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Abstract 

Terahertz time-domain spectroscopy accesses the frequency range between 100 GHz and 5 

THz by using the coherent generation and detection based on femtosecond laser sources. On the way 

to obtain fingerprint absorption spectra of molecular solids, terahertz waveguides have proven to be 

a valuable tool to extend the results to narrow and high resolution linewidths of crystalline solids. We 

will discuss the development, properties and applications of terahertz waveguide geometries for 

spectroscopic applications, in particular high-resolution measurements using parallel-plate 

waveguides. 
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Introduction 

Many interesting molecular spectroscopic transitions can be observed in the terahertz (THz) 

frequency range covering frequencies between 100 GHz and 10 THz. These frequencies in the far-

infrared correspond to vacuum wavelengths between 3 mm and 30 μm or wavenumbers reaching 

from 3.3 cm−1 to 333 cm−1. The rich gas phase and condensed phase spectroscopy in this region was 

first explored using incoherent sources and narrowband coherent sources. The later development of 

sub-picosecond THz sources led to the creation of THz time-domain spectroscopy (THz-TDS), which 

provides coherent detection over a broad bandwidth of 0.1 THz to 5 THz [1]. Early THz-TDS 

experiments demonstrated the broadband coherent detection of pressure broadened rotational 

transitions of water vapor [2]. This initial work was followed by the demonstration of coherent echo 

transients resulting from broadband coherent excitation of rotational bands in small polar molecules 

[3–5]. Since these early studies a variety of small molecule vapors have been studied, in some cases 

with frequency resolution as high as 500 MHz [6]. 

The so-called low frequency vibrational modes of molecular solids also occur in the THz 

region. These vibrations tend to be global in the sense that they involve the motion of nearly all the 

atoms in the molecule. As such they are strongly influenced by intermolecular interactions including 

hydrogen bonding [7] and van der Waals forces [8]. These interactions determine the character of 

the vibrational motion as intramolecular modes, intermolecular modes, or mixed modes containing 

both intra- and intermolecular character. Indeed, a large number of THz-TDS studies have been 

performed on relatively small organic and bio-organic solids with crystalline order (e.g., see reviews 

by Jepsen et al. [9]; Plusquellic et al. [10], and also on large biological molecules in the form of thin 

films [11, 12]. In general, the observed features in molecular solids are not as narrowband as in the 

gas phase, but still a fingerprint-like signature of low-frequency lattice vibrations can be obtained, 

even at room temperature. In this review, we will discuss the development of THz spectroscopy, 

coming from standard free-space THz transmission measurements to sophisticated waveguide (WG) 

geometries for high-resolution spectroscopy [13]. 



To experimentally address the THz band, THz-TDS using photoconductive antennas [1] has 

proven to be a useful tool if broadband radiation between 0.1 and 5 THz is needed, and if frequency 

resolution as high as about 1 GHz is sufficient. In this frequency range higher spectral resolution may 

be measured with continuous-wave or nanosecond-based systems [14]. Even ultra-broadband results 

covering the far-infrared to the mid-infrared can be obtained by THz-TDS, if sophisticated emitters 

based on optical rectification and electro-optical detection are used along with necessary shorter 

pump pulses [15]. Another ultra-broadband approach uses amplified femtosecond laser pulses to 

generate intense THz pulses in photo-induced gas plasmas [16, 17]. 

In covering the region between the microwaves and infrared in the electromagnetic 

spectrum, the THz waves, to some extent, show a hybrid character. Quasi-optic coupling using lenses 

is possible, as some dielectrics are still transparent for THz waves. On the other hand, THz waves 

tend to behave like microwaves in terms of diffraction, and thus require large reflective optics to 

control free space propagation. In general, it is difficult to handle a THz beam, especially if the 

bandwidth exceeds one optical decade. A potential solution is to use waveguide geometries which 

define and guide the beam of sub-ps THz pulses. Here the design of the waveguide can be optimized 

to control specific properties such as coupling efficiency [18], propagation losses [19], dispersion [20] 

and modal profile [21]. Even focusing waveguides can be designed [22] to confine THz radiation to 

well below the diffraction limit [23, 24]. Pulsed broadband THz radiation is subject to dispersion, 

diffraction and divergence. Due to the layout of the waveguide and the used materials, defined 

modal geometries can be designed. These interesting possibilities open up a new field of research 

[25]. 

