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Title: Terahertz Polarizer and Modulator

[1] The present application relates to a controllable polarizer for terahertz radiation, a

modulator for terahertz radiation and a transmitter for terahertz radiation.

Background to the Invention

[2] Terahertz waves occupy a section of the electromagnetic spectrum, from about 50 GHz to 10
THz, between microwaves and infrared light. Both microwaves and near-infrared light are widely
used in modern technologies, In particular, microwave links are extensively used in communication
networks as radio relays. Optical fibers provide the backbone of the internet and international
communication networks, carrying light at infrared wavelengths over long distances with very low
attenuation. Between these two regions of the electromagnetic spectrum, the terahertz region

remains substantially unused.

[3] A reason for the lack of use of the terahertz region has been a lack of intense radiation
sources and a lack of optoelectronic components, such as detectors and modulators, which work in
this range. While THz sources have become available, practical THz modulators are still not

satisfactory.

[4] It is known to provide intensity modulation of THz waves, for example by using optically
modulated silicon wafers and electrically modulated metamaterials. However, known modulators do
not provide a sufficiently high switching speed for use in communication applications. It is also
known to provide polarizers, using parallel fine wires on a grid, or carbon nanotubes arranged on a
suitable substrate, but modulators which permit control of the polarization of THz radiation are not

available.

Summary of the Invention

[5] According to a first aspect of the invention we provide a controllable polarizer for terahertz
radiation, the polarizer comprising a polarizer plate, the polarizer plate comprising a plurality of
nanowires, and a control element, the control element including a light source, such that the control

element is operable to illuminate the polarizer to selectively photoexcite the nanowires.

[6] The plurality of nanowires may be disposed on a substrate generally transparent to terahertz
radiation.
[7] The nanowires may be generally aligned.
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[8] The nanowires may comprise semiconducting nanowires.

[9] The nanowires comprise any binary, ternary or quaternary alloy of Group IlI-V

semiconductors.

[10] The nanowires may comprise GaAs nanowires.

[11] The nanowires may comprise GaAs — AlGaAs nanowires.

[12] The nanowires may comprise InP nanowires, InAs nanowires or InSb nanowires.

[13] The semiconducting nanowires may comprise semi-conducting carbon nanotubes.

[14] The nanowires may be formed by deposition, or by etching a semiconductor layer.

[15] The control element may be operable to illuminate the polarizer plate with light having a

wavelength to cause photoexcitation of the nanowires.

[16] The control element may be operable to illuminate the polarizer plate with light having an

axis of polarization substantially aligned with the nanowires.

[17] The control element may comprise a control polarizer.

[18] The control light source may comprise a laser diode.

[19] The controllable polarizer may comprise a modulation element to modulate the illuminating

light.

[20] According to a second aspect of the invention we provide a modulator for terahertz
radiation, the modulator comprising a controllable polarizer according to the first aspect of the

invention, and an auxiliary polarizer plate having an axis of polarization.

[21] The axis of polarization of the auxiliary polarizer plate may be orthogonal to an axis of

polarization of the polarizer plate.

[22] The modulator may comprise a second control element, the second control element
including a second control light source, such that the control element is operable to illuminate the

auxiliary polarizer plate.

[23] According to a third aspect of the invention we provide a transmitter for terahertz radiation,

the transmitter comprising a modulator according the second aspect of the invention, and a

2
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coherent THz source to generate a beam of terahertz radiation, wherein the beam passes through
the polarizer plate and auxiliary polarizer plate to provide an output beam, and wherein the output

beam is modulated by operation of the control element.

[24] The control element may comprise a light source comprising a laser diode, and a laser diode

controller, wherein operation of the control element may comprise controlling the laser diode.

[25] The transmitter may further comprise a polarization control element to control the
polarization of the output beam before the beam passes through the polarizer plate and auxiliary

polarizer plate.

Brief Description of the Drawings

[26] An embodiment of the invention is described by way of example only with reference to the

accompanying drawings, wherein;

[27] Fig. 1ais an image of semiconducting nanowires grown on a growth substrate,

[28] Fig. 1b is a diagrammatic illustration of a method of transferring the nanowires of Fig. lato a

substrate of a polarizer plate,

[29] Fig. 1c is diagrammatic illustration of a polarizer plate,

[30] Fig. 1d is an image of nanowires on a polarizer plate after transfer,

[31] Fig 2. is a diagrammatic illustration of a controllable polarizer embodying the present

invention,

[32] Fig. 3 is a diagrammatic illustration of a modulator embodying the present invention,

