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Towards terahertz near-field microscopy
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We have detected sub-wavelength spot sizes in the near-field of a metal tip, which
is illuminated with terahertz (THz) pulses. The THz near-field is detected by using
electro-optic detection in a (100) oriented GaP crystal. Contrary to conventional
electro-optic detection, which uses (110) oriented detection crystals, (100) crystals
only allow the detection of THz light, polarized perpendicular to our crystal sur-
face. This component is strongly localized near the apex of the tip, which has sub-
wavelength dimensions. The detection process is blind to the incident THz radiation,
which is polarized parallel to the crystal surface. As a result, a sub-wavelength THz
spot size with an intensity full-width half maximum (FWHM) diameter of λ/200 is
observed.
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1. Introduction

In the last decade, terahertz (THz) time-domain spectroscopy has become a popular
tool for imaging objects (Mittleman et al . 1996). At THz frequencies, many objects
are at least partly transparent to THz radiation so that two-dimensional and even
three-dimensional images of these objects can be obtained. Unfortunately, diffraction
limits the spatial resolution of THz imaging to values which correspond to the typical
wavelength used. At 1 THz, this corresponds to a resolution of ca. 300 µm. This is
unfortunate, because there is a great interest in imaging microscopic objects such as
(living) cells or semiconductor nanostructures at THz frequencies. This can be under-
stood, as it is increasingly becoming clear that many large organic molecules absorb
THz radiation, some with bandwidths narrow enough to perhaps allow the identifi-
cation of these molecules. In the past few years, there have been several reports on
methods to increase the spatial resolution in THz imaging. These include the use
of apertures (Mitrofanov et al . 2000) and dynamic apertures (Chen & Zhang 2001)
to confine the light to dimensions smaller than the wavelength, essentially making
a source of sub-wavelength dimensions. The disadvantage of apertures, however, is
that the infrared (IR) throughput decreases dramatically as the aperture dimensions
are decreased to values much smaller than the wavelength (Wynne et al . 2000). For
this reason, a different method to increase the spatial resolution is highly desirable.
Here, we describe a new method to increase the spatial resolution in THz imaging
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Figure 1. THz near-field set-up. The inset (bottom left) shows how perpendicular electric-field
components exist in the neighbourhood of the tip apex (‘BS’ denotes ‘beam splitter’).

that does not suffer from these problems. In our method, THz pulses are incident on
a copper wire which has a sharp tip of sub-wavelength dimensions. The THz pulses
are polarized parallel to the surface of a (100) oriented GaP electro-optic crystal,
which is held directly underneath the metal tip. A probe pulse is tightly focused
onto the crystal near the region under the tip. Due to the presence of the tip, a THz
near-field component develops which is perpendicular to the crystal surface. Due to
the electro-optic effect, this perpendicular component elliptically polarizes the probe
pulse with an ellipticity proportional to the electric field. Due to our choice of a
(100) crystal orientation, the probe pulse is only affected by the electric-field compo-
nent perpendicular to the crystal surface. The probe is blind to the incident parallel
polarized component, rendering our method background-free. Another advantage of
our technique is that we measure the THz electric field in the near-field of the tip,
where signals are relatively strong.

2. Experimental

Details of the experimental set-up are shown in figure 1. A THz pulse is focused
onto a copper tip, which is made by etching a copper wire into a sharp point in
a 40% solution of iron chloride, heated to a temperature of ca. 50 ◦C. The tip is
held close to the surface of a (100) oriented GaP crystal which is coated with a
thin layer of germanium. The polarization of the incident THz light is parallel to
the crystal surface. From the back, using a reflective microscope objective (with a
numerical aperture of 0.4), a probe laser pulse is focused to a 10 µm spot size directly
underneath the copper tip and reflected back to a standard differential detection set-
up. The differential detection set-up (Zhao et al . 2002) measures any polarization
change, induced on the probe by the presence of a THz electric field, but only by
those field components which have a polarization perpendicular to the crystal surface.
It is important to realize that these perpendicular components only develop due to
the presence of the tip. Without the tip the polarization of the THz beam is purely
parallel to the crystal surface. In the inset to figure 2 we plot the THz electric field
measured directly underneath the metal tip, with the tip held against the crystal.
The measured electric field consists of a sharp positive peak followed by a slower
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Figure 2. Power spectrum calculated from the measured THz electric-field trace. The inset shows
the THz electric field as a function of time, measured directly underneath the tip when the tip
was held against the crystal.
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Figure 3. Measured peak THz electric field as a function of the tip–crystal distance.
The inset shows a separate measurement of the region close to the crystal.

