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THz-Micro-Spectroscopy
Bruno Gompf and Martin Dressel

Abstract—We compare different near-field methods operating in
the frequency range between 50 GHz and 1.5 THz with respect to
their application potential for terahertz-micro-spectroscopy. Scan-
ning near-field optical microscopes (SNOMs) can be divided into
two basic principles: aperture SNOMs using a small pinhole and
apertureless SNOMs, where a small scatterer acts as a near-field
probe. As an alternative method, we include in our comparison a
microscope based on a solid immersion lens. Most of these tech-
niques are well known in the visible and infrared range, where
they are mainly utilized to reach a high spatial resolution. In real
samples, the physics behind the observed image contrast is often
unclear, and therefore, additional spectroscopic information on a
subwavelength spot size is desired. In this paper, we discuss differ-
ent microscopic techniques in respect of their micro-spectroscopic
potential in the THz range.

Index Terms—Aperture scanning near-field optical microscopes
(SNOM), near-field imaging, submillimeter spectroscopy, terahretz
(THz) image contrast, THz spectroscopy.

I. INTRODUCTION

B ESIDES the lack of cheap and easy-to-use sources and de-
tectors, a broader application of terahertz (THz)-radiation

in material sciences, biology, and medicine is hampered by
the very long wavelength of this radiation (0.1–3 mm), which
strongly limits the spatial resolution of microscopic methods in
the far field. Not only the samples in life sciences, for example,
are inherently inhomogeneous on a length scale of micrometers,
but in physics and material science also, one often have to deal
with structures or crystals much smaller than the wavelength
in the THz-range. In principle, with scanning near-field micro-
scopes (SNOMs), this limitation can be overcome, and great
progress has been achieved over the last two decades, especially
in the visible region [1]. Also in the regime of radio frequencies
through far-infrared, enormous efforts were devoted to improve
the spatial resolution. Rosner and van der Weide [2] recently
gave a good overview on near-field methods in this frequency
range. Nevertheless, until now, near-field techniques have been
mainly used to obtain spatial information and not to perform
quantitative spectroscopy.

SNOMs can roughly be divided into two principles: aperture
SNOMs in which a small pinhole acts as a subwavelength source
or detector and apertureless SNOMs where a small scatterer is
used as a near-field probe. In both the techniques, the trade-
off for the enhanced resolution is a very low signal. However,
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in the framework of “Forschung Optische Technologien.”

The authors are with the Physikalisches Institut, Universität Stuttgart,
70550 Stuttgart, Germany (e-mail: gompf@pi1.physik.uni-stuttgart.de;
dressel@pi1.physik.uni-stuttgart.de).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTQE.2007.910560

real samples normally exhibit only small differences in their
overall optical properties, but that is the relevant information.
Therefore, it would be desirable to have the choice between
higher resolution and higher dynamic range. To demonstrate
that a resolution enhancement is also possible without loosing
intensity, we include the solid immersion lens (SIL) microscopy
in our comparison.

The main aim of this paper is to summarize and compare the
different approaches with regard to their potential for micro-
spectroscopic applications. At THz frequencies, the observed
image contrast is often not clear, mainly due to the fact that the
underlying absorption process is unknown; hence, additional
spectroscopic information is highly desired.

II. BACKWARD-WAVE OSCILLATORS

Since we are mainly interested in spectroscopy on subwave-
length spot sizes, we need widely tunable sources for our
investigations. The least investigated part of the THz spec-
trum, and therefore, the most interesting is the range between
100 GHz and 1 THz. Below this frequency region, electronic de-
vices such as network analyzers are available, which have high
output power and can be tuned over a more or less broad fre-
quency range. Above 1 THz, commercial FTIR-spectrometers
are established and work quite well. They also cover a very
broad spectral range in combination with a high spectral reso-
lution. Beside large facility sources, like synchrotrons and free
electron lasers, there is only one table-top source available that
fulfills all the required specifications for near-field spectroscopy,
i.e., combines high spectral resolution with a broad frequency
range in the aforementioned THz regime: backward-wave os-
cillators (BWO). Most other sources either did not work in the
aforementioned frequency range (quantum cascade laser [5],
Ge-laser [6]), are not tunable over a broader range (gas laser),
or have only very limited output power, such as all techniques
generating THz radiation by a nonlinear process, for example,
the time-domain techniques [3]. For micro-spectroscopy, the
time-domain techniques have the additional problem that small
apertures always act as high-pass filters for broadband radia-
tion [4].

