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A detector of electromagnetic radiation may benefit – if its sensor area is small – from the application of a sub-
strate lens, which focusses the radiation onto the active sensing area of the device and thus enhances its responsivity. 
The use of such a lens, attached directly onto the detector backside in order to avoid reflection losses, requires that 
the detector substrate and backside be transparent to the radiation. However, if this is not the case, one may like to 
place instead a superstrate lens onto the front side of the detector. It may even be of interest to use both a substrate 
and a superstrate lens if the detector needs to be illuminated with two beams, e.g. for heterodyne detection, where 
one beam provides the local-oscillator signal. The use of a superstrate lens is, however, often hindered or impeded by 
an uneven surface topography or by the presence of bonding wires on the front side of the detector. Here, we address 
this issue and explore the use of paraffin wax to form or attach superstrate lenses. In the first case, which is the main 
topic of this contribution, we exploit the surface tension of liquid paraffin, brought onto the detector, to sculpt the wax 
itself into a lens. In the second case, only addressed conceptually here, we use paraffin to form a thin intermediate 
layer which also acts as an adhesive for the attachment of a plastic or silicon lens. In both cases, the application of 
liquid paraffin allows one to fill out an uneven detector surface and to embed wires without breaking them. We inves-
tigate the use of wax for the case of CMOS TeraFETs – detectors of terahertz radiation based on field-effect transistors 
– embedded into antenna structures. We describe the processing steps and analyze the performance of a TeraFET 
equipped with such a wax superstrate lens for front-side beam coupling. 
Keywords: THz detection, THz coupling, heterodyne detection

1. Introduction

Terahertz (THz) technology holds promise for nu-
merous industrial applications in areas such as se-
curity monitoring [1], medicine [2], aerospace [3], 
communications  [4] and automotive sensing  [5]. 
In comparison to more mature microwave and op-
tical technologies, the  early challenges in the  de-
velopment of THz technology revolved around 
the  achievement of an effective emission and de-
tection of THz radiation. In recent years, thanks to 
dedicated efforts by researchers and the  continu-
ously improved use of micro-manufacturing pro-
cesses, relatively compact THz sources [6] and sen-
sitive detection [7] methods have emerged, at least 
for such an application where only a single detec-
tor is required. However, for certain applications 
such as THz imaging, a  higher radiation power, 
respectively, detector sensitivity remains to be de-

sirable, if not necessary, depending on the specifics 
of the imaging task [8, 9]. A part of the challenge 
for THz imaging is relatively long wavelengths in 
the THz frequency range as compared with those 
in the  optical range. Detector devices operating 
in the  THz frequency band tend to be relatively 
large, making integration into arrays challenging. 
Even when using power-combining techniques 
with distributed sources as described in the litera-
ture  [6], it remains challenging to achieve an im-
aging performance equivalent to that of the optical 
wavelength range. There is intensive research ongo-
ing to develop imaging modalities which are well-
adapted to the unique conditions of the THz spec-
tral regime  [8, 9]. Two approaches are to employ 
the spatial-spectral imaging techniques in the  fo-
cal plane (the plane with the highest intensity) of 
the  imaging system such as Fourier imaging  [10, 
11] and the compressed sensing-based single-pixel 
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techniques [12]. The better the sensitivity of detec-
tion with these techniques, the better the imaging 
dynamic range and resolution. Coherent detec-
tion [13] (which also makes the phase of the radia-
tion available for image processing) is a powerful 
technology to achieve a high image quality, and an 
effective coupling of the radiation to the detector is 
being crucial for the successful implementation of 
coherent imaging. 