[33] Fig. 4 is a diagrammatic illustration of a further modulator embodying the present invention,

and

[34] Fig.5 is a diagrammatic illustration of a yet further modulator embodying the present

invention,

[35] Fig. 6 is a graph showing transmission of THz radiation through a polarizer plate at different

fluence levels of near infrared light,
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[36] Fig. 7 is a graph showing transmission of THz radiation through polarizer plates with

different numbers of nanowire layers,

[37] Fig. 8a is a perspective view of a semi-conductor wafer for use in another method of

fabricating a polarizer plate,

[38] Fig. 8b is a perspective view of the semiconductor wafer of Fig. 8b after etching,

[39] Fig. 9a is a perspective view of a semiconductor and substrate for use in another method of

fabricating a polarizer plate, and

[40] Fig. 9b is a perspective view of the semiconductor and substrate of Fig. 9a after etching.

Detailed Description of the Preferred Embodiments

[41] With specific reference now to the drawings in detail, it is stressed that the particulars
shown are by way of example and for purposes of illustrative discussion of the preferred
embodiments of the present invention only, and are presented in the cause of providing what is
believed to be the most useful and readily understood description of the principles and conceptual
aspects of the invention. In this regard, no attempt is made to show structural details of the
invention in more detail than is necessary for a fundamental understanding of the invention, the
description taken with the drawings making apparent to those skilled in the art how the several

forms of the invention may be embodied in practice.

[42] Before explaining at least one embodiment of the invention in detail, it is to be understood
that the invention is not limited in its application to the details of construction and the arrangement
of the components set forth in the following description or illustrated in the drawings. The invention
is applicable to other embodiments or of being practiced or carried out in various ways. Also, it is to
be understood that the phraseology and terminology employed herein is for the purpose of

description and should not be regarded as limiting.

[43] Semiconductor nanowires are microscopic rods of inorganic semiconductor, such as Si or IlI-
V semiconductors, typically ~50 nm wide and ~5 pum long. Typically, nanowires are grown on a
semiconductor wafer, for example by the vapour-liquid-solid mechanism such as metal-organic
chemical vapour deposition, or by selective area epitaxy. Advantageously the nanowire growth can

be directed using gold nanoparticles. The nanowires typically grow perpendicular to the surface of
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the wafer, and can be grown without defects at high density. A scanning electron microscope image

of GaAs nanowires grown on a GaAs wafer is shown in Fig. 1a.

[44] A characteristic of semiconductors is that of photoexcitation. Ordinarily, a semiconductor
will have relatively few free charge carriers. However when a semiconductor is illuminated with light
in an appropriate wavelength range, excitation occurs and the transmission characteristics of the
semiconductor at THz wavelengths change. When this occurs in nanowires, the photo excited

nanowires block THz radiation with an axis of polarization parallel to the long axis of the nanowires.

[45] To provide a polarizer plate for the present invention, the nanowires are transferred to a
substrate as illustrated in Fig. 1b. The wafer is shown at 10 and the nanowires at 11. By drawing the
substrate 12 across the wafer 10 as shown by arrow 13, the nanowires 11 separate from the wafer
10 and adhere to the surface 12a of the substrate 12. The nanowires 11 are held firmly on the
surface 12 by van der Waals forces. By drawing the substrate 12 across the wafer 10 in a constant
direction 13, the nanowires 11 are generally aligned, that is the long axes of the nanowires 11
extend in approximately the same direction. The resulting substrate is illustrated in Fig. 1c, the
nanowires 11 being generally aligned in direction A. In the image of nanowires in Fig. 1d, it can been
seen that the alignment is not perfectly consistent but that there is a preferred axis or direction, and
this is sufficient for a polarizer plate using the substrate 12 to be used as described below. Other
transfer or alignment methods may be used, such as electrophoresis, growing nanowires in
separated rows on catalyst pads, embedding nanowires in polydimethylsiloxane (PDMS) polymer
film to enable the nanowires to be transferred from a growth surface and bond them in place, and
so on. The nanowires can be generally aligned by the process of transfer to the substrate, or known

alignment techniques can be used.

[46] A controllable polarizer for THz radiation is shown at 20 in Fig. 2. A polarizer plate is shown
at 21, comprising nanowires on a substrate as described above. The substrate 12 is transparent or
substantially transparent to THz radiation, for example quartz. A control element is shown at 22,
comprising an optical module 23 and a controller 24. The control element 22 is operable to generate
a control beam 25 which illuminates the surface of polarizer plate 21. In this example, a beam
splitter 26 directs the control beam 25 to the polarizer plate 21, aligned with a THz radiation beam
27. The polarizer plate 21 is oriented such that the general direction of orientation of the nanowires

is shown at A.