BWOs supply highly monochromatic (∆ν/ν ≈ 10−6) and
coherent radiation with an output power of up to 100 mW [7].
Each BWO can be tuned over a frequency range of about a
factor of 2, so that a dozen sources span the spectral range from
30 GHz to 1.4 THz (corresponding to 1−50 cm−1).

III. SOLID-IMMERSION-LENS MICROSCOPY

Although in the visible, the development of solid-immersion
lens techniques has dramatically increased the capacity of
optical memories [8], in the THz range, there exist only
a very limited number of studies [9], [10]. Due to ionic
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Fig. 1. Scheme of the solid immersion lens microscope. BWO, backward-
wave oscillator as radiation source; L, polyethylene lenses; M, mirror; D, Golay
cell as detector; SIL, solid immersion lens.

polarization, the refractive index of most materials is much
higher at THz-frequencies than in the visible. Hence, in the
THz range, refractive-index values n of up to 10 are possible,
leading to a significant reduction of the wavelength. SIL imag-
ing is really not a near-field technique but has several advantages
compared to normal near-field methods. With SILs, enhanced
resolution is possible without a big loss of intensity and the
probe-sample distance can be much larger than that in near-field
setups operating with evanescent waves.

In Fig. 1, the schematic setup of a microspectrometer based
on an SIL is sketched. The THz-radiation emitted by the BWO
is collimated by a plan/convex polyethylene (PE) lens to a par-
allel beam and afterwards focused by a hyperbolic lens to a
diffraction-limited spot on the microscope stage. Hyperbolic
lenses have the advantage that they produce, comparable to mir-
rors, aberration-free foci, and allow for much higher numerical
apertures. The heart of the microscope stage consists of a hemi-
spherical silicon SIL (n = 3.5) with 8 mm diameter glued onto
a thin (80 µm) copper foil with a small pinhole in the diam-
eter of the reduced wavelength (λ/n). The sample is scanned
in vicinity to the pinhole and the transmitted intensity is then
focused on the detector by another set of plan/convex PE lenses.
As detector, a Golay-cell, which is not extremely sensitive, is
utilized, but it exhibits a flat response curve and operates at
ambient conditions.

To test the resolution enhancement of the SIL setup, a sharp
edge was scanned in close contact to the SIL at a frequency of
470 GHz corresponding to a wavelength of 640 µm (black line
in Fig. 2). This result is compared with the resolution achieved
in the far field of the hyperbolic lens. In the regular far field, we
got a 10–90% rise of about 1.3 mm at this wavelength, which
is close to the Gaussian spot for a beam with 23 mm diameter,
focused by a lens with a focal length of 20 mm. In the vicinity of
the SIL, we were able to obtain a resolution of 310 µm, which
matches nicely with the expected enhancement for a SIL with
n = 3.5.

Fig. 2. Resolution tested at a sharp edge taken at different distances from
the SIL. Up to a distance of the order of the wavelength, there is nearly no
decrease in resolution which makes the SIL technique very insensitive to the
probe-sample distance and thereby to topographic artifacts.

Fig. 3. THz-SIL image (4 cm × 4 cm) of an antitheft device recorded at
470 GHz. The image is made through the plastic cover protecting the electronic
circuit.

Additionally, we test the sensitivity of the SIL resolution on
the probe-sample separation for different distances from the
SIL (Fig. 2). Up to the order of the wavelength, there is no dra-
matic influence on the observable resolution, which makes this
technique extremely insensitive to topographic artifacts. These
artifacts due to the feedback loop of the probe-sample distance
control are a serious problem in most near-field techniques.