The research presented here focusses on prac-
tical ways of improving the front-end coupling ef-
ficiency of THz semiconductor detectors based on 
Schottky diodes, field-effect transistors or related 
ones, which come integrated with metallic anten-
nae. In the  case of ground-plane-free antennae 
such as bowtie antennae or log-spiral antennae, 
radiation is typically coupled in through the  sub-
strate onto the  detector backside (which clearly 
necessitates a  good transparency of the  substrate 
at the wavelength of radiation). In order to achieve 
a  good efficiency, one applies a  hemispherical or 
hyper-hemispherical lens to the substrate. The lens 
is usually made from high-resistivity Si. It has a di-
electric constant at THz frequencies well matched 
to that of all semiconductor materials used for 
the implementation of THz detectors, which elimi-
nates or at least minimizes reflection losses at 
the lens–substrate interface. However, for detectors 
integrated with an antenna requiring an embed-
ded ground-plane such as patch antennae, this ap-
proach no longer works. Only front-side coupling 
is possible in this case (if one wants to avoid more 
complex side-coupling schemes, e.g. with wave-
guides). The attachment of a lens to the front side 
may be hindered by a possible surface topography 
of the detector, which may not allow one to bring 
the detector in a direct contact with the active re-
gion of the detector, but even more so by the pres-
ence of bonding wires used to connect the  chip 
to the  readout circuitry. With the  application of 
the lens, one risks to break and disrupt the bond-
ing wires. One is then often left with the  option 
to couple the radiation in through air, which may 
result in a low coupling efficiency. But even when 
a ground-plane-free detector is employed, one may 
wish front-side coupling. This can, for example, be 
the case if the detector is used as a receiver for ho-
modyne or heterodyne coherent detection [13–15], 
provided the  local-oscillator (LO) wave reaches 
the detector in the form of free-space radiation. In 

this case, injecting the signal wave and the LO wave 
from opposite sides into the detector avoids losses 
at a beam combiner used to overlap the two beams 
if one couples both in from the same side. 

To address this issue, a method is presented here 
that involves the  integration of soft paraffin wax on 
the front-side of the semiconductor. With the paraf-
fin, one can address three purposes: (i) to smoothen 
the front-side facet of the chip, (ii) to provide a base 
and attachment layer with a relatively high dielectric 
constant (2.3, for the  measurements see below) for 
superstrate lens integration (which includes mak-
ing a lens from the wax itself, see below), and (iii) to 
embed and thus protect the bonding wires of the de-
tector in the wax.1 Figure 1(a) depicts two schematic 
views of a detector equipped with a superstrate and 
a substrate lens. On the left side there is an exploded 
view, showcasing a paraffin wax layer serving both as 
the bonding-wire protection layer and as the ‘glue’ for 
the attachment of a superstrate lens which can consist 
either of a hard solid material such as Si or sapphire, 
a solid plastic material such as PTFE, or a shapeable 
material such as paraffin wax itself. In the example of 
Fig. 1(a), a Si substrate lens is attached to the back-
side of a Si carrier wafer onto which a detector chip is 
mounted. We have recently used such an arrangement 
for subharmonic heterodyne detection, with backside-
coupled signal radiation at 600 GHz and front-side-
coupled LO radiation at 300 GHz [11, 16]. The right 
side of Fig. 1(a) schematically displays the assembled 
double-lens arrangement. In Fig. 1(b), we show two 
photographs of an actual implementation of the con-
cept, with a paraffin wax lens sculptured into a quasi-
spherical shape on the  front-side of a  detector chip 
and a Si substrate lens on the backside. The present 
paper primarily focusses on the fabrication and use of 
such hand-moulded paraffin wax lenses, an approach 
which stood at the  beginning of our exploration of 
double-lens implementation on THz detectors and 
hence represents only the first-generation attempt to 
the task [17]. The investigation of wax-attached Si and 
PTFE lenses will be described in other publications. 

Paraffin wax is a soft solid derived from petro-
leum, coal, or shale oil. It consists of a mixture of al-
kanes of different molecular weight. The molecular 

1  We note in passing that a paraffin wax layer with a 
quarter-wave thickness could also be used as an anti-reflec-
tion layer because the refractive index of the wax is interme-
diate between those of classical bulk semiconductors and air.
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formula is CmH2m+2, where m = 20 ~ 40. It is solid at 
room temperature and melts above approximately 
37°C (99°F) [18]. Common applications include lu-
brication, electrical insulation and the production 
of candles. 

In the following, we first describe measurements 
of the dielectric properties of the paraffin wax ma-
terial in the  THz frequency band up to 2.5  THz. 
We then address the  use of paraffin wax, starting 
from the dropcasting of molten paraffin wax onto 
the  front-side of the  detector for the  embedding 
of bonding wires, followed by the  preparation of 
the lens shape by employing, first, the surface ten-
sion of liquid wax and melt-sculpturing under 
the microscope afterwards. While this lens-crafting 
approach is rudimentary and certainly does not 
represent a  process with the  guaranteed repro-
ducibility wanted for mature technology, it is still 

versatile and fairly quick to implement, and has 
the advantage that it leads to the lens arrangement 
consisting of a  single material which eliminates 
concerns about reflection losses at the interface be-
tween different materials.