For spectroscopic applications waveguide structures can result in a sensitivity enhancement 

because the high confinement of the THz field within the waveguide optimizes the spatial overlap 

with a sample, leading to a high filling factor. If the compression of the THz field is done 

“adiabatically” then sub-wavelength confinement as high as λ/30 at 1 THz is possible [23]. The 

achievable field strengths exceed the values of a simple cylindrical lens focus. Comparing a 



waveguide with amplitude coupling ratio of 32% for a 50 μm gap to a 1 mm cylindrical focus and 

100% coupling ratio, the relative intensity enhancement of the waveguide is more than the factor of 

2, which increases for smaller gaps. This efficient coupling along with the high filling factor makes 

waveguides a very efficient tool for small amounts of sample to be detected. 

Specially designed waveguide structures can be used to control the spatial extent of the 

guided THz wave [26], or, by incorporating photonic-type samples, control the transmitted spectrum 

[27]. For a parallel-plate approach, Bragg resonances with linewidths as narrow as 6 GHz and a Q-

factor of 430 were obtained [28], and stop and transmission bands were realized [29]. Such 

structures have potential to augment spectroscopic applications like sensing and identification. 

In this article, we will discuss the possibilities of THz waveguide spectroscopy to obtain high 

resolution absorption spectra of molecular solids. We will first give an overview on reported THz 

waveguides and discuss their specifications, advantages and limitations. In particular, parallel-plate 

waveguides will be explained in connection with terahertz-time domain spectroscopy, though some 

of the discussion also applies to cw-narrowband THz spectroscopy. The third section is dedicated to 

experimental results obtained with parallel plate waveguides. High resolution spectra that resolve 

fingerprint-like signatures of selected molecular solids are presented and discussed. Finally, an 

outlook on the current topics and possible applications of waveguide THz-TDS is given. 

 

 



THz Waveguide Geometries for Spectroscopy 

Figure 1: a) Co-planar strip lines form a transmission line for an electrical pulse, adapted from 

[30]. The sample located on top of the waveguide interacts with the THz radiation. B) Wire 

waveguide attached to photoconductive switch (PCS) and moveable detector crystal (ZnTe for 

electro-optical sampling), adapted from [34]. 

 

Historically, one of the first broadband spectroscopic results obtained involving THz 

waveguides relies on co-planar transmission lines. The transmission line reported by Sprik et al. [30] 

used a precursor of today’s widespread photoconductive switches (PCS). It is formed between the 

two metalized lines on top of a semiconductor (see Fig. 1a). Here, a 70 fs femtosecond laser pulse 

generates a few picosecond electrical pulse on the biased transmission line, which guides the THz 

pulse along the metallization. The sample is placed mostly between the parallel metal lines where 

the field is strongest, allowing a sensitive measurement of the THz absorption spectrum. The 

detection takes place at the other end of the strip lines. The accessible bandwidth reaches up to 1 

THz. 

Circular waveguides have attracted considerable interest in the past. These include sapphire 

fibers [31], photonic crystal fibers [32] and bare metal wires [33, 34]. A possible experimental layout 

for the metal wire configuration is shown in Fig. 1b. The sharp tip of the metal wire (here 

platinum/iridium) is in direct contact with the positive electrode of the strip line PCS. The THz wave is 

coupled to the tip and propagates along the metal wire. For spectroscopic investigations a small 

amount of substance can be deposited on the surface of the wire. After the interaction, the 



propagating wave is detected with an electro-optic sensor (for details see [35]). Using this 

configuration, Walther et al. [34] detected the 0.53 THz resonance of 1 mg of lactose dispersed on 

the metal wire. 

The ongoing process of integrating THz waveguides into compact structures for sensing 

emphasizes the maturity of the technique. As one possible experimental approach, the 

photoconductive switches of the transmitter and receiver are combined on one chip. In between, the 

propagating pulse is guided by a microstrip-line waveguide [36]. The layout of the waveguide is 

fabricated so that a fraction of the electric field extends into free-space. This evanescent wave is 

accessible on top of the structure, allowing for spectroscopic identification. With an accessible 

bandwidth of up to 2 THz, the 534 GHz absorption line of lactose was resolved. The required sample 

mass was less than 1 mg, due to the lateral confinement of the wave. This approach using the 

evanescent wave has the advantage that there is no direct contact required between the sample and 

the waveguide. The evanescent fraction of the guided wave still can interact with the sample over a 

distance of a few tens of microns [37]. For example, working with a distance of 20 μm from the 

waveguide surface, still 37% of the evanescent electric field is within the sample [36]. 

Another waveguide-based sensor was reported by Nagel et al. [38] using thin-film microstrip 

lines coupled to a passive circular resonator, a so-called racetrack resonator. This planar on-chip 

geometry was used to detect the hybridization of DNA molecules, even in an integrated array of 

neighboring sensors [39]. The required sample volume was only 40 fmol of 20-mer single-stranded 

DNA molecules [38]. 