In Fig. 3, the THz-SIL image of an antitheft device recorded
at 470 GHz is displayed. The picture was taken with the SIL
in close contact with the opaque plastic cover protecting the
electronic device. The shown structure is, therefore, not visible
with bare eyes. The metal stripes with a width of 700 µm and also
the 300 µm small spacing between them are clearly resolved.
The recording time for the image was approximately 30 min
and is mainly limited by the slow response of the Golay-cell.
The SNR is better than 104 . With a helium-cooled bolometer,
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Fig. 4. Scheme of the THz-near-field spectrometer. The entire spectrometer
is arranged as an interferometer to filter out the small signal absorbed by the
sample from the background of high intensity reflected off the pinhole.

one can gain about one order of magnitude in recording time
and two orders of magnitude by the SNR. No additional sample
preparation and no distance control were necessary to record
the image.

IV. APERTURE SNOM

Since the first demonstration of the subwavelength resolution
in the microwave range by Ash and Nicholls [11], a lot of work
has been invested to demonstrate that the field behind a small
aperture is confined to the diameter of this aperture independent
of the wavelength used. However, for another important predic-
tion coming out of the Bethe/Bouwkamp model [12], [13] (how
exactly the field intensity decreases as a function of distance
from the aperture), until recently, no experimental prove exists.
In fact, for aperture-based near-field spectroscopy, it is crucial
that the decay of the evanescent field behind an aperture is also
frequency independent.

A THz-near-field reflection spectrometer capable of inves-
tigating the spectral behavior of the evanescent field behind a
subwavelength pinhole is shown in Fig. 4 [14]. Again, the radia-
tion is generated by the BWOs and is focused onto the near-field
unit that consists of two main parts: the aperture and the sample
holder. As an aperture, we use pinholes of diameters down to
100 µm in thin copper foils with a thickness of 10 µm. The sam-
ple is placed in the evanescent field closely behind the pinhole.
The sample can be moved relative to the aperture by three linear
piezomotors. To distinguish the very low fraction absorbed by
the sample from the high intensity reflected off the surrounding
pinhole, two methods are employed in the setup. 1) The whole
spectrometer is built as an interferometer, so that the intensity
reflected off the near-field unit is balanced by a reference arm,
and therefore, the detector sees nearly no intensity without sam-
ple in place. 2) The sample–pinhole distance is modulated by an
additional piezo-bender. Using the lock-in technique, it can be
shown that the spectrometer is only sensitive to the modulated
part of the reflected signal, which is directly proportional to the
absorption of the sample within the evanescent field. The dis-
tance between the pinhole and sample is controlled by a confocal
microscope, not shown in Fig. 4.

Fig. 5. Dependence of the near-field signal on the sample-pinhole distance
recorded for several frequencies. The dotted line represents an exponential fit
to the data.

For an ideally conducting and infinitely thin pinhole, the
evanescent field behind the aperture should decay as

I(z) ∝ exp
{
− z

ta

}

where z is the distance between the pinhole and the sample, a
is the aperture radius and t ≈ 1.1 is a numerical factor. This
relation should hold as long as the wavelength λ is large as
compared to z and a. An experimental test of this prediction
is presented in Fig. 5. The measurement shows the distance-
dependent decay of the near-field signal R behind a 200 µm
pinhole relative to the signal at zero distance R0 . The data clearly
show the same exponential decay of the near-field signal with an
increasing probe–sample distance for different frequencies. At
larger distances, the constant background noise together with the
lower signal leads to larger deviations. As predicted by theory,
the data exhibit a frequency-independent decay of the signal, but
a fit to the experimental points leads to a parameter t of about
0.004, which is much smaller than the theoretical calculations.
This can partly be explained by the fact that real pinholes are
neither perfectly conducting nor infinitely thin. In our case, the
aspect ratio (thickness/diameter) was about 0.05. Roberts, for
instance, calculated for an ideal conducting pinhole with a finite
thickness a much faster decay of the near-field [15]. The finite
conductivity, however, prohibits the use of thinner pinholes with
smaller aspect ratios. The copper used here, for example, has a
specific resistivity in the frequency range of 1.7 µΩ · cm [16].
The electric field decays to 1/e of the original value on a length
scale called the skin depth δ, which is proportional to the square
root of the resistivity and the wavelength λ. For the copper,
the skin depth in the frequency range between 30 GHz and
1.5 THz is 380–60 nm. Depending on the pinhole diameter and
the spot size, the ratio of the radiation that shines through the
hole to the total intensity is of the order of 10−6 to 10−8 . This
is approximately the transmission through a solid copper foil
with a thickness 13–18 times the skin depth. Thus, for near-field
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Fig. 6. Scheme of the scattering-type SNOM with photoinduced dynamic
aperture. A laser beam is superimposed to the THz beam, and both beams are
focused at the same spot on a thin Si wafer. At the wafer, the laser creates
free charge carriers that are opaque for THz radiation. This micrometer-sized
opaque region acts as an effective scatterer for the THz radiation. Using a lock-in
technique the resolution achievable in the visible can thus be transferred to the
THz range.