2. Dielectric properties of paraffin wax at THz 
frequencies 

We investigated the dielectric properties of paraf-
fin wax in the THz frequency range using the THz 
time-domain spectroscopy (TDS) system with 
a  frequency bandwidth of 2.5  THz  [19]. To pre-
pare a  sample, paraffin wax was melted and cast 
into a disk shape using a metal ring frame, result-
ing in a wax layer with a thickness of 2.44 mm, as 
measured with calipers. Figure 2(a) shows the THz 
transients measured with and without a sample in 

Fig. 1. (a) Schematic views of the disassembled and the fully integrated lens arrangement 
with paraffin wax material on a detector, and (b) photographs of the dual-lens-integrated 
detector with a paraffin-wax superstrate lens on the front-side and a Si substrate lens on 
the backside of the detector chip.

Fig. 2. (a) TDS THz transient after propagation through the wax disk (a blue curve), reference 
measurement (a black curve). (b) Frequency-domain intensity data.
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the beam path (blue vs black curve), Fig. 2(b) pre-
sents the Fourier intensity spectra of TDS data. 

The frequency-dependent real part 𝑛(f) of 
the refractive index of the sample was determined 
by applying the formula [20]
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0

[ ( ) ( )]( ) ,
2

c f fn f n
fd

ϕ ϕ
π
−

= +  (1)

where φs(f)  –  φr(f) is the  frequency-dependent 
phase difference between the  measurements with 
the  sample and without one (the reference), c0 is 
the  speed of light, d is the  thickness of the  sam-
ple, 𝑛0 is the refractive index of air, and f is the fre-
quency. φs(f) – φr(f) is obtained upon the Fourier 
transformation of time-domain data. The  results 
are shown in Fig. 3. 

The paraffin wax exhibits only a weak dispersion 
over the frequency range of 0.3 to 1.5 THz. The real 
part of the refractive index (the right vertical axis) 
shows a slight decrease with increasing frequency, 
starting at 1.52 at 300 GHz and decreasing to just 
above 1.5 at 1.5  THz. The  average value is 1.515 
across the range 0.3–1.5 THz.

The determination of the extinction coefficient 
k(f) (the imaginary part of the refractive index), re-
spectively, the absorption coefficient α(f) = 4πfk(f)/
c0, generally requires reflection and transmis-
sion measurements. With TDS, transmission data 
are sufficient if time-delayed pulses arising from 
multiple reflections within the  specimen can be 
separated clearly from the main transmitted pulse 
by time-windowing. For a  weak absorption, one 
obtains [21]

2
0( ( ) )2( ) – ln · ( ) .

4 ( )
n f nf t f

d n f
α

 +
=  

 
 (2)

Here, t(f) = Es(f)/Er(f) is the transmission coefficient 
obtained from the  Fourier transforms Es(f) and 
Er(f) of the transmitted electric fields with a sample 
and without one. 

The absorption coefficient α(f) is plotted in 
Fig.  3 (the left vertical axis) over the  frequency 
range 0.3–1.5 THz. The absorption at low frequen-
cy amounts to about 0.3–0.4 cm–1. It gradually in-
creases with rising frequency to 0.8 cm–1. The ab-
sorption is hence reasonably low to allow the use of 
this wax material for the  formation of superstrate 
lenses which have a  thickness of significantly less 
than a  centimetre. The  modulations on the  curve 
of the  absorption coefficient in Fig.  3 arise from 
THz absorption by water vapour in the  air (the 
THz beam path was unpurged) and (especially at 
the edges of the spectral range) from numerical ar-
tifacts of the Fourier analysis. 

3. Estimation of the improvement of radiation 
coupling efficiency by superstrate lens

We now estimate the coupling efficiency of the in-
coming radiation to the detector without and with 
the  superstrate lens. We assume that the  lens is 
made entirely from paraffin wax. The overall cou-
pling efficiency to the detector depends on the in-
tegral of field distribution on the effective area of 
the antenna and the matching efficiency of the an-
tenna and the transistor. The latter is fixed for any 
specific chip design [22, 23]. We ignore the specifics 

Fig. 3. Frequency dependence of the absorption coefficient and 
the refractive index of paraffin wax as determined by TDS.
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of the external free-space optical system by assum-
ing this beam-forming optics to be the  same for 
beam coupling either through the air or the super-
strate lens. The  analysis therefore will only focus 
on the role of the effective detection area of the an-
tenna vs the effective physical antenna size.