These various approaches underline the potential for high sensitivity of the waveguides. In 

contrast to measurements in free-space, where larger sample sizes are often needed, the required 

substance quantity is relatively small as the field distribution is known and the sample can be placed 

at a point with high field intensity. A further step is not only to guide the THz wave but also to 

laterally compress the field extend to below the diffraction limit [23]. 



Conductive waveguides have been known from microwave technology for years. In this GHz 

range, the behavior of hollow metal waveguides is understood in detail [40]. Various waveguide 

structures have been analyzed and developed, resulting e.g. in horn antennae and rectangular 

waveguides. In addition to the guiding and modal properties, the appropriate coupling schemes had 

to be adapted. For example, widely used metal flares are optimized for a frequency range, 

minimizing the coupling loss by reducing the impedance mismatch between the waveguide and free-

space. In contrast, for the THz range, located between the microwaves and optics, the quasi-optical 

coupling using dielectrics is also possible. Combining a metal guide with dielectric lens coupling has 

proven to exhibit a very good performance as first reported for a circular waveguide [41] and later 

used for parallel-plate waveguides [42]. 

To obtain a waveguide geometry which is useful for spectroscopic investigations different 

aspects have to be considered. Ideally, a single mode should propagate to avoid interferences from 

higher order modes, which include varying field distributions, and effects due to group and phase 

velocity dispersion (especially near the cut-off frequencies) [18]. Also the coupling into the 

propagating mode should be efficient and its propagation loss low. The field distribution needs to be 

accessible to optimize the interaction between the sample and THz wave. These specifications can be 

obtained by using a parallel-plate waveguide (PPWG). This particular waveguide geometry pioneered 

by Mendis and Grischkowsky at Oklahoma State University [42] will be discussed in detail. 

 

Figure 2: Cross-sectional illustration of a parallel-plate waveguide (PPWG) with quasi-optical 

coupling using silicon lenses.  



 

The layout of a PPWG is shown in Fig. 2. It consists of two metal plates that are held parallel 

to each other with a gap distance b that is controlled by using spacers at the edges of the plates 

outside of the THz beam path. The two opposing polished surfaces form a semi-open sandwich with 

a length of 30 mm and a width of 28 mm. Two plano-cylindrical silicon lenses (radius of curvature 5 

mm at a height of 6.56 mm) focus the incident THz beam down to a frequency dependent diameter 

of less than 100 μm [18]. As the focus point is at the plates’ entrance or exit facet, respectively, the 

coupling and thereby the throughput is very high. 

Depending on the incident THz pump beam polarization, this waveguide supports transverse 

electric (TE) as well as transverse magnetic (TM) modes. The coupling efficiencies into the particular 

mode are given by the overlap integral between the waveguide mode and the symmetrical Gaussian 

THz spot [43]. So for a TM case, only even TM modes can be exited (TM0=TEM, TM2, …), while in the 

TE case, the odd ones are selected (TE1, TE3, …). These modes have a cut-off frequency given by 

f=mc/(2b). It is defined by the waveguide’s plate separation b and the order of the mode m, with c 

being the velocity of light. Remarkably, the 0-th order TM mode—which is the transverse 

electromagnetic mode (TEM)—does not have a cut-off frequency. The TEM mode can be excited for 

correct pump beam polarization (perpendicular to the surface of the plates and to the direction of 

propagation). If now the plate separation is set to a distance below the cutoff of the next higher-

order mode (here TM2), the waveguide stays single TEM mode. Assuming a bandwidth with a 

maximum frequency of 4 THz, the plate separation b has to be less than 75 μm to obtain a single 

mode waveguide. 

Due to the single mode character of the PPWG, the THz pulse is not subject to modal 

dispersion. There is ohmic loss related to electric currents at the surface of the metal plates, which 

scales inversely with the gap b, and as the square root of the frequency. The measured waveguide 

loss is less than 0.2 cm
−1

 in the THz frequency range (up to 4 THz) [42] for a Cu PPWG with a gap 

width of 108 μm. So this type of waveguide is in principle well suited for spectroscopic investigations. 



The high performance of the PPWG can be seen when the transmitted pulse is compared to 

the reference pulse of the system. The time traces are plotted in Fig. 3 with the PPWG pulse scaled 

up by a factor of 4. The reference pulse is a sub-1 ps single-cycle THz pulse without echoes or 

disturbing modulations within the typical scanning range. Inserting the PPWG in the center of the 

THz beam and after aligning the silicon optics, the pulse shape remains undistorted. Only the 

amplitude will drop mostly due to Fresnel losses at the four interfaces between silicon and air (50% 

amplitude reduction in total). Beam truncation and modal mismatch contribute further losses, 

adding up to a theoretically best amplitude coupling of 32% (for a 50 μm gap). In the inset of Fig. 3, 

the coupling ratio is calculated in the frequency domain. It is defined by the division of the measured 

amplitudes. At 1 THz, a coupling ratio of 22% is obtained, dropping down to 10% at 4 THz. This shows 

that the quasi-optic approach combining transmission optics and metal guides is a very efficient 

method. 

