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1 INTRODUCTION

For decades, development in many widely different areas
of science such as the study of matter and telecommunica-
tions has been closely related to our ability to generate and
detect electromagnetic waves. Terahertz radiation is the
name given to the part of the frequency spectrum ranging
form 0.1 to 10 THz, between IR and microwave radiation.

This range is conveniently called the terahertz gap,
due to the lack of efficient technology to generate or use
this type of waves: the frequency is too high for conven-
tional electronic devices but also too low for optical gener-
ation technologies. However, effort has been put into the
study of THz generation due to its vast applications: with
enough energy to penetrate most materials yet not enough
to ionise atoms, this range of frequencies could be a safer
alternative to higher-energy spectroscopy like X-ray or γ-
ray.

In the last few years two main techniques are proved to
be the most efficient and versatile: THz time-domain spec-
troscopy, that is bound to the development of femtosecond-
pulsed lasers; and THz frequency-domain spectroscopy,
based on photomixing and which will be the subject of
this article.

Photomixing is the generation of continuous wave ter-
ahertz radiation from the coupling of two identically po-
larised laser beams with slightly different frequencies into a
fast photoconductor in order to generate a photo-current
oscillating at the difference frequency of the two lasers.
This photo-current is then pumped through antennas in
order to obtain an electromagnetic signal with the same
frequency. Through the control of the initial frequencies,
one can tune the out-coming signal to terahertz radiation.

2 THZ GENERATION

2.1 Basic Structure of Photomixers

Figure 1 is a schematic representation of the usual pho-
tomixer: a set of interdigitated anodes and cathodes is
set on top of a photoconductive layer. The incoming cou-
pled laser beams penetrate the photoconductive layer at
the gaps left between anodes and cathodes, generating
electron-hole carrier pairs that are then accelerated by the
bias voltage between anodes and cathodes. This creates a
current, which is pumped through an antenna that emits

the THz radiation. This radiation is finally focused by
means of a dielectric lens.

Figure 1: (a) Top view of interdigitated-electrode
vertically-driven photomixer coupled to a planar dipole
antenna (b) Cross-sectional view of photomixer showing
bottom-side coupling of THz radiation through a dielec-
tric lens (not to scale) to free space. (figure from [3])

2.2 Photocurrent Generation

Two identicaly polarised laser beams are coupled and
pumped into a photoconductive substrate, generating pho-
tocarrier pairs at a rate which is proportional to the inten-
sity of the coupled beam.

Due to collisions in the semiconductor, carriers can re-
combine at any given moment. This implies that in order
to have current between anode and cathode the travel time
of the carriers must be lower than the carrier lifetime. It
must be noted that long carrier lifetimes are not a good
option either, because we want the photocurrent to be able
to follow the optical incoming signal. Two magnitudes are
then key to characterise the response of our device: the
transit time and carrier lifetime, achieving photocarrier
lifetimes of less than 1ps.

The main material used for ultrafast photoconductors
is Low-Temperatre-Grown GaAs and some other derived
materials such as ErAs:GaAs. The impurities embedded
into the material allow carriers to rapidly recombine by
Shockley–Read–Hall effect. This phenomenon allows car-
rier lifetimes of the order of the ps while maintaining
high mobility (> 100 cm2/V s). The fast carrier life-
time allows the generation of high-frequency photocur-
rents, but has the downside of needing even lower tran-
sit times. In addition, anode-cathode arrangements are
important since it allows optimize the photocurrent gen-
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eration: interdigitated-electrode pattern allows to reduce
transit time while maintaining high levels of photocurrent.

3 PHOTOCONDUCTIVE AN-
TENNAS

A photoconductive antenna (PCA) is obtained by plac-
ing a thin metallization around a slab of photoconducting
material illuminated by a laser beam.

3.1 Norton equivalent circuit

The proposed circuit model allows the quantification and
maximization of the power radiated by the antenna. This
circuit can be possible assuming that the photoconductive
gap dimensions of the antenna are small in terms of the
wavelength and laser spot dimensions are comparable or
bigger than the gap size. The antenna is connected to a
biasing voltage and its inputs terminals to photoconduc-
tive materials excited by a modulating laser.

The aim of this part is explaining the coupling between
photoconductive gap and the antenna. A Norton equiva-
lent circuit is proposed for photoconductive sources [1] [2]
in order to model a PCA feeding mechanism.

