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D. G. Cookea� and P. Uhd Jepsen
DTU Fotonik, Technical University of Denmark, Building 343 Ørsted Plads, 2800 Kgs. Lyngby, Denmark

�Received 29 April 2009; accepted 22 May 2009; published online 19 June 2009�

Optical control of the propagation direction of a terahertz pulse inside an optically transparent
parallel plate waveguide is demonstrated by patterned charge carrier photoexcitation of a silicon
slab embedded within the waveguide. It is shown experimentally and through finite element
simulations that photoexcitations with sufficient conductivity can induce a partial reflection, capable
of steering the pulse inside the two-dimensional waveguide. A beamsplitter is demonstrated as proof
of principle and is used to delay the arrival of the reflected terahertz pulse at the detector by several
picoseconds by moving the excitation in the plane. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3153988�

The terahertz �THz� region, lying between 300 GHz and
10 THz, is the last remaining commercially unexploited part
of the electromagnetic spectrum. High speed communica-
tions and lab-on-a-chip sensing have been noted among the
many applications making use of THz radiation.1 However,
the lack of basic components for this region of the spectrum,
such as modulators and switches, hinders the progress of
these promising technologies. Several research groups are
dedicated to filling in this gap, and there has been significant
progress particularly in the field of THz metamaterials2–4 and
waveguides.5–10

The parallel plate waveguide �PPWG� has shown itself
to be a nearly ideal two-dimensional �2D� interconnect for
low loss, zero dispersion pulse propagation.6 By incorporat-
ing 2D quasioptics between the plates, pulses can be manipu-
lated in the plane just as in free space as the transverse elec-
tromagnetic �TEM� mode has no spatial dependence
perpendicular to the plates.11 Reflective,11 refractive, and dif-
fractive quasioptical elements12 have been demonstrated as
well as 2D photonic crystal lattices,13,14 waveguides,9 and
resonators.15 These passive components form the basic struc-
ture of a THz photonic circuit, all on a chip. A key missing
feature, however, is the ability to actively control the direc-
tion of pulse propagation in the plane. Recently, we reported
on optical modulation of THz pulse transmission inside a
PPWG.16 This was accomplished by replacing one or both of
the opaque metallic plates with a transparent conducting ox-
ide, which allowed laser excitation of an embedded semicon-
ductor slab through the transparent plate. The photoinduced
charge carriers then attenuate the THz pulse transmission
through the PPWG by free-carrier absorption. We then
showed how time-resolved spectroscopy of injected photo-
carriers can be performed within the waveguide, which can
increase sensitivity and allow spectroscopy on small sample
volumes.17

In this paper, we demonstrate how this technique can be
used to not only attenuate THz transmission but to induce a
reflective element capable of steering the pulse within the
waveguide. Provided the excitation is pulsed and the THz
pulse traverses the region of photoconductivity before charge
carriers can diffuse, a conducting region that is sharp com-

pared to the wavelength of THz light can induce a reflection.
This is very similar to the known reflection of ultralow fre-
quency waves off the Gaussian-like conductivity profile in
the Earth’s ionosphere.18 We experimentally demonstrate
pulse steering by effectively creating a beamsplitter inside
the waveguide with a line focus photoexcitation of an em-
bedded silicon slab. We show proof of principle through
movement of the beamsplitter in the plane, causing a delay in
the arrival of the reflected pulse to the detector by several ps.
Finally, the concept is explored computationally by 2D finite
element simulations, where the transmission, reflection, and
absorption coefficients are calculated for a Gaussian line
conductivity profile at 45° to the incoming radiation.

A thin film PPWG is fabricated according to previous
work,17 by coating a polished, 100 �m thick, high resistivity
silicon wafer ���10 000 � cm� on one side with 300 nm of
Au with a 2 nm Ti adhesion layer, and the other side with
1.6 �m of fluorinated tin oxide �FTO�, a transparent con-
ducting oxide. The static transmission properties have previ-
ously been reported, with power absorption coefficients of
4 cm−1 at 0.5 THz and practically no dispersion across the
THz bandwidth.17 Coupling into and out of the thin film
waveguide is achieved through a second Al PPWG using the
thin film PPWG as a spacer, just as in Ref. 17 and shown
in Fig. 1�a� without the front Al plate for clarity. A 5
�5 mm2 square hole is cut in the front Al plate to allow
optical access to the FTO side of the thin film PPWG, which
bridges the hole. The waveguide assembly sits in the focal
region of a typical THz time-domain spectrometer, based on
optical rectification for THz generation in a 1 mm thick ZnTe
crystal and detected by free-space electro-optic detection in a
second 0.5 mm thick ZnTe crystal.