 

Figure 3: Measured THz pulses of a dry-air free-space reference (lower trace) and after 

propagation through an aluminum PPWG with a gap width of 50 μm (upper trace, multiplied by 4). 

Inset: Frequency dependent coupling ratio of the PPWG. 



High Resolution Waveguide Spectroscopy 

 

Figure 4: Beam path of the terahertz time-domain spectroscopy (THz-TDS) system. In the 

waist of the collimated beam, the parallel-plate waveguides are measured between the two 

parabolic mirrors. Here a parallel-plate waveguide is shown with silicon lens coupling (reprinted with 

permission from [44]. © 2010 American Institute of Physics). 

 

The experimental setup (see Fig. 4) is a THz-TDS system, based on the coherent detection of 

pulsed broadband THz radiation [1]. It consists of two photoconductive switches as transmitter (Tx) 

and receiver (Rx), gated by femtosecond laser pulses emitted either from a Ti:Sapphire or a fiber 

laser. The detection scheme relies on the fact that the femtosecond pulses (duration of 100 fs or less) 

can be used to sample the THz electric field having a pulse duration of approximately 1 ps. 

Comparable to a pump-probe experiment, one laser pulse is used to generate the THz pulse while 

the other one is delayed by a mechanical stage, and then used for detection. So by sampling the THz 

field slowly, even the high frequencies can be detected with electronics (preamplifiers, lock-in 

amplifiers) with only kilohertz frequency response. Only the photoconductive antennae need a sub-

ps carrier lifetime, otherwise the electric field will be averaged out. 



The THz beam is pre-collimated at the transmitter and focused into the receiver by silicon 

lenses. Their advantage is the high index of refraction in the THz range (nSi=3.41), without causing 

dispersion or having absorption. Silicon is also nearly refractive-index matched to the semiconductor 

substrate of the photoconductive switch (nGaAs=3.5) which minimizes the problem of multi-reflections 

within the substrate. The free-space THz wave forms a beam waist with a frequency dependent 

diameter of 9 mm at 1 THz in between two off-axis metal parabolic mirrors [45]. The waveguide 

under investigation is placed at the center of symmetry between the two parabolic mirror. The entire 

THz beam path is purged with dry air to remove interferences caused by the narrow absorption 

features of water vapor [2]. 

THz-TDS detects the time-resolved electric field of the THz pulse. After a Fourier 

transformation, the spectral amplitude is accessible. This not only allows for the simultaneous 

acquisition of the frequency range between 100 GHz and 5 THz with a sub-10 GHz resolution, but 

also includes the phase information which is typically lost in an intensity measurement. If only a 

spectrally resolved absorption coefficient is needed, tunable continuous wave (cw) techniques can be 

applied, either based on an optic [46] or electronic [47] approach. Also the inexpensive technique of 

broadband cross-correlation spectroscopy [48, 49], pumped only with standard laser diodes, would 

be possible. For optimum performance of waveguide THz-TDS there are three conditions which must 

be satisfied: 1) Long scanning delay times in excess of about 100 ps, 2) good thermal contact 

between the polycrystalline film and the cooling apparatus, and 3) high crystalline quality thin films. 

The spectral resolution of waveguide THz-TDS is given by a combination of the signal-to-noise 

ratio of the particular measurement and the inverse of the scanning delay time of the gated 

detection. Longer delay times lead to smaller spacing between points in the frequency domain. While 

mechanical translation stages can typically achieve delay times of about 1 ns (Δv≈1 GHz), and laser 

cavity scanning can achieve delay times of about 10 ns (Δv≈100 MHz), the useful delay is often 

limited by “echo” pulses due to reflections from various surfaces (e.g., sample interfaces, window 

surfaces) within the THz beam path. When using a PPWG with the plano cylindrical silicon lenses 



described above (h=6.56 mm), a strong reflection from the silicon surface limits the delay time to 

approximately 150 ps [50], resulting in a frequency resolution of 6.7 GHz. Such resolution has proven 

sufficient for many of the solid-phase materials investigated with waveguide THz-TDS, though it’s 

possible that there are cases where increased frequency resolution will be needed. 