Figure 2: Equivalent Norton frequency-domain circuit.
(from [1])

The current and impedance of the generator in the
equivalent model of Figure 2 depend on the parameters and
mechanisms that characterize the photogeneration process,
such as carrier lifetimes and mobilities. In this work we will
focus on the antenna design.

3.2 Simulation results

The design of antennas that may effectively work into the
THz domain is challenging mainly because they need to
efficiently work in a very large frequency band and be-
cause of the high frequencies involved. A salient feature of
THz radiating structures is the need of focusing lens, usu-
ally made of silicon. This section explains the details of a
full-wave simulation of a typical THz antenna, a bow-tie
geometry, together with a silicon focusing lens (figure 3 ).
In this way all incoming rays are refracted into a paral-
lel bundle after the lens making possible the study of the
far-field of the antenna if the lens is thick enough. The

main goal of this part is to verify that better results can
be obtained by the attachment of an hyperhemispherical
lens to the bow tie antenna.

Figure 3: Simulated Bow-tie with an hyperhemispherical
lens above (CST STUDIO SUITE program)

To observe the improvement of adding a lens, a sim-
ple bow tie antenna was first simulated in order to ob-
tain a reference. The directivity results showed that no
well-defined direction is obtained. For this reason, it is
necessary to add a lens to focus the beam. In order to
generate the photocurrent, a concentrated beam is needed,
falling upon a very small site compared to the wavelength.
This fact allows the beam to have enough power, causing
a great diffraction due to waves are being produced below
the wavelength. Therefore, a hyperhemispherical lens is
a good choice to be attached in order to focus the beam
generated by the photoconductive antenna.

For our design, a AsGa substrate has been selected
to place both pieces of the bow tie antenna. This one
has been made of perfect electric conductor (PEC) and
a single port has been used to connect both parts of the
bow tie antenna. In addition, a hyperhemispherical lens
made of Silicon has been placed above the photoconduc-
tive antenna, orientated in the positive Z-axis. In this
way, the antenna is excitated with a beam working in a
frequency range of 0.45THz-0.55THz, generating a radia-
tion that crosses the semiconductor and is focused by the
lens. Due to the orientation of the bow-tie and the lens,
the directivity is expected to be stronger in the direction
of positive Z axis.

Figure 4: 3D-Far field directivity

Figure 4 confirms the previous hypothesis: the stronger
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peaks (red colour) are located in the positive Z axis, ob-
taining a well focused beam. Furthermore, 1D diagram of
the directivity for φ = 0o has be obtained, showing how
directivity changes in the H-plane:

Figure 5: 1D-Far field directivity for φ = 0o

4 APPLICATION: Biological
sensing

Our work is based on two main articles that explore a par-
ticular application of photomixers: In [5], a THz emitter-
receiver setting is used to determine conductivity of a sheet
of graphene and a calibration curve is obtained. This work
is then used in [4] to detect organic particles (in this case
DNA) placed on top of the sheet of graphene, by detecting
a change on conductivity. Our goal has been to reproduce
the results of the first article and expand the study in
order to improve the results obtained.

In [5], the thin sheet of graphene is placed on a silicon
layer and the ensemble is irradiated with THz waves with
normal incidence. The silicon layer acts as a Fabry-Pérot
interferometer whose material parameters are modified by
the conductivity of the graphene (that is modified by ap-
plying a voltage to the graphene sheet). The transmittance
is then measured and plotted as a function of the radiation
frequency for different values of the conductivity.

Figure 6: Transmission vs. frequency (from [5]).

The results can be seen in figure 6, that show that fre-
quency can be tuned in order to obtain greater variations

of the transmittance as a function of the graphene conduc-
tance. In order to obtain maximum sensitivity and resolu-
tion, the frequency should be chosen in order to generate
a resonance peak inside the Fabry-Pérot interferometer. A
calibration curve can then be made and used like in [4] to
detect particles placed on the sheet that modify its con-
ductance.
Our approach has been to generalise the setting in [5] by
considering incidence at different angles and thus effec-
tively tuning the length of the Fabry-Pérot cavity. The
setup is modelled in figure 7 :

Figure 7: Model of the interferometer setup.