[47] When the nanowires 11 of the polarizer plate are not illuminated, there are relatively few

free charge carriers, and transmitted THz beam 27a will be unpolarized or retain its original
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polarization. By illuminating the polarizer plate 21 with control beam 25, where the axis of
polarization of the control beam is generally aligned with the axis of the nanowires, the nanowires
are photoexcited. The polarizer plate 21 will then block the polarization component of the THz
radiation beam 27 which is aligned with the axis of the nanowires. Transmitted THz beam 27a will be
polarized in a direction transverse to axis A. Accordingly, at its simplest it will be apparent that an

easily controllable polarizer can be implemented in this way.

[48] In general, nanowires will have maximum absorption when an illuminating optical beam is
polarised parallel to the nanowire axis. However for some crystal structures, maximum absorption
can occur when the longitudinal axis of the nanowires is transverse or perpendicular to the axis of
polarisation of the optical beam. Accordingly, depending on the type of the nanowire, the
orientation of the axis of polarization of the control beam may need to be transverse relative to the
nanowire axes rather than parallel. As such, although in the specific examples described herein the
control beam is polarized parallel to the longitudinal axis of the nanowires and the transmitted THz
beam is polarized perpendicular to the nanowire axis, it will be apparent that the various beam
polarization states and relative orientation of the nanowires may be adapted as necessary
depending on the characteristic of the nanowires, while still allowing the THz modulator to operate

as described herein.

[49] Figs. 3 to 5 show examples of how a controllable polarizer 20 can be used in THz modulators
or transmitters. In addition, an example of the control module 22 is shown in more detail. A source
comprising a diode laser is shown at 30, in this example a near-infra red (NIR) or visible laser diode.
Beam expansion, conditioning and collimation optics are shown generally at 31. An optical
modulator is shown at 32 and a controllable polarizer, for example a polarizing filter mounted on a
rotation stage, is shown at 33. The laser diode 30, optical modulator 32 and controllable polarizer 33
are under the control of controller 24. The laser diode and optical modulator can be separately
operated to control the intensity of control beam 25, to illuminate or not illuminate the polarizer
plate 21. The controllable polarizer 33 allows the axis of polarization of control beam 25 to be

correctly aligned with axis A of polarizer plate 21 to maximise absorption.

[50] To provide intensity modulation, as shown in Fig 3 an auxiliary polarizer plate is included.
Alternative positions of the auxiliary polarizer plate are shown at 40. The auxiliary polarizer plate 40
may be any appropriate known polarizer. The axis of polarization of the auxiliary polarizer plate is
shown at B, i.e. such that the THz beam passing through auxiliary polarizer plate 40 is polarized so
that it is polarized parallel to axis A of polarizer plate 21. Accordingly, when the polarizer plate 21 is

not illuminated by control beam 25, polarizer plate 21 is transparent to the THz beam 27 and the

6
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output beam 27a has a relatively high intensity. When the polarizer plate 21 is illuminated, the
combination of the photoexcited polarizer plate 21 and auxiliary polarizer plate 40 cause the beam
27 to be absorbed, at the later of the polarizer plate 21 and auxiliary polarizer plate 40 depending on
where the auxiliary polarizer plate is located in the beam line. Output beam 27a will then be at a
relatively low intensity, depending on the extinction ratio achievable by the polarizer plates.
Accordingly, by supplying input control signal | to the controller 24 and modulating the control beam
25, an output signal O can be encoded in the THz output beam. The switching frequency is limited by
how fast the laser diode 30 or modulator 32 can be operated, which, based on existing technology,

can be extremely high (>10 GHz).

[51] In an alternative shown in Fig, 4, a second nanowire-based polarizer plate 41 is used as the
auxiliary polarizer plate. The axis of the polarizer plate 21 is shown as Al and the second polarizer
plate 41 is shown at A2, disposed such that they are mutually orthogonal. The polarizer plate 21 and
second polarizer plate 41 are positioned so that both are illuminated by control beam 25. It will be
apparent that this configuration allows a number of possible modulation techniques. By selecting
the axis of polarization of control beam 25 such that it is only aligned with axis Al or A2, the
polarization of output beam 27a can be switched between orthogonal states, permitting
polarization-shift keying of the output beam 27a to transmit data. Alternatively, by selecting the
plane of polarization the control beam 25 to be at 45° to Al and A2, both polarizer plates 21, 41 can
be activated. In this way, the beam 27 can be blocked or passed depending on the state of the
control beam 25, providing another method of intensity modulation. In Fig 4, a coherent THz source
is shown at 50, with its associated control electronics 51. The system thus becomes a controllable

THz transmitter, operable to generate a THz beam with encoded information.