Cooling molecular solids to cryogenic temperatures can greatly suppress homogeneous line 

broadening, and leads to the resolution of vibrational resonances that are typically obscured in room 

temperature measurements. The metal PPWG is compatible with experiments at cryogenic 

temperatures because the sample on a metal surface maintains good thermal contact with the 

cooling block of typical cryostats or cryocoolers. Therefore, homogeneous broadening can be 

efficiently suppressed. In contrast, many free space THz experiments of molecular solids have been 

performed using pressed pellet samples where the plastic matrix has relatively low thermal 

conductivity making it more difficult to reach the desired low temperature, resulting in broader THz 

spectra. Of course immersion configurations or sample in vapor methods would likely eliminate this 

issue for pellet samples. To resolve the complex underlying THz vibrational spectrum of a molecular 

solid it is desirable to prepare a sample with a high degree of crystalline order, such that 

inhomogeneous line broadening processes can be minimized. Ideally, one would prefer a well-grown 

single crystal with a minimum of defects. In practice such single crystals can be difficult to grow in 

sufficient size to implement in conventional free space THz-TDS. In addition, the thickness of the 

crystal has to be carefully adjusted to allow transmission over a broad band of frequencies. Examples 

of THz-TDS of single-crystal samples may be found in references [51] and [52]. It was found that 

relatively simple film preparation methods such as casting from solution and vacuum sublimation can 

produce films of sufficient crystallinity to begin to resolve their complex THz spectra [53]. Initial 

waveguide THz-TDS experiments investigated preparing films of dicyanobenzenes and 

tetracyanoquinodimethane (TCNQ) on a PPWG surface by drop casting from solution. Here, the solid 

is dissolved in a volatile solvent at a concentration typically between 2 to 3 mg per milliliter (mg/ml), 

however, both smaller and larger concentrations have been used. Typically 100 to 200 μl of solution  



Figure 5: Optical micrographs of TCNQ crystals on top of metal parallel plates produced by using 

different sample preparation techniques: a drop casting; b spin casting; c sublimation (reprinted with 

permission [53]. © 2007 American Chemical Society). 

 

are spread onto a pre-cleaned PPWG surface so that most of the surface is covered by a solvent 

layer. The solvent is allowed to evaporate leaving behind a polycrystalline film. The relatively thick 

edges of the film (which typically form with drop casting) are then swabbed with a solvent soaked 

swab, leaving behind a more uniform film with a footprint of approximately 15 mm by 20 mm. Figure 

5a shows an optical micrograph of a polycrystalline TCNQ film on an Al PPWG surface. The film was 

cast from a 2.4 mg/ml acetone solution which yielded mainly rhomb-like microcrystals, where the 

length of a side was between 10 and 20 μm. These microcrystals have a planar ordering with respect 

to the surface. The specific shape of the microcrystals was found to be highly dependent on the 

casting conditions (such as concentration and solvent) and varied between rhomb-like shapes to 

dendritic type shapes. 



Additional control over the uniformity of surface coverage may in some cases be obtained 

using spin casting. Figure 5b shows a spin cast film of TCNQ where needle-like microcrystals are 

produced, and where the microcrystals are more evenly spread over the surface than for the drop 

casting example. With spin casting the microcrystals form much more rapidly because much of the 

excess solvent is removed upon spinning. Vacuum sublimation is a third method to produce 

polycrystalline films. In this method the molecular solid in powder form is heated in a vacuum 

chamber below its melting temperature. The vapor is then condensed on the metal PPWG plate, 

which is mounted on a cold finger directly above the heated powder. Figure 5c shows an example of 

a TCNQ film produced by sublimation onto a Cu PPWG. In this case the shapes of the small 

microcrystals could not be resolved with a 100 X magnification microscope. Vacuum sublimation is 

also useful for molecular solids that are only sparingly soluble, or insoluble, in common solvents. 

A first example of waveguide THz-TDS is shown in Fig. 6 for a TCNQ film that was drop cast 

onto a Cu PPWG. For comparison, the response of a mixed pellet containing TCNQ in a transparent 

polyethylene matrix is also shown. The pellet spectrum (Fig. 6a) at room temperature shows a series 

of partially resolved absorption lines. When the pellet is cooled to near 77 K the lines show a strong 

blue shift with some lines shifting as much as 10% from their room temperature values. However, the 

linewidths undergo only a relatively modest sharpening. The frequency shift may be attributed to a 

compression of the crystalline lattice as the temperature is lowered. As a result the intermolecular 

potentials become steeper, which tends to increase the vibrational frequencies. The film in the Cu 

PPWG (Fig. 6b–d) shows a similar degree of blue shift upon cooling to 77 K, however the absorption 

lines show a much more pronounced narrowing, and result in linewidths up to several times sharper 

than the pellet sample. The line narrowing results in the resolution of features which are obscured in 

the pellet spectrum. Cooling to 13 K (Fig. 6e) results in further line narrowing and resolves an 

additional feature in the cluster of lines near 3.5 THz. The narrowest line at 1.301 THz has a full width  