negative-going decay. Figure 2 shows the corresponding power spectrum. The power
spectrum peaks at 0.15 THz and contains frequency components up to 2.5 THz. It
is worth noting that both the electric field as a function of time and the power
spectrum differ from those of the incident THz pulse. It can be shown that this is
both a consequence of, and thus additional proof of, the fact that we are measuring
in the near-field of the tip. This will be the subject of a future publication. In
figure 3 we plot the peak value of the measured THz signal as a function of the
distance between the tip and the crystal. The figure clearly demonstrates how the
near-field signal rapidly decreases when the tip is moved away from the surface. This
is reminiscent of the rapid decrease in signal recently observed in the far-field at
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Figure 4. THz intensity calculated from the THz electric fields, measured underneath the metal
tip, while raster scanning the tip across the surface of the electro-optic crystal. The black line
is the FWHM of the intensity and corresponds to a 10 µm spot size.

wavelengths around 10 µm (Knoll & Keilmann 2000). To show the spatial extent of
the perpendicular component near the tip, we plot in figure 4 the integrated THz
intensity, calculated from the measured THz waveforms, obtained by raster scanning
the tip across the surface of the electro-optic crystal. The plot clearly shows a full-
width half maximum (FWHM) THz spot size of ca. 10 µm, determined by the tip-
apex diameter. Previous measurements (van der Valk & Planken 2002), with larger
tip diameters, clearly showed that the THz spot size scales with the tip-apex diameter
as long as the probe-beam focal spot size is smaller than the tip diameter (not shown
here). It is important to emphasize that the measured THz spot size does not depend
on the frequency. In other words, the measured near-field spot diameter at 0.1 THz
is the same as the measured spot diameter at 1.5 THz, independent of frequency.

3. Discussion

Our measurements so far have been aimed at determining the THz near-field spot size
around the tip apex. For future microscopy measurements, it will be necessary to
place an object, such as a biological cell, onto the electro-optic crystal underneath
the metal tip. Such an object will have to be thin, as measurements have shown that
the measured THz spot size increases rapidly with increasing tip–crystal distances. It
is interesting to speculate on the ultimate spatial resolution that can be determined
with our near-field method. The spatial resolution that can, in principle, be obtained
when imaging an object is not determined by the probe-beam diameter but by the tip-
apex diameter. When the tip-apex diameter is smaller than the probe-spot diameter,
the polarization change induced by the THz near-field will affect only a portion of
the probe beam. This decreases the overall signal level but, as long as the signal
remains above the shot-noise level of the full probe beam, it can still be measured
(van der Valk & Planken 2002).
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The advantage of our method to obtain a sub-wavelength resolution in THz imag-
ing is that we measure in the near-field, where signals are background-free and strong.
Methods in which the near-field data have to be extracted from far-field measure-
ments suffer from the problem that the near-field signal is typically superimposed on
a large unwanted background. To separate the near-field signal from the background,
complicated modulation techniques have to be used. A disadvantage of our technique
is, perhaps, that we have to measure THz images of objects in transmission, neces-
sitating the use of thin objects, which have to be placed on the electro-optic crystal.

In conclusion, we have described a new method for obtaining a sub-wavelength
resolution in THz imaging, in which the THz electric field is measured in the near-
field of a metal tip of sub-wavelength dimensions. Our method is background-free,
and, because we measure in the near-field, our signals are relatively strong. Future
improvements of the method will focus on increasing the spatial resolution to sub-
wavelength dimensions, and on increasing the measured frequency range to values
higher than 2.5 THz.

This work was performed as part of the EU TERAVISION Programme (IST-1999-10154), and
as part of the research programme of the Stichting voor Fundamenteel Onderzoek der Materie
(FOM), which is financially supported by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO).

References

Chen, Q. & Zhang, X.-C. 2001 IEEE J. Select. Topics Quant. Electron. 7, 608.
Knoll, B. & Keilmann, F. 2000 Opt. Commun. 182, 321.
Mitrofanov, O., Brener, I., Harel, R., Wynn, J. D., Pfeiffer, L. N., West, K. W. & Federici, J.

2000 Appl. Phys. Lett. 77, 3496.
Mittleman, D. M., Jacobsen, R. H. & Nuss, M. C. 1996 IEEE J. Select. Topics Quant. Electron.

2, 679.
van der Valk, N. C. J. & Planken, P. C. M. 2002 Appl. Phys. Lett. 81, 1558.
Wynne, K., Carey, J. J., Zawadzka, J. & Jaroszynski, D. A. 2000 Opt. Commun. 176, 429.
Zhao, G., Schouten, R. N., van der Valk, N., Wenckebach, W. Th. & Planken, P. C. M. 2002

Rev. Scient. Instrum. 73, 1715.

Discussion

X.-C. Zhang (Center for Terahertz Research, Rensselaer Polytechnic Institute,
Troy, NY, USA). For the near-field phase-matched effects, is this actually similar
to our T-ray transceiver?

P. C. M. Planken. It is similar, that is exactly right, but you have one probe pulse
and one THz pulse propagating against each other. In our case, the THz electric field
is not propagating, it is localized and if you assume that it is like a dipole, it retains
its 1/r3 dependence.

S. Withington (Cavendish Laboratory, University of Cambridge, UK ). You are
right that it is a non-propagating phenomenon, but when talking about loss mech-
anisms you can excite a THz surface wave propagating away from the high-field
region. Have you seen any evidence of this?

