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Description
Technical Field

[0001] The presentinvention relates to aninfrared light
emitting device, an infrared light detecting device, a
time-domain pulsed spectrometer apparatus, and an in-
frared light emitting method.

Background Art

[0002] With the realization of ultrashort pulsed laser
technology in recent years, there has been remarkable
progress in emission technology and detection technol-
ogy of pulsed coherent electromagnetic waves in the in-
frared region (0.01 to 130 THz). As a result, time-domain
pulsed spectroscopy using these pulsed electromagnetic
waves in the infrared region has become possible, and
there have been pioneering developments towards real-
ization of time-domain pulsed spectrometer apparatus-
es.

[0003] Time-domain pulsed spectroscopy is a spec-
troscopic method in which the time-dependent elec-
tric-field intensity of a pulsed electromagnetic wave is
measured, and by Fourier Transform that time-depend-
ent data (time-domain data), the electric-field intensity
and phase of each frequency component constituting that
pulse are obtained. One feature of this spectroscopic
method is that the measurement wavelength region is at
the boundary between light and radio waves, which has
been difficult to measure conventionally. Therefore, elu-
cidation of the properties of novel materials and new phe-
nomena using this spectroscopic method has been long
anticipated. With conventional spectroscopy, only the
electric-field intensity of an electromagnetic wave can be
obtained; however, a unique feature possessed by this
time-domain pulsed spectroscopy is its ability not only to
measure the electric-field intensity (amplitude) of the
electromagnetic waves but also to obtain the phase, by
directly measuring the temporal variations of the electric-
field intensity of the electromagnetic wave. Therefore, it
is possible to obtain a phase-shift spectrum by comparing
with a case where no sample is present. Because the
phase-shift is proportional to the wavenumber vector, it
is possible to determine the dispersion relation of the
sample using this spectroscopic method, and it is also
possible to determine the dielectric constant of a ferroe-
lectric crystal from this dispersion relation (see Patent
Document 1).

[0004] Fig. 7 shows an example of a conventional
time-domain pulsed spectrometer apparatus.

A femtosecond laser is used as a light source 1. For ex-
ample, a mode-locked erbium (Er)-doped fiber laser is
used as the light source 1. This mode-locked fiber laser
1 transmits, for example, a femtosecond laser pulse L1
with an average power of 10 mW, at a wavelength of 780
nm, a pulse width of 120 fs, and a repetition rate of 48.5
MHz.

10

15

20

25

30

35

40

45

50

55

The femtosecond laser pulse L1 emitted from the light
source 1 is split by a beamsplitter 2. The femtosecond
laser pulse atone side, serving as excitation pulsed laser
light L2, is radiated onto pulsed-light emitting means (in-
frared light emitting device) 5. At this time, after the ex-
citation pulsed laser light L2 is modulated by an optical
chopper 3, it is focused by an objective lens 4. This
pulsed-light emitting means 5 is, for example, a photo-
conductive antenna; when the excitation pulsed laser
light L2 is radiated, an instantaneous current flows, and
a far-infrared pulse L3 is emitted. This far-infrared pulse
(THz (terahertz) light pulse) L3 is guided by parabolic
mirrors 6 and 7 and irradiates a measurement sample 8.
Reflected or transmitted pulsed light (in the figure, it is
transmitted pulsed light) L3’ from the sample 8 is guided
to detecting means 12 via parabolic mirrors 9 and 10.
[0005] The other laser light split at the beamsplitter 2
is guided to the detecting means 12 to serve as detection
pulsed laser light L4. Because this detecting means 12,
which is also a photoconductive antenna, is irradiated
with the detection pulsed laser light L4 and becomes con-
ductive only momentarily, itis possible to detect the elec-
tric-field intensity of the reflected or transmitted pulsed
light from the sample 8 arriving at that instant as an elec-
trical current. A time-domain signal of the electric-field
intensity of the reflected or transmitted pulsed light from
the sample 8 can be obtained by imposing a time delay
at predetermined time intervals to the detection pulsed
laser light L4 with respect to the excitation pulsed laser
light L2 using opticaldelay means 13 (or 14). Inthis figure,
in addition to the optical delay means 13 (or 14) for time-
domain signal measurement, an optical delay means 14
(or 13) for time-origin adjustment may also be provided.
[0006] The time-division data of the electric-field inten-
sity of the reflected or transmitted pulsed light from the
sample 8 is processed by signal processing means. In
other words, the amplitude and phase shift spectra of the
electric-field intensity of the reflected or transmitted
pulsed electromagnetic wave from the sample 8 is ob-
tained by sending the data to a computer 17 via a lock-
in amplifier 16, and then recording it as time-domain data
and subjecting a time-domain data set to Fourier trans-
form processing in the computer 17 to convert it to the
oscillation frequency (frequency) domain, .