 



Figure 6: a Spectral amplitudes for a mixed TCNQ pellet at 295 K and 77 K. b Spectral 

amplitudes for a TCNQ film in a 50 micron gap PPWG at 295 K and 77 K. c–e Absorbance spectra for 

TCNQ films at 295 K, 77 K and 13 K, respectively (Panels a-d are reprinted with permission [53]. © 

2007 American Chemical Society). 

at half maximum (FWHM) width of about 13 GHz. Unlike for free space investigations, where 

a reference scan can easily be recorded, it is challenging to acquire a PPWG reference. This is 

because it can be difficult to reproduce the exact same alignment of the empty PPWG when it is 
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reassembled following removal of the film. In some cases it is possible to obtain the PPWG reference 

by rinsing the film away using solvent via the open access at the side of the PPWG [53]. While this 

method requires removing the PPWG from the spectrometer so that the film is removed in a safe 

environment, the procedure does not disturb the alignment of the PPWG. Alternatively, an 

approximate method may be used to estimate the absorbance spectrum. Here, a reference is 

calculated from the film amplitude transmission spectrum by using points that lie outside of the 

absorption lines, and then fitting the points with a smooth function to obtain a reference profile 

which includes any broadband absorption. While this procedure yields only approximate line 

intensities, and not the broadband absorption, it is possible to extract the line frequencies and the 

linewidths.  

An important consideration is the amount of film mass to deposit into the PPWG gap without 

disturbing the near single mode transmission. Adding dielectric material to the PPWG effectively 

increases the gap width, which, in turn, lowers the cut-off frequencies of the higher order modes. For 

the case of a uniform dielectric film the effect on the PPWG modal properties can be predicted [21, 

40]. For discontinuous polycrystalline films the situation is more complex. Clearly, to preserve single 

mode propagation the amount of dielectric material should be sufficiently small. For a 50 μm gap, 

empirical findings suggest that a film mass in the range of 150 micrograms or less does not typically 

produce significant higher order mode propagation, which would be identified by characteristic 

oscillations in the transmission spectrum. To estimate the loading of the gap caused by a non-

uniform film one can consider its equivalent thickness if the film mass is spread uniformly over a 

specific area. For example, a 150 microgram film with a density of 1.5 g/cm3 would have an 

equivalent layer thickness of 330 nm if it forms a uniform layer over a 15 mm×20 mm area on the 

PPWG surface. This thickness appears to be small compared to a 50 μm PPWG gap. 

There is much interest in using THz spectroscopy to study materials of biological importance. 

The THz vibrational frequencies provide information about hydrogen bonding interactions, 



 Figure 7: Optical micrograph of a drop cast TRIS film on an aluminum PPWG surface 

(reprinted with permission from [55]. © 2010 American Chemical Society). 

conformational changes, and the effects of hydration. The metal PPWG has proven to be 

effective in resolving the vibrational mode structure of biologically important molecules in the 

crystalline environment [54, 10]. An illustrative example is the recent waveguide THz-TDS study of 

the molecule tris(hydroxymethyl)aminomethane (TRIS) in the crystalline environment [55]. Figure 7 

shows an optical micrograph of a TRIS film on an Al PPWG produced by drop casting from an aqueous 

solution. Here relatively long microcrystals with planar ordering are formed on the surface. Figure 8 

shows the evolution of the absorbance spectrum of the TRIS film as the temperature is lowered from 

295 K to 14 K. Clearly the measurement at 14 K results in a highly resolved vibrational spectrum 

showing 13 absorption features. Nearly all the absorption lines show a pronounced blue shift as the 

temperature lowered. The exception is the absorption feature at 1.78 THz (at 295 K), which 

undergoes an anomalous red shift with decreasing temperature, resulting in the narrow line at 1.706 

THz at 14 K. Similar red shifting of vibrational mode frequencies with lower temperatures has been 

also been observed for other crystalline solids where strong hydrogen bonding is present [8]. The red 

shift may be related to an alteration of the intermolecular potentials that occur when the unit cell 

dimensions change with temperature. A more detailed understanding of this effect may ultimately 

come from advanced solid state theoretical modeling methods which are able to incorporate 

intermolecular interactions. 



 Figure 8: Absorbance spectra as a function of temperature for a TRIS film contained in an Al 

PPWG. For clarity, the spectra from 40 K to 295 K are offset (reprinted with permission from [55]. © 

2010 American Chemical Society). 

More complex biological materials such as oligopeptides can also form highly crystalline 

solids and represent systems that are a “stepping stone” towards understanding the THz response of 

large biological molecules. The dipeptide system Val-Ala (valinealanine) [56] has been investigated in 

conventional pellet form and as a polycrystalline film in an Au-coated Cu PPWG, as shown in Fig. 9 

[10]. Both samples were measured at temperatures below 5 K using a frequency tunable continuous 

wave THz source with a frequency resolution of approximately 1 GHz as described elsewhere [46]. 