When the  antenna of a  detector is embed-
ded at the  interface of two half-infinite dielectric 
materials (which is conceptionally satisfied by 
the  assumption of a  detector embedded between 
a hemispherical paraffin-wax superstrate lens and 
a Si substrate lens), the ratio of the power received 
(respectively, radiated out) from either side can be 
roughly defined as 𝑛1

3/𝑛2
3 (𝑛1 and 𝑛2 being the refrac-

tive indices of dielectrics) [24]. The directivity for 
detection (emission) in the direction of the first di-
electric is then found to be given by the expression 
𝑛1

3/(𝑛2
3  +𝑛1

3) · Dr (Dr is the  total antenna directiv-
ity). With the formula for the effective antenna area 
Ar [25] 

Ar = (Dr · λ2)/4π = (𝑛1 + 𝑛2) Aantenna/2, (3)

where λ is the wavelength in vacuum and Aantenna is 
the physical antenna area, the equivalent effective 
antenna area in the first dielectric is

3
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If medium 1 is either air or paraffin wax, and medium 
2 is silicon, then, in Eq. (4), 𝑛2 should be substituted 
by 𝑛si, and 𝑛1 by 𝑛air, respectively, 𝑛wax for the com-
parison of coupling either through the air or through 
the paraffin wax lens. Applying 𝑛Si ≈  3.45  [26, 17], 
𝑛air =  1 and 𝑛wax =  1.52 (see above), one finds that 
the effective antenna area, and with it the coupling 
efficiency of the radiation, is enhanced by a factor of 
3.7 by the paraffin wax material. We do not address 
the  influence of the  shape of the  lens on the  cou-
pling efficiency because of the  imponderability of 
the manual lens-shape sculpturing described below.

In the case of heterodyne detection, the readout 
at the intermediate frequency (IF) is proportional 
to [AfALO

*𝑛/(2𝑛𝑛!)]  cos(2π · Δf · t + Δφ) [27] (where Af 
and ALO

*𝑛 represent the amplitudes of the signal and 
LO waves in the detector, * is the notation of con-
jugation, 𝑛 is the  order of the  subharmonic mix-
ing, Δf is the IF, and Δφ denotes the phase differ-
ence between the  signal and LO). The  IF readout 
signal is heavily dependent on ALO

*𝑛. In our imaging 

work of  [11, 16], we employed signal radiation at 
600 GHz and LO radiation at 300 GHz for 2nd sub-
harmonic heterodyne detection, hence 𝑛  =  2. As 
a result, the improvement in sensitivity by the en-
hancement of the effective antenna area is squared 
in relation to the enhancement of the coupling ef-
ficiency of LO radiation.

4. Integration of a paraffin wax layer and lens 
formation on a broadband CMOS THz detector

We implemented a wax substrate lens on the front-
side of a Si CMOS detector. The detector was an an-
tenna-coupled field-effect transistor (TeraFET) [28] 
with a  bow-tie antenna for broadband responsiv-
ity [29]. The detector was ready for use, mounted 
on a PCB board and wire-bonded to the bonding 
pads of the  board (see Fig.  1(b)). The  integration 
of the  paraffin wax layer and the  lens formation 
followed those steps: first, wax material is melted 
at a  temperature of 120°C. At this temperature, 
the  paraffin has a  relatively low viscosity. When 
the molten wax is carefully dropped onto the front-
side of the  detector chip, it encloses the  bonding 
wires, leaving no air bubbles. When the wires are 
embedded entirely, the  temperature of the melt is 
reduced to 100°C. More wax is then dropped onto 
the assembly. As the cooler wax has a larger viscosi-
ty and a larger surface tension, it does not flow apart 
anymore, but forms a dome on the cooled wax un-
der it. This dome is then sculpted into the desired 
lens shape centred exactly on the detector antenna. 
The lens centring (by reshaping) is performed un-
der a  microscope with a  large working distance. 
When the wax is in its liquid state, it is transpar-
ent. To ensure an accurate alignment, the  centre 
of the  detector is aligned with the  cross mark on 
the microscope, and the centre of the wax droplet is 
aligned with the mark. Achieving the proper shape 
of the  lens requires practicing. For the  measure-
ments described below, the  paraffin-wax lens has 
a bottom diameter of approximately 8 mm.