spectroscopy in the THz range, the metal foil with the pinhole
cannot be much thinner than about 10 µm.

The strong but frequency-independent decay of the evanes-
cent field has two important consequences. 1) Spectroscopy
is possible with aperture-based SNOMs, but only in combina-
tion with an accurate probe–sample distance control. 2) A small
modulation of this distance in combination with the lock-in tech-
nique makes it possible to measure the frequency-dependent
absorption directly even for rough surfaces that show strong
scattering.

V. APERTURELESS SNOM

In apertureless or scattering-type SNOMs (s-SNOMs), com-
monly the tip of an atomic force microscope is used as a
small scatterer. With atomic force microscope (AFM)-based
s-SNOMs, a resolution down to 150 nm has been demonstrated
at 2 THz on metal-dielectric test samples [17]. The disadvan-
tage of this method is that it mainly images the sample surface,
which in most practical cases, however, is not the relevant phys-
ical information. A photoinduced dynamic aperture [18] can
overcome this problem [19]. The concept is also an s-SNOM,
but here the size of the scatterer is freely adjustable by optics
and it also works in transmission, and therefore, images bulk
properties.

A scheme of a THz near-field spectrometer based on a pho-
toinduced aperture as near-field probe is sketched in Fig. 6 [20].
The radiation from a BWO is collimated to a parallel beam and
afterwards focused to a diffraction-limited spot by a hyperbolic
lens with a focal length of 20 mm. Through the center of this
lens, a 5 mm hole is drilled, in which a small optical lens is
glued with the same focal length. With a small mirror a green
laser beam is superimposed to the THz beam so that both beams
are focused on the same spot on a 150-µm-thick Si wafer. But
whereas the THz beam is focused down to about 1 mm, the
laser beam can be focused down to 35 µm. Normally, Si is to-

Fig. 7. THz near-field image of a freshly cut vine leaf recorded at 220 GHz
corresponding to λ = 1.4 mm.

tally transparent for THz radiation, but where it is illuminated
by the laser, it becomes opaque due to the formation of free
charge carriers. This micrometer-sized opaque region now acts
as an effective scatterer for THz-radiation. Chopping the laser
beam and using the lock-in technique for the detection allows
us to obtain information only from this area. In this way, the
resolution achievable in the visible can be transferred to the
THz range. As long as the thickness of the Si wafer is small
compared to the used THz wavelength, a sample glued at the
backside of the wafer is in the near-field of the created scatterer,
and can therefore, be imaged with a resolution comparable to
the size of the scatterer.

In the following, we give two examples to demonstrate the
importance of additional spectroscopic information for the in-
terpretation of the observed image contrast. In Fig. 7 the THz-
near-field image of a freshly cut vine leaf recorded at 220 GHz
is presented. In the shown image, structures down to about
100 µm can be seen corresponding to λ/14. As mentioned be-
fore, the achievable resolution depends on the size of the opaque
region created by the laser and not on the THz wavelength.
However, due to the diffusion length of the photoinduced free
charge carriers, this opaque region is significantly larger than the
bare laser spot size. For our n-doped Si with a donor density of
10−16 cm−3 , the carrier lifetime is several hundred nanoseconds
and the room-temperature diffusion length is about 150 µm in
reasonable agreement with our results. Higher doped Si-wafers
have shorter carrier lifetimes and a smaller diffusion length, and
would therefore afford a better resolution. But higher doped
wafers also have a lower resistivity connected with a higher ab-
sorption in the THz range and a shorter carrier lifetime, which
requires a higher laser power to create a sufficient opacity.