[0007] Fig. 8 shows the pulsed light emitting means 5.
The pulsed light emitting means uses a photoconductive
switch element (antenna electrode) with a dipole antenna
structure formed on a photoconductive layer made of
low-temperature growth gallium arsenide (LT (low tem-
perature)-GaAs). Thus, to generate terahertz emission
light L3, the terahertz emission light L3 is obtained by
irradiating such a pulsed light emitting means 5 with ex-
citation pulsed laser light L2 to excite free carriers, name-
ly electrons and holes, and performing ultrahigh-speed
current modulation. In other words, when the pulsed light
emitting means 5, to which a bias current is applied, is
irradiated with the excitation pulsed laser light L2, the
electric field is oscillated. When the electric field is oscil-
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lated, due to the oscillating current, the terahertz emis-
sion light L3 having a broad spectral distribution over a
frequency range defined by a temporal width At of the
excitation pulsed laser light L2 irradiating the pulsed-
electromagnetic-wave emitting element 5 is obtained.
[0008] The detecting means 12 has the same config-
uration as the pulsed light emitting means 5 shown in
Fig. 8. When this detecting means 12 is simultaneously
irradiated with the terahertz light L3’ transmitted through
the sample and the detection pulsed laser light L4, it is
possible to measure the intensity of the terahertz light
L3’ transmitted through the sample during the time period
when the detection pulsed laser light L4 is irradiated.
[0009] Fig. 9 shows antenna electrodes 21 formed on
a photoconductive layer 22 made of LT-GaAs. Gold (Au)
is used as the antenna electrodes 21. As shown in the
magnified view of an antenna peripheral portion 21c at
the right of this figure, a gap of about 5 pm is formed
between the pair of antenna electrodes 21, and the width
of the antenna electrodes is about 10 pm.

[0010] To perform polarization analysis using such a
time-domain pulsed spectrometer apparatus, a known
technique for obtaining a desired polarization involves
inserting a polarizer into the light path (see Patent Doc-
ument 2).

[0011] Fig. 10 shows a sectional view, along A-A’, of
the antenna peripheral portion 21¢ shown in Fig. 9. As
is clear from this figure, the photoconductive layer 22 is
formed on a substrate 23 which is made of semi-insulated
gallium arsenide (S| (semi-insulated)-GaAs).

When used as the pulsed light emitting means 5, the
excitation pulsed laser light L2 is irradiated towards the
antenna electrode 21 side (one side surface) (from the
top in the figure) as viewed from the photoconductive
layer 22. The terahertz emission light L3 is emitted to-
wards the substrate 23 side (other side surface) (towards
the bottom in the figure) as viewed from the photocon-
ductive layer 22.

When used as the detecting means 12, the detection
pulsed laser light L4 is irradiated towards the antenna
electrode 21 side (one side) (from the top in the figure)
as viewed from the photoconductive layer 22. The tera-
hertz light L3’ transmitted through the sample is irradiated
from the substrate 23 side (other side) (from the bottom
in the figure) as viewed from the photoconductive layer
22.

[0012]

Patent Document 1:
Japanese Unexamined Patent Application, Publica-
tion No. 2002-277394.

Patent Document 2:
Japanese Unexamined Patent Application, Publica-
tion No. 2003-014620.

[0013] Further, US 6329655 discloses a receiver hav-
ing a crossed bowtie configuration enabling interception
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of radiation of two polarities.
Disclosure of Invention

[0014] However, because the technology disclosed in
Patent Document 1 is nothing more than using a pair of
antenna electrodes (Fig. 9), the polarization of the emit-
tedterahertz lightis always in a single fixed direction only.
If a desired polarization is obtained by inserting a polar-
izer into the light path, as in the technology disclosed in
Patent Document 2, it is possible to obtain a target po-
larization component; however, the other light compo-
nents are not used at all and are completely lost.
Onthe other hand, a method involving rotating the pulsed
light emitting means itself in order to rotate the polariza-
tion of the emitted terahertz light may be considered;
however, it is essential, then, to carry out control so that
the excitation laser pulsed light follows the rotating pulsed
light emitting means. Also, arranging cables for applying
a voltage to the rotating pulsed light emitting means be-
comes a problem.

[0015] When using the pulsed light emitting means 5
and the detection means 12 having the configuration de-
scribed above, the following problems occur.

As shown in Fig. 11, the SI-GaAs used in the substrate
23 has an absorption band due to phonons at 100 to 400
cm-1. In other words, it exhibits a characteristic whereby,
above 100 cm-1, the transmittance drops suddenly, and
at 240 cm-! or more, even above 300 cm-!, almost no
light is transmitted.

Because SI-GaAs absorbs the excitation laser pulsed
light, it is necessary to employ a structure in which the
excitation pulsed laser light L2 is radiated from the an-
tenna electrode 21 side at the side opposite the substrate
23 (one side). Therefore, when used as the pulsed light
emitting means 5, it is necessary to employ a structure
in which the terahertz light emitted by the antenna elec-
trodes 21 is transmitted through the substrate 23. Thus,
because SI-GaAs has an absorption band at 100 to 400
cm-1, as described above, there is a problem in that it is
not possible to sufficiently extract terahertz light in a wide
band.

[0016] Alsowhen used as the detecting means 12, the
pulsed laser light L3’ transmitted through the sample is
transmitted from the substrate 23 side and detected;
therefore, absorption due to phonons in the SI-GaAs be-
comes a problem.

[0017] The present invention has been conceived in
light of the circumstances described above, and anobject
thereof is to provide an infrared light emitting device, a
time-domain pulsed spectrometer apparatus, and an in-
frared light emitting method in which polarization of emit-
ted light is possible with a simple configuration without
causing loss of the emitted light.

[0018] Furthermore, an object of the present invention
is to provide an infrared light emitting device, an infrared
light detecting device, and a time-domain pulsed spec-
trometer apparatus enabling measurement over a wide
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band without being affected by absorption in the sub-
strate.

[0019] Inordertosolve the problems described above,
the infrared light emitting device, the time-domain pulsed
spectrometer apparatus, and the infrared light emitting
method of the present invention employ the following so-
lutions.

Specifically, an infrared light-emitting device according
to the present invention comprises a photoconductive
layer