The transmitted wave is then calculated like in [5] by
adding up the successive reflections inside the cavity. The
total transmitted field is

ETotalout =

∞∑
m=0

τ12τ23e
−jnk0L̄(θ)

(
ρ23ρ21e

−2jnk0L̄(θ)
)m

Ein

This a geometrical series that yields

ETotalout =
τ12τ23e

−jnk0L̄(θ)

1 − ρ23ρ21e−2jnk0L̄(θ)
Ein

where n = 3.4 is the refraction index of silicon at the stud-
ied frequency range, k0 is the wave number in vacuum and

L̄(θ) =
L√

1 − sin2(θ)/n2

τ12 is the transmittance coefficient at the
Air/Si+Graphene interface, τ23 is the transmittance coeffi-
cient at the Si/Air interface, ρ21 is the reflection coefficient
at the Si+Graphene/Air interface and ρ23 is the reflection
coefficient at the Si/Air interface.
For normal incidence, these coefficients can be found in
[5]. We have generalised the formulas for any incidence
angle, which for TE polarisation are

τ12 =
2cos(θ)

cos(θ) + n cos(θs) + gη0
, τ23 =

2ncos(θs)

ncos(θs) + cos(θ)

ρ21 =
ncos(θs) − cos(θ) − gη0

cos(θ) + n cos(θs) + gη0
, ρ23 =

ncos(θs) − cos(θ)

ncos(θs) + cos(θ)

with θs = arcSin(sin(θ)/n) being the angle inside the
silicon layer. Similar formulas can be found for TM polar-
isation.
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The transmittance is then given by

T =

∣∣∣∣∣ τ12τ23e
−jnk0L̄(θ)

1 − ρ23ρ21e−2jnk0L̄(θ)

∣∣∣∣∣
2

This formula is a good approximation if the incidence an-
gle is sufficiently small: for our parameters, the beam dis-
placement d is small enough so that all the first (and thus
more important) reflections (the first terms of the infinite
series) can be focused into our receiver by a mirror.
The parameters used in our calculations are the width of
the silicon substrate L = 1.4 mm, the intrinsic resistivity
of vacuum η0 = 377 Ω and the index of refraction of silicon
in the THz range n = 3.4.
For these parameters, we have considered two different
THz frequencies of f1 = 0.5 THz and f2 = 1 THz and
calculated the transmittance as a function of the incident
angle for different values of the conductivity (0.66 , 2.7 and
5.3 mS as done in the paper). The results are plotted in
figure 8.

Figure 8: Transmission vs. incidence angle for 0.5 THz
(up) and 1 THz (down).

A transmittance peak can be observed in both cases
away from normal incidence (θoptimal = 26.12o for 1 THz
and θoptimal = 26.63o for 0.5 THz), which would indicate a
better sensitivity for our measures. To better quantify this
improvement, we have also plotted in both cases the sen-
sitivity as a function of the sheet conductance for normal
incidence and the angle for which a maximum of transmit-
tance can be observed (figure 8).

Figure 9: Sensitivity for 0.5 THz (up) and 1 THz (down).

In both cases, a great improvement on sensitivity can
be appreciated, specially for lower values of the conduc-
tance. Our method has then be proven effective on im-
proving measure resolution, as intended.
However, we have found that the maximum obtainable
value of the transmittance is practically the same for both
our model and the model presented in figure 8 (for in-
stance, around 0.8 for 0.66 mS), so the results are equiv-
alent if we are able to choose with precision the frequency
of study in order to work on a resonance peak. Our model
becomes relevant when this is not a possibility, for exam-
ple if the frequency of the waves is fixed due to limitations
on generation or other factors. In this case, given a fre-
quency, our model offers a simple solution to easily obtain
the optimal sensitivity.

5 CONCLUSIONS

We have presented a review of the main characteristics
of the generation process and detection of THz waves by
photoconductive devices. A typical antenna structure has
been simulated through the full wave electromagnetic sim-
ulator CST with satisfactory results. An application of
THz transmittivity measures to DNA detection through
conductivity changes in a graphene sheet has been anal-
ysed, simulated and extended to include an additional
measure parameter, namely the incidence angle, which has
been shown to provide additional features such as the free
choice of frequency for a maximum sensitivity against the
graphene conductivity. Our results open the way to bet-
ter understanding of generation and detection of electro-
magnetic waves and their applications in the THz band, a
portion of the electromagnetic spectrum which holds enor-
mous potential but nowadays remains underexplored.
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