The 45 fs duration, 1 kHz repetition rate, output from an
amplified fs Ti:sapphire laser system is split into three
beams, one used as a source beam for THz pulses, and a
second as a gating beam for THz detection. A third beam is
used to pump an optical parametric amplifier to frequency
convert the 800 nm fundamental to 1030 nm by second har-
monic generation of the idler. The reason for this frequency
conversion is to provide a uniform excitation profile through
the thickness of the slab, as the optical penetration depth for
1030 nm wavelength light in silicon is approximately
100 �m. The average power of the pump beam was 2.5 mW
before the FTO coating, which transmits approximately 20%
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of the 1030 nm pump fluence. The pump beam is focused to
a 2 mm long �1 /e2� line by a 30 cm cylindrical lens with
focal position located at the thin film PPWG. The beam waist
of the resulting line is approximately 32 �m, calculated by
Gaussian beam optics. The cylindrical lens is oriented such
that the line excitation is 45° to the incoming THz pulse, and
parallel to a diced edge in the thin film PPWG, shown in Fig.
1, which was subsequently hand polished with 0.5 �m grit
polishing paper. Care was taken in the polishing to achieve a
perpendicular edge, as any wedge can lead to coupling to
lossy, higher order modes.11 The THz beam is partially inci-
dent on the diced slab edge, such that the lower part of the
beam is transmitted straight to the detector �pulse 1� and the
upper part of the beam is reflected downwards in the slab
�pulse 2� by total internal reflection �TIR�, as shown in Fig.
1�b�. If the pump pulse is present, the created charge carrier
profile can induce a reflection that redirects the downward
traveling pulse 2 toward the detector, which appears delayed
by several ps with respect to the pulse 1. The line focus is
vertically displaced by a distance �y �see Fig. 1�b�� in the
plane by rotation of the vertical adjustment of a mirror fol-
lowing the cylindrical lens in steps of 1/8 of a rotation, and
then calculating the displacement by the 80 turns per inch
motion of the screw, knowing the distance of the screw to the
pivot point of the mirror. The delay of pulse 2 is then ex-
pected to increase linearly with �y if it is caused by a reflec-
tion from the pump line excitation within the waveguide, due
to the longer path length taken inside the slab to the detector,
as depicted in Fig. 1�b�. As pulse 1 is transmitted through the
line focus directly to the detector, its arrival time is unaf-
fected by the motion of the line focus.

Figure 2�a� shows the experimental results, mechanically
chopping the optical pump beam so that only the pump-
induced modulation, �E=Eunpumped−Epumped, of the detected
THz pulses are measured. Two modulated pulses are ob-
served, an earlier pulse whose arrival time at the detector is
unaffected by the vertical displacement of the pump beam,
and a second pulse which is increasingly delayed with in-
creasing �y. The earlier pulse is simply the THz pulse trans-
mitted directly to the detector, modulated by transmission
through the line focus �pulse 1 in Fig. 1�. The two pulses are
in phase with respect to one another, as no phase shift is

expected for the TIR of light polarized perpendicular to the
plane of reflection.19

The arrival time of pulse 2 is plotted in Fig. 2�b� and is
linear with �y, as is expected for the reflected geometry in
Fig. 1. The expected time delay is given by �t=nSi�y /c,
where nSi is the index of refraction of Si at THz frequencies
�3.42�.20 A linear fit of this equation to the data is shown in
Fig. 2�b�, yielding nSi=3.05, 10% lower than the expected
3.42. A possible source of this discrepancy is the walk-off
induced by the reflection as the line focus is moved down-
wards, changing the timing of the detection to earlier times.
Furthermore, the detection of pulse 2 was found to be ex-
tremely sensitive to the angle of the line focus with respect to
the diced edge. Combined with the linear time shift of the
second pulse with �y, this is a clear signature of a pump-
induced reflection changing the propagation direction of the
THz pulse within the slab, and is the first demonstration of
optically controllable THz beam steering in a planar wave-
guide.