[52] Fig. 5 shows a further refinement of Fig. 4, where a second control module 22’ is provided to
generate and modulate a second control beam 25’, such that control beams 25, 25’ are orthogonally
polarized to excite a respective one of polarizer plates 21, 41. By providing a second control module
22’, polarizer plate 21 and second polarizer plate 41 can be independently illuminated, at different
intensities. By controlling the intensities of the control beams 25, 25’ the output beam 27a can be
controlled to provide arbitrary polarization states. Where desirable, a polarization control element
28 may be provided to control the polarization state of the THz beam 27 before it passes through
the polarizer plates 21, 41. The polarization control element 28 may be a linear polarizer, such that
the beam 27 is polarized at 45° to both the polarizer plates 21, 41. Where the beam 27 is polarized,

the polarization control element 28 may alternatively be a quarter wave plate, such that the beam
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27 is circularly polarized, or a half-wave plate to permit the axis of polarization of beam 27 to be

rotated if needed.

[53] The response of a polarizer plate 21, 41 with a single layer of nanowires to incident THz
radiation is shown in Fig. 6. The relative photoinduced change in transmission of the THz electric
field, AE/E, is plotted as a function of pump polarisation. The nanowire grid polarizer was placed at
an angle of 0° relative to the terahertz polarisation. AE/E was measured for different near-infrared
photoexcitation fluences of 4, 10, 20, 40, 100 and 200 pJ/cm?2, as labelled. A cosine-squared
relationship with the pump polarisation, as expected from Malus’s law, was fitted to the data (solid
lines). The data deviates from Malus’s law for the higher photoexcitation fluences, due to band-
filling and electron mobility reduction in the nanowires at high photoexcited carrier densities, but

the change in transmission shows the expected variation.

[54] The extinction ratios achievable can depend on the alignment and fill factor of the
nanowires. In the current example a fill factor of 10% can be achieved. Ideally the nanowires should
not touch or overlap, but by providing an insulating outer layer, such as AlGaAs on GaAs nanowires,
higher fill factors can be achieved. Alternatively, laminated layers of nanowires could be used, in
which nanowires are deposited on polymer sheets which are transparent to both the THz beam and
the control beams. Multiple sheets may be laminated with the nanowire directions generally
aligned, to provide a higher fill factor without the problem of overlapping nanowires. The effect of
using 1 to 4 layers of nanowires is shown in Fig.7. The relative photoinduced change in transmission
of the THz electric field, AE/E, is plotted as a function of pump polarisation, immediately after
photoexcitation, for a photoexcitation fluence of 20 pJ/cm?2. The nanowire grid polariser was placed
at an angle of 0° relative to the terahertz polarisation, and the polarisation of the pump was varied.
A cosine-squared relationship with the pump polarisation, as expected from Malus’s law, was fitted
to the data (solid lines). As is clear from the figure, increasing the number of nanowire layers

increases the modulation depth of the polariser.

[55] Further methods of forming or fabricating a polarizer plate or a layer for a polarizer plate
comprising nanowires are illustrated in Figs. 8a, 8b, 9a and 9b. In a first method, a thin
semiconductor wafer is provided as shown at 60 in Fig. 8a. A grid 61 is formed as shown in fig. 8b by
any suitable method, for example by photolithography and etching. such as wet chemical or dry
(reactive ion) etching, or alternatively through direct laser writing or ablation. The grid 61
comprises a series of lines 62 etched through the wafer 61, effectively defining a plurality of
nanowires 63 supported at each end by the unetched area 64 of the wafer 61. In an alternative as

shown in figs. 9a and 9b, a semiconductor film 70 is deposited on a substrate 71. The substrate 71

8
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preferably comprises a material transparent to THz radiation and near infrared radiation, for
example quartz. In a similar manner to the etching process described above, a grid 72 comprising a
series of lines 73 is etched into the semiconductor film 70 through to the substrate 71, thus defining
an array of nanowires 74. The nanowires 63, 74 may have any suitable dimensions. For example, the

width of the nanowires may be in the range 100 nm to 20 um, in this example about 1 um. .

[56] Accordingly, modulators and transmitters based on the polarizer plates as described herein
can be used to modulate a THz beam at the modulation frequencies required by modern
communication networks. The transmitters and modulators could be for wireless communication
systems, or transmitted by low dispersion fibre links designed to carry THz frequencies. In addition,
due to the very fast switching speeds available to laser diodes, the control beam can be modulated

to provide any appropriate waveform, potentially providing a useful research tool.