5. Application test with subharmonic 
heterodyne Fourier imaging at 600 GHz

The effect of the  paraffin-wax superstrate lens on 
the  THz detection efficiency was explored with 
the  Fourier imaging system, where the  dynamic 
range of detection plays a crucial role for the image 
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quality  [16]. We show the  imaging results for 
the object consisting of a  two-dimensional planar 
metal grid with 2.5-mm-wide stripes and 5-mm-
wide square openings (as shown in Fig.  4(a)). 
The metal grid was placed perpendicular to the col-
limated illumination beam. Figure  4(b) illustrates 
the  principle of Fourier imaging in the  transmis-
sion mode  [8]. The  continuous-wave THz beam, 
after having passed through the object, is focussed 
by a plastic lens. In the focal plane, the field pattern 
represents the spatial Fourier transform of the ob-
ject multiplied with a phase factor which contains 
the  information about the  distance of the  object 
from the principal plane of the lens. The amplitude 
and phase of the electric field in the focal plane is 
raster-scanned with a single-pixel detector operat-
ing in the subharmonic heterodyne mode. The im-
age is then reconstructed numerically by applying 
an inverse Fourier transformation to the complex-
valued spectrum and back-propagating the data to 
the original position of the object. A detailed de-
scription of the Fourier-imaging system and its op-
eration can be found in Ref. [16]. 

Figure 5(a, b) displays the  raw Fourier-plane 
spectra of the metal grid, recorded with and with-
out a  paraffin-wax superstrate lens for the  LO 
radiation on the  front-side of the  detector, re-
spectively. In both cases, the  object-illuminating 
beam impinged onto the backside of the detector 
through the Si substrate lens. Figure 5(c) presents 

the  reconstructed images based on the  Fourier-
plane spectrum of Fig. 5(a), while Fig. 5(d) depicts 
the corresponding reconstructions of the Fourier-
plane spectrum shown in Fig. 5(b). In all figures, 
the  left and right panels display the  intensity and 
phase distributions, respectively. In the  Fourier 
plane, the recorded data represent essentially (up to 
the additional propagation factor) the spatial spec-
trum, with each position in the Fourier plane cor-
responding to a k-vector (wave-vector). The farther 
away from the centre, the higher the absolute value 
of the k-vector. Higher k-vectors are important for 
a good spatial resolution in the reconstructed im-
ages. However, as the amplitudes of Fourier com-
ponents typically decrease with rising the k-vector 
magnitude, the signal in the Fourier plane becomes 
weaker farther away from the centre. 

From the Fourier-space spectra in Fig.5, it is evi-
dent that employing the paraffin-wax lens led to an 
improved data recording. With the substrate lens, 
the area with useful data (i.e. not noise-dominated 
data) is much larger in Fig. 5(a) than in Fig. 5(b), 
where only a  small region around the  centre is 
above the noise level. This, in turn, results in both 
an enhanced field-of-view (FOV) and a better spa-
tial resolution in the reconstructed image (compare 
Fig. 5(c) with Fig. 5(d)). This improvement can be 
attributed to the  successful collection of higher 
k-vector contributions enabled by a  higher sensi-
tivity of the THz detector equipped with the wax 

(a)

(b)

Fig. 4. Schematics of THz Fourier imaging. (a) Photograph of 
the metal grid used as a  test object. (b) Simplified layout of 
the imaging system. The continuous-wave THz beam arrives 
from the left side (letters ‘THz’ in red), passes the object and 
the  lens. The  distribution of electric field in the  focal plane 
(Fourier plane) of the  lens represents the  Fourier spectrum 
of the object multiplied with a propagation term containing 
the  object distance. The  complex-valued field map is pro-
cessed in the computer to numerically reconstruct the object.

600 GHz
Lens

Imaged target

Fourier 
spectrum
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superstrate lens. The increased sensitivity leads to 
a larger dynamic range of the detection for the same 
power values of the object-illuminating beam and 
the LO radiation. 