Both samples show absorption features in the accessible frequency range between 1 THz and 3 THz, 

however the authors noted that the linewidths of the sample in the PPWG are up to 5 times 

narrower. A theoretical understanding of these THz spectra is a challenging task and must take into 

account the complex hydrogen bonding and van der Waals interactions in the crystalline 

environment. Pluesquellic et al. [10] investigated two methods to simulate the THz spectrum of 

crystalline Val-Ala. One is a density functional theory DFT approach using the software package 

Dmol3 [57], and the other is a classical model called Chemistry at HARvard Macromolecular 

Mechanics, or CHARMm [58]. From the simulations in Fig. 9, both models appear to qualitatively 

reproduce the stronger features in the experimental spectrum, while the Dmol3 simulation appears  



 Figure 9: THz spectra of a Val-Ala dipeptide nanotube film measured in the 250 μm gap of a 

PPWG by using a tunable cw THz system. Results of a pellet measurement are given along with 

theoretical predictions from quantum chemical (DFT) and classical (CHARMm) theories [10] (© 2007 

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). 

 

to better reproduce the weaker features. The authors attributed the discrepancy between 

simulation and experiment, in part, due to the underestimation of dispersion interactions at the DFT 

level. The use of THz radiation for defense and security applications, such as the detection of 

dangerous materials (explosives, e.g. [59]), or illegal substances (drugs, e.g. [60]), has attracted a lot 

of attention. Various real-life scenarios have been considered including nondestructive inspection of 

substances in mail [61] and stand-off detection in reflection mode (X.-C. Zhang and co-workers [62]). 

High resolution waveguide THz-TDS can complement applications based on the detection of 

spectroscopic fingerprints by helping to create a robust database of THz fingerprint signatures, which 

is augmented by a fundamental understanding of the origin of the THz modes. 



 Figure 10: Temperature dependent waveguide THz-TDS spectra of explosives films on an Al 

PPWG surface. a RDX; b TNT. Offsets introduced for clarity (reprinted with permission from [63]. © 

2008 American Institute of Physics). 

 

The line narrowing effect and resolution of underlying THz spectra of explosives solids can be 

seen in two representative examples of waveguide THz-TDS characterization of explosives shown in 

Fig. 10 [63]. Here, films of RDX and TNT were drop cast onto Al PPWG surfaces. Both materials 

crystallize in complex unit cells containing eight molecules, so a rich underlying THz spectrum may be 

anticipated for each explosive. At room temperature the RDX film shows the characteristic 

absorption feature at 0.83 THz. As the film is cooled new features become evident as the underlying 

vibrational resonances begin to sharpen. At 13 K the RDX spectrum becomes highly resolved and 

shows a rich fingerprint of up to 19 lines between 0.5 THz and 3.5 THz. A similar trend was observed 

for TNT where weak and diffuse absorption features at room temperature resolve into a unique 

spectrum of sharp signatures. Some of the features for TNT exhibited near instrument limited FWHM 



Figure 11: Comparison of films of 4-iodo-nitrobiphenyl cast on Al and Cu PPWG surfaces, and 

measured at 12 K and 13 K, respectively. The spectrum for the film on Cu has been offset for clarity 

(reprinted with permission from [66]. © 2009 Optical Society of America). 

 

linewidths between 8 GHz and 10 GHz. Waveguide THz-TDS characterizations of other 

explosives related materials, including PETN and HMX, have also been performed [64]. 

When characterizing molecular films contained within a metal PPWG it is important to 

consider potential effects from the interaction between the metal surface and the molecular 

material. Under certain conditions (which are molecule and solvent specific) it was observed that a 

Cu surface can produce a chemically altered film. As an example, when TCNQ is cast on Cu from an 

acetonitrile solution the formation of a film of black microcrystals is seen, rather than the 

characteristic green microcrystals of TCNQ (see Fig. 5a–c). In this case it is likely that a Cu complex 

with TCNQ forms leading to a conductive film. In fact, Cu(TCNQ) complexes are known from studies 

of TCNQ as a conducting organic material [65]. When the same TCNQ/acetonitrile solution is cast on 