The standard interpretation of the image contrast observed in
biological samples is that the intensity variation is mainly due to
the absorption of water [21]. With the additional spectroscopic
information, this assumption can now be tested. In Fig. 8(a),
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Fig. 8. THz near-field transmission spectrum recorded at a darker area of
Fig. 7. The spectrum is normalized to the signal of the bare substrate. The
image contrast is mainly due to the absorption, but cannot be explained by the
absorption of water alone (see inset).

Fig. 9. THz-near-field image of a 200-µm-thick slice from a rat brain embed-
ded in wax recorded at 220 GHz.

spectrum recorded at a subwavelength spot focused at a darker
area of Fig. 7 is displayed. A pure water layer of the same thick-
ness as the leaf would give a thousand times larger absorption,
and one would expect that over the whole frequency range, the
transmission slightly decreases toward lower frequencies (see
inset). The absorption of water alone cannot explain the ob-
served rise toward lower frequencies. There must be additional
excitations at higher frequencies or an additional phase shift due
to the different refractive index of the leaf compared to silicon.

As an example of a water-free sample, we have chosen a thin
slice from a rat brain embedded in wax by a standard proce-
dure (Fig. 9). The 200-µm-thick slice was directly prepared on
a 150-µm-thick Si wafer. The overall transmission here is much
higher, and surprisingly same areas appear even brighter than
the bare substrate. Moreover, in the normalized near-field trans-
mission spectrum, values well above 100% can be observed
(Fig. 10). In addition to the experimental spectrum, a simulation
is shown. In this modeling, the transmission through a layer sys-

Fig. 10. THz-near-field spectrum recorded at a darker part of Fig. 9. The
spectrum is normalized to the signal of the bare substrate. The simulation is for
a layer system: 200 µm layer with n = 1.55 and no absorption on Si. Here, the
image contrast is pure phase contrast.

tem air/Si/rat brain 200 µm thick with n as a fit parameter and
no absorption/air was calculated. For n = 1.55, a nearly perfect
agreement between simulation and measurement was obtained.
In this case, the observed image contrast is a pure phase contrast.
In combination with the fit procedure, we were able to detect
the differences in the refractive index of about 1%. Keeping in
mind that the refractive index for all materials is much higher
in the THz range than that in the visible, it is evident that THz
near-field spectroscopy can be advanced to a powerful tool in
life science.

VI. CONCLUSION

Backward wave oscillators as tunable continuous wave (cw)-
sources are ideally suited for the different types of micro-
spectroscopy in the THz range. With solid immersion lenses,
an enhancement of the spatial resolution by a factor of n, the
refractive index of the lens material is easily possible with-
out loss of intensity and without a complicated probe–sample
distance control. For applications in which a high dynamic
range is more important than a very high spatial resolution,
this method is a simple and very attractive alternative to real
near-field techniques. Nevertheless, one has to be aware that in
micro-spectroscopic applications, the resolution of a SIL system
depends on the wavelength.

Although in an aperture SNOM, the achievable resolution
and the decay of the evanescent field behind the pinhole are
independent from the used wavelength; in practice, compared
to the other two techniques, this method has several disadvan-
tages. The intensity decreases with r6 so that at higher resolu-
tion, the dynamic range is very limited and one needs a very
accurate distance control. By using copper as an aperture mate-
rial, the pinhole cannot be thinner than 10 µm; otherwise, due
to the large skin depth in the THz range, more light will shine
through the foil than through the pinhole. In practice, this leads
to a very sharp decay of the near-field signal behind the pinhole.
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The scattering-type SNOM with a photoinduced aperture is
the most promising method to combine a high spatial resolution
with a high dynamic range and the capability to record transmis-
sion spectra. Here, the resolution is freely adjustable by optics,
and therefore, it is always possible to find a good compromise
between resolution and dynamic range. With this instrument, it
is possible to record the transmission spectra on subwavelength
spot sizes without a complex probe–sample distance control and
with nearly no restrictions as far as the samples under investiga-
tion are concerned. The shown biological examples demonstrate
how useful the additional spectroscopic information is for the
interpretation of the observed image contrast.
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