A 2D finite element simulation using the harmonic
solver of the commercially available COMSOL software pack-
age is shown in Fig. 3, for a 0.5 THz TM polarized plane
wave incident on a line of conducting region in silicon, de-
fined as a Gaussian profile ��r�=�0 exp�−�r /w�2�, where �0

is the peak dc conductivity and r is the perpendicular coor-
dinate from the line direction. Figure 3�a� shows the 2D con-
ductivity plot used in the simulation, tilted by 45° relative to
the incoming wave. Nonuniform meshing was used to ensure
that the skin depth of the excitation was sufficiently meshed.
The Gaussian waist, w, was 32 �m to match experimental
conditions. The form of the complex conductivity, �=�1
+i�2, is assumed to be a Drude form, and both �1 and the
dielectric function, �1=�B−�2 /�0	, are taken into account
with a scattering time of 50 fs, typical of photoexcited Si at
room temperature. The background dielectric constant, �B, is
11.68=nSi

2. The inset of Fig. 3�a� is cross sectional plot of �1
and �1 for a wave of 	= �2
�0.5 THz, shown by a dashed
line in the 2D conductivity plot.
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FIG. 1. �a� Schematic of the diced thin film PPWG inside the Al PPWG �top
plate removed for clarity� showing a line focus pump beam acting as a beam
splitter. �b� Schematic showing the geometry of the THz pulse propagation
inside the thin film PPWG, the splitting of the input pulse into two pulses by
TIR and the delay of the reflected portion of the pulse with respect to a
transmitted pulse.
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FIG. 2. �a� Detected pump-induced modulation ��E� of THz pulses for
several vertical displacements of the pump beam line focus. �b� Correspond-
ing THz peak positions as a function of vertical displacement, with linear fit.
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Figure 3�b� shows the out of plane component of the
electric field, Ez, calculated for �0=3.25 �� cm�−1, corre-
sponding to equal transmission and reflection of the incident
field and verifies that a reflection is indeed possible by a 2D
Gaussian conductivity profile in Si. The extent of the trans-

mission and reflection depends on �0 and w, as well as the
frequency of the plane wave, 	. Figure 3�c� plots the depen-
dence of the power coefficients of transmission �T�, reflec-
tion �R�, and absorption �calculated as A=1−T−R� on peak
conductivity, �0. We note that in our experiment we estimate
�0=5 �� cm�−1 from our pump fluence, corresponding to a
4% transmission and an 11% reflection of power according
to the simulation in Fig. 3�c�. These numbers serve only as a
guide, however, since in the experiment the pump beam was
of finite length and it was impossible to know the overlap
between the THz beam and the pump beam. It is therefore
likely that the transmitted pulse 1 sees a region of lower
conductivity, and thus transmits more, as evidenced by �E
for pulse 1 decreasing as �y increases in Fig. 2�a�. Figure
3�d� shows the frequency dependence of the optical coeffi-
cients, showing decreasing reflection and increasing absorp-
tion for higher frequencies, as is expected.

In summary, we have demonstrated optically induced re-
flective THz quasioptics inside a PPWG and shown a beam-
splitter as a simplified proof of principle. The technique re-
lies on the creation of spatially well defined carrier profiles
within the transparent waveguide that are sufficiently con-
ducting to induce a reflection of the THz pulse. We have
shown by finite element calculations that reflection coeffi-
cients greater than 30% can be achieved with conventional
focusing optics well above the diffraction limit of the 1030
nm pump beam. These dynamic quasioptics can be switched
on with a speed limited by the duration of the excitation
pulse, and are reconfigurable on time scales determined by
the lifetime of carriers in the semiconductor.
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FIG. 3. Finite element 2D simulations using COMSOL of reflection and trans-
mission through a Gaussian conductivity profile at 45° to incoming wave.
�a� The conductivity profile and a sliced view �dotted line� of �1 and �1 at
0.5 THz �inset� for w=32 �m. �b� z-component of the electric field incident
on the conductivity profile in �a�. The calculated power transmission �solid�,
reflection �dashed�, and absorption �dotted� coefficients for �c� pump
width, w, dependence at 0.5 THz and �d� the frequency, f , dependence at
w=32 �m.
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