[57] Although specific examples of semiconductors are given above, in general any binary,
ternary or quaternary alloy of Group IlI-V semiconductors may be selected, or indeed any type of
semiconductor. Although inorganic semiconductor nanowires are primarily discussed herein because
of their relative ease of fabrication, the polarizer may also implemented using semiconducting
carbon nanotubes, and the term ‘semiconducting nanowires’ should be read as including

semiconducting carbon nanotubes.

[58] In the above description, an embodiment is an example or implementation of the invention.

The various appearances of “one embodiment”, “an embodiment” or “some embodiments” do not

necessarily all refer to the same embodiments.

[59] Although various features of the invention may be described in the context of a single
embodiment, the features may also be provided separately or in any suitable combination.
Conversely, although the invention may be described herein in the context of separate

embodiments for clarity, the invention may also be implemented in a single embodiment.

[60] Furthermore, it is to be understood that the invention can be carried out or practiced in
various ways and that the invention can be implemented in embodiments other than the ones

outlined in the description above.

[61] Meanings of technical and scientific terms used herein are to be commonly understood as

by one of ordinary skill in the art to which the invention belong, unless otherwise defined.
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CLAIMS

1. A controllable polarizer for terahertz radiation, the polarizer comprising;

a polarizer plate, the polarizer plate comprising a plurality of nanowires, and

a control element, the control element including a light source, such that the control

element is operable to illuminate the polarizer to selectively photoexcite the nanowires.

2. A controllable polarizer according to claim 1 wherein the plurality of nanowires are disposed

on a substrate generally transparent to terahertz radiation

3. A controllable polarizer according to claim 1 or claim 2, wherein the nanowires are generally
aligned.
4, A controllable polarizer according to any one of the preceding claims wherein the nanowires

comprise semiconducting nanowires.

5. A controllable polarizer according to claim 4 wherein the nanowires comprise any binary,

ternary or quaternary alloy of Group llI-V semiconductors.

6. A controllable polarizer according to claim 4 wherein the nanowires comprise GaAs
nanowires.

7. A controllable polarizer according to claim 6 wherein the nanowires comprise GaAs — AlGaAs
nanowires.

8. A controllable polarizer according to claim 4 wherein the nanowires comprise InP nanowires,

InAs nanowires or InSb nanowires.

9. A controllable polarizer according to any one of claims 4 to 8 wherein the nanowires are

formed by deposition, or by etching a semiconductor layer.

10. A controllable polarizer according to claim 4 wherein the semiconducting nanowires

comprise semi-conducting carbon nanotubes.

11. A controllable polarizer according to any one of the preceding claims wherein the control
element is operable to illuminate the polarizer plate with light having a wavelength to cause

photoexcitation of the nanowires.

10
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12. A controllable polarizer according to any one of the preceding claims wherein the control
element is operable to illuminate the polarizer plate with light having an axis of polarization

substantially aligned with the nanowires.

13. A controllable polarizer according to claim 12 wherein the control element comprises a

control polarizer.

14. A controllable polarizer according to any one of the preceding claims wherein the light

source comprises a laser diode.

15. A controllable polarizer according to any one of the preceding claims comprising a

modulation element to modulate the illuminating light.

16. A modulator for terahertz radiation, the modulator comprising a controllable polarizer

according to any one of the preceding claims, and

an auxiliary polarizer plate having an axis of polarization.

17. A modulator according to claim 16 wherein the axis of polarization of the auxiliary polarizer

plate is orthogonal to an axis of polarization of the polarizer plate.

18. A modulator according to claim 16 or claim 17 wherein the auxiliary polarizer plate further
comprises a plurality of nanowires disposed on a substrate generally transparent to terahertz

radiation.

19. A modulator according to claim 18 comprising a second control element, the second control
element including a second control light source, such that the control element is operable to

illuminate the auxiliary polarizer plate.

20. A transmitter for terahertz radiation, the transmitter comprising,

a modulator according to any one of claims 16 to 19, and

a coherent THz source to generate an output beam of terahertz radiation,

wherein the beam passes through the polarizer plate and auxiliary polarizer plate to provide

an output beam,

wherein the output beam is modulated by operation of the control element.

11
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21. A transmitter according to claim 20 wherein the control element comprises a light source
comprising a laser diode, and a laser diode controller, wherein operation of the control element

comprises controlling the laser diode.

22. A transmitter according to claim 20 or claim 21 further comprising a polarization control
element to control the polarization of the output beam before the beam passes through the

polarizer plate and auxiliary polarizer plate.

12
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