close proximity to any Tz electric field is present in the crystal, the electro-optic
(100 oriented GaP crystal. A synchronized probe pulse isffect changes the probe polarization from linear to elliptical.
The amount of ellipticity is proportional to the instantaneous
3Electronic mail: n.c.j.vandervalk@tnw.tudelft.nl THz electric field, and is measured by the differential detec-
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FIG. 1. Schematic picture of the setup used. The THz radiation comes ifflG. 3. Measured peak THz electric field as a function of the tip—crystal
from the right-hand side, and scatters at the tip. The probe beam comes Histance. The inset shows a separate measurement of the region close to the
from the left-hand side, and is focused on the crystal—air interface of arérystal.

(100 GaP crystal. At this interface, the probe beam polarization is changed

by the THz electric field near the tip. The probe beam reflects back at the

crystal interface, and is sent to the differential detection satop shown. function of the tip—crystal separation. The measurement cov-
The inset on the bottom left-hand side zooms in on the tip, and schematiérs a total distance of about 3@n. The inset of Fig. 3 shows
cally shows the near-field electric-field lines near the tip, which have a .. . . ) .
component perpendicular to the crystal surface. an additional measurement, which zooms in on the region
close to the crystal. We have chosen thar position arbi-

) ) ) trarily as the position where the signal reaches its maximum.
tor setup. We emphasize that in &0 oriented crystal, Figyre 3 shows that the THz electric field decreases to 30%
which is the conventionally used orientation in electro-opticy¢ its maximum value. when the tip—crystal distance in-
detection, the probe polarization is only affected by electric.rqases to 6.%m, which clearly indicates near-field behav-
fields parallel to the crystal surfat&Here, however, using i, \When the tip is close to the crysta@ um), it is
an (100 oriented crystal, the probe polarization @y  apyntly attracted to the crystal, presumably by electrostatic
changed by electric fields perpendicular to the crystafyces ‘which gives rise to a sudden increase in the signal at
surfacé* making the probe “blind” to the parallel polarized 0 um. The sharp, but smooth, decrease of the THz electric

electric field of the incident THz pulse. Near the tip, NOW- g4 \when the distance to the crystal is increased only a few
ever, as is illustrated in the inset of Fig. 1, the THz near field m, is related to results obtained by Knait all® at the

must have a component perpendicular to the crystal surfac uch shorter wavelength of 1am. They found that the
since the electric field near a metal, in this case the tip, has tgcattering cross section of a tip close to a dielectric half

be p_lf:r:pe'ndlctulafr ;[:9 thg mﬁtal Sl,::ac_?H lectric field space is strongly increased due to an image charge induced
€ Inset of Fg. < SNows the Hz Electric NIeld as a;, e gielectric medium. It is likely, that these results also

function_ of the delay between the_probe_ an_d THz pulse, m_eaépply in our case, and that an increase of the scattering cross
sured directly under the copper tip, which is pressed agamsst

. ; _Bection is related to the strong enhancement of the local THz
the crystal. The power spectrum of this pulse is plotted in

. . ) electric field when the tip approaches the crystal.
Fig. 2. It contains frequencies from 0.1 to 2.5 THz and peaks In Figs. 4a)—4(d), we plot the integrated power of the

around 0.15 THz. Although this measurement was obtaine Hz pulses, measured while raster scanning the tip across the

in less that a minute, we note th.at,.ln our Setl.Jp' a measw%'rystal surface, for four different tip—crystal separations. The
ment of a 25 ps long THz electric-field pulse is obtained in

: ; four measurements clearly show a rapid increase in the THz
20 ms with a dynamic range of 50. . : T . C .
. o spot size for increasing tip—crystal distances. This is quanti-
Figure 3 shows the measured peak THz electric field as i I
atively expressed by the results in Figey} where we plot
the measured THz spot size, defined as the full width at half
10°+ maximum (FWHM) of the intensity, as a function of the
tip—crystal distance. The @m point is chosen arbitrarily as
the position where the spot size reaches its minimum. Figure
4(e) clearly shows that the spot diameter increases more than
a factor of 6 when the tip—crystal separation increases to 30
0 5 10 15 20 25 pm. This again strongly suggests that, close to the crystal,
Delay (ps) we are measuring in the near field of the tip. Figuie)also
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10°4 shows that subwavelength resolution is easily obtained even
for relatively large tip—crystal distances. The smallest ob-
served spot diameter is 18m. A spectral analysignot

1040 —r = 2 x z shown hergclearly proves that the spot diameters are inde-

Frequency (THz) pendent of frequency, with the smallest spot corresponding
o to a maximum resolution af/110 at 0.15 THz.
FIG. _2. THz power spe(_:trum,_calculated from the THz electric field as a Earlier measurements with a probe beam focal spot size
function of delay shown in the inset. The measurement was performed with

the tip pressed against the crystal, directly above the probe beam. Th@f 50 um gave the smallest THz spot size of pbn. Our

measurement was obtained in less than a minute. presently measured smallest spot size gt again similar
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B detection offers the advantage of measuring both amplitude
= and phase, while broadband detection allows us to obtain
information on a wide range of frequencies in one measure-
ment. The chance that a sample is heated significantly or
@ even damaged is negligible in our setup, since we use low
input powers. We note that the time-dependent nature of THz
pulses makes it possible to use our setup for visible pump-
THz probe measurements on microscopic systems.

In conclusion, we have presented a method to obtain a
subwavelength resolution in THz imaging by electro-
optically measuring the THz electric field close to a sharp
copper tip in a100 oriented GaP crystal. We demonstrate a
smallest THz spot size of 18m, determined by the probe
beam diameter, and argue that our method should be able to
reach a resolution of Lm, limited by the focal diameter of
the probe beam.

Note added in proofAfter submission of this manu-

e script, we have further improved our setup. Our presently
measured smallest THz spotsize is noyw8.
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