P. C. M. Planken. Would this have a polarization perpendicular to the surface?
Because if it would not, then we would not be able to see it. We might be able to
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see it by using a different type of crystal but so far I have no indication that this is
the case.

M. Havenith (University of Bochum, Germany). You have stated that you want to
go to the infrared fingerprint region. There have been recent publications on infrared
near-field microscopy (see, for example, Hillenbrand et al . 2002); are you thinking of
similar approaches?

P. C. M. Planken. This Nature paper is a fantastic piece of work and gives an
incredibly high resolution at the CO2 wavelength, but it is limited to a CO2 laser
wavelength only. It is a near-field measurement in the sense that they use a CO2
laser and scatter off a metal tip, but collect the scattered radiation in the far field.
It is then necessary to separate the field which comes from the end of the tip from
the field scattered from the whole length of the needle. For example, one procedure
is to dither the tip at a certain frequency and then detect the demodulation of that
signal at the third harmonic of the modulation frequency. This is required to get a
strong signal. CO2 lasers are used because, until recently at least, there have been
no good sources available at other frequencies—this laser provides tens of milliwatts
of power. However, this is orders of magnitude more power than we have to use.
And, in our case, we could measure all wavelengths (not just a CO2 wavelength) in
the molecular fingerprint region at the same time, coherently, without needing the
demodulation technique in order to get a near-field signal.

M. Havenith. Can you go to 50 THz?

P. C. M. Planken. You can go to 50 THz by using optical rectification in GaSe.

K. Unterrainer (Institute of Solid-State Electronics, Vienna University of Tech-
nology, Austria). If your frequency dependence is caused by these near-field effects,
you should see a strong difference in your spectrum when you change the distance
of the tip from the surface.

P. C. M. Planken. I think not, because the spatial dependence of the electric field
varies as 1/r3, and it does not really matter if you move this spatial dependence in
or out of the crystal—you will still have this dependence. You will just move the
section where the electric field is strong in or out of the crystal. And my feeling is
that you will still get the same bandwidth limit because of that. However, maybe you
are assuming that the extent of the near-field will be a function of the wavelength.
We have not seen that. In order to find that out, we would have to move our tip a
significant fraction of the wavelength away from the crystal.

J. Faist (Institute of Physics, University of Neuchâtel, Switzerland). If you want to
go to much higher frequencies, is the main frequency limitation you have now the
near-field effect, not the source?

P. C. M. Planken. If the near-field effect is really the explanation for why we
do not measure higher frequencies, we can overcome this by limiting the interaction
length between the probe beam and the THz field. And we could do that by moving
to extremely thin electro-optic crystals or polymer films. One can make a polymer
film 1 µm thick, so you limit your interaction distance, and everything will be scaled
up to much higher frequencies. But this is currently speculative.
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D. van der Weide (Department of Electrical and Computer Engineering, Univer-
sity of Wisconsin-Madison, WI, USA). First, about the frequency limitations. I do
not recall you saying anything about the inductance or the frequency-dependent
losses in the metal tip. It is a very thin tip and so it is going to act as an inductor
and that in itself is going to be a low-pass filter. Second, I did not see any background
proof that you do not detect an in-plane component. Did you actually measure the
THz pulse without the near-field antenna and see that it is in fact below your noise
floor?

P. C. M. Planken. The answer to your last question is a definite ‘yes’. If the tips
moved away, there was no signal anymore. About the inductance, this is something
we have really only started thinking about recently.

M. Johnston (Clarendon Laboratory, University of Oxford, UK ). You said that
you were thinking of measuring cells. Cells are basically made up of electrolytes;
do you see any problem with having an electrolyte between your tip and the GaP
electro-optic crystal?

P. C. M. Planken. That would depend on the dielectric function of the electrolyte.
For example, water has a huge dielectric constant at really low frequencies; if you
put ions in it, it will probably change, but will it change at 1 THz? If it does, this
is a possible contrast mechanism for the cell. Furthermore, I do not think that there
is a problem with the free carriers and ions screening the electric field, assuming, of
course, that the conductivity is not too high; the samples that we will measure are
going to be thin, of the order of 1 µm.

D. Newnham (Abingdon, Oxfordshire, UK ). With Fourier transform IR microscopy
there is a move towards using array detectors for imaging. How important is that
going to be for your technique, and how readily might that be achieved? If you are
getting down to a 1–10 µm spot size, then building up an image will take a long time
with a single detector.

P. C. M. Planken. We think we can measure an image in 5–10 min. If this is too
long, one can think of improving the situation by moving to multiple tips. There are
ways to detect the polarization change locally at each tip.

H. Roskos (Physikalisches Institut, Johann Wolfgang Goethe-Universität, Frank-
furt-am-Main, Germany). Can you comment on why you say the spatial resolution
is independent of frequency?

P. C. M. Planken. Well, that is what we have found; at least up to a distance
of 30 µm.

H. Roskos. You said that your tip size was ca. 10 µm. Have you tried smaller tips?

P. C. M. Planken. We are fabricating smaller tips currently.
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