It is worth pointing out that the reduced FOV, 
seen in Fig.  5, when the  dynamic range is low, is 
a result of the illumination of the object with a col-
limated Gaussian beam. Its intensity decreases 
away from the  optical axis. If one would detect 
the radiation directly behind the object instead of 
Fourier imaging, then it is obvious that detection 
with a low dynamic range leads to a small imaged 
area, as only a  limited beam area around the  op-
tical axis has sufficient intensity for the  detection 
above the  noise floor. One obtains a  truncated, 
small-FOV image of the  object. Fourier imaging 
reproduces this behaviour, as it should, although it 
records the Fourier-plane spectrum and the image 
is reconstructed numerically.

Finally, we want to draw the reader’s attention to 
Fig. 5(d). While the reconstructed intensity image 
in the left panel of Fig. 5(d) still retains recogniz-
able information about the  metal grid, the  phase 
image in the  right panel is nearly entirely buried 
by Gaussian noise. This finding is representative for 
many other observations, which we have made and 
which all indicate that the phase is more suscepti-
ble to noise in the Fourier-plane spectrum detec-
tion than the intensity. Great care has to be taken 

during the preparation of the measurement set-up, 
the beam alignment and the measurements them-
selves to avoid phase distortions because they can 
severely harm the image reconstruction. 

6. Conclusions

In this article, we have revisited and explained our 
early developments of utilizing paraffin wax for 
the integration of superstrate lenses on THz semi-
conductor detectors. We have employed a  time-
domain THz spectroscopy system to measure 
the dielectric properties of paraffin wax in the THz 
band from 300 GHz to 1.5 THz. We have described 
the  processing steps for the  fabrication of super-
strate lenses from paraffin wax on semiconductor 
detectors. In the form, as we have employed it, this 
is a manual process with a limited reproducibility. 
However, it has the overriding benefit that it allows 
one to place a superstrate lens onto the front-side 
of a  detector, even if the  detector surface is not 
smooth and even if bonding wires are in the way 
and render the use of unmodified solid immersion 
lenses difficult or impossible. The wax allows one 
to smoothen the surface, and to embed and pro-
tect the bonding wires before sculpturing the wax 
into the  superstrate lens, as we have discussed in 
the present paper and in Ref. [17], or before attach-
ing the lens made from another, solid material, as 

Fig. 5. Recorded Fourier-plane spectra ((a) and (b)) and reconstructed images ((c) and (d)). In all four quad-
rants, the left (right) panel displays the intensity (phase) distribution. Maps in the top row ((a) and (c)) are 
based on the measurements with the paraffin-wax superstrate lens. No superstrate lens for the bottom row ((b) 
and (d)).
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we have done in Ref. [11]. The refractive index of 
paraffin wax at THz frequencies is comparable to 
those of materials such as PTFE, TPX and polypro-
pylene, which makes the wax suitable as a dielectric 
material for the index-matched implementation of 
composite superstrate lenses. We have conducted 
coherent Fourier imaging experiments to validate 
the enhancement of the effective antenna area and 
the  improved sensitivity predicted by theoreti-
cal considerations. For this purpose, a  dual-lens-
equipped TeraFET has been prepared. An all-wax 
superstrate lens has been used for the  front-sid-
ed in-coupling of local-oscillator radiation, and 
a  commercial Si substrate lens has been attached 
for the  object-illuminating beam impinging from 
the backside. The coherent measurements have in-
deed shown that the application of the superstrate 
lens leads to an improved coupling efficiency of 
the local-oscillator radiation, translating into a bet-
ter detection sensitivity, which plays a pivotal role 
for the  imaging quality. With the  lens, we have 
achieved a better dynamic range, an enhanced res-
olution and an expanded field-of-view. 
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sonally, I wish that our friendship continues and thrives.

Prof. Dr. Hartmut Roskos
Johann Wolfgang Goethe-Universität

Frankfurt am Main, Germany

https://doi.org/10.1109/jsen.2012.2223668
https://doi.org/10.1109/jsen.2012.2223668
https://doi.org/10.1063/1.3140611
https://doi.org/10.1109/LED.2018.2859300
https://doi.org/10.1109/LED.2018.2859300

	OLE_LINK3
	OLE_LINK4
	OLE_LINK1
	OLE_LINK2