Al or Au surfaces the characteristic microcrystals of TCNQ are formed, which is confirmed by X-ray 

diffraction [53]. For a variety of molecular materials, however, we have observed that Cu, Al, and Au 

surfaces do not produce chemically modified films. In these cases the THz spectra are largely 



insensitive to the metal surface. An example is shown in Fig. 11 for the case of 4-iodo-nitrobiphenyl, 

which was cast onto Cu and Al PPWG surfaces from dichloromethane solution, and using a 50 micron 

gap for the PPWGs. Here, we note that the most of the line frequencies for both films agree to within 

1 GHz, which is the limit of the experimental precision [66]. There are some differences in the 

relative line intensities of the two films, which may be a consequence of the rapid crystallization 

during the solvent evaporation. We note that similar variations in relative line intensities are 

sometimes observed for different films cast on the same type of metal surface. The somewhat 

broader linewidths from the film on Cu is due to a shorter scan length of 100 ps (compared to 150 ps 

for the film on Al). Finally, in cases where the metal surface unwanted effects (such as a chemical 

reaction) occur it should be possible to passivate the surface by placing a suitably thin (amorphous) 

dielectric layer onto the metal surface [67]. 

It should not be omitted that good PPWG results depend on the sample preparation and so 

on the skill and experience of the operator. Even if the crystal production is very reproducible (and so 

the obtained features), the size of the crystals, the amount of applied material, the gap width and the 

absorption length can be chosen. So the overall transmission can be controlled and set to an optimal 

value of remaining transmission and sample interaction. Also a non-uniform sample having a 

thickness deviation along the beam, inhomogeneities and air intrusions can cause scattering losses 

and modal perturbations [21]. These effects may lead to weak performance and have to be 

considered when preparing a new sample.  

 

 

 

 

 

 



Conclusion and Outlook 

We have reviewed the possibilities of terahertz waveguides for high-resolution spectroscopy 

of molecular solids. Different waveguide geometries offer unique specifications like low dispersion, 

distortion-free propagation and efficient coupling. In particular, parallel-plate waveguides (PPWGs) 

allow for the sensitive measurement of thin films. When combined with the preparation of high 

crystalline quality samples, cooling to cryogenic temperatures leads to considerable line narrowing, 

which gives rise to fingerprint like signatures in the THz frequency range. This makes the PPWGs 

useful to distinguish and investigate molecular solids in the far-infrared spectrum. 

A recent development to reduce the setup time of the PPWG for each measurement is to 

eliminate the need for precisely aligned silicon lenses. As one alternative, metal surfaces can collect 

free-space THz radiation and guide it into the gap like a funnel. The principle relies on the fact that 

the THz waves can be regarded as microwaves to some extent. In this wavelength range the 

geometry would be comparable to a horn antenna. Machined tapers [68] or metal flares [20] are 

used. The latter ones even offer a superior coupling ratio compared to the silicon lens optics and 

were already applied for high-resolution spectroscopy of polycrystalline molecular films [44]. 

To date, all reports on the high-resolution spectroscopy using PPWG utilize the TEM-mode of 

the waveguide. This implies that only one polarization is propagating in the waveguide and only one 

crystallographic axis of the sample is probed. To fully understand the THz properties of the crystalline 

material the other axes have to be investigated. In general, it’s difficult to control the orientation of 

the micro-crystals on the surface from the rapid crystallization produced by drop casting. 

Alternatively, there have been reports of various methods to gain some control of the orientation of 

crystals on a surface where the crystals grow relatively slowly [69]. On the other hand, rotating the 

waveguide so that the gap is parallel with respect to the THz field polarization introduces multiple TE 

modes over the THz bandwidth. The low frequency cutoffs of the TE modes lead to a highly 

modulated transmission spectrum, which could interfere with the vibrational resonances of the 

polycrystalline film [70]. As the field distribution of the TE modes (minimum of the electric field at 



the surface of the metal plate) and their low propagation losses are interesting for a wide range of 

further applications, other waveguide geometries are still under investigation [71]. 

On the industrial side, the acceptance of this technique goes along with the 

commercialization of THz-TDS systems [72] and the integration of PPWG to entire sensors. This 

involves fast data acquisition at a high spectral resolution and a fast automatization of the sample 

changing procedure. A potential application poses the detection and identification of hazardous or 

illegal materials found in the field. From a more fundamental point of view, still a lot of different 

samples have to be investigated using this technique. Further knowledge about complex samples 

needs to be built up, leading to deeper understanding in fields of biology and chemistry. Also to 

advance the predicitive ability of DFT simulations [10, 73, 74] the obtained narrowband features can 

be used to refine different models und extend their accuracy by including the influences caused e.g. 

by van-der-Waals forces. Especially for complex molecules, the description is still not yet fully 

understood. Building up from the rather medium-sized molecules (like the introduced di-peptides) to 

larger ones, it would be interesting to investigate the limit where the density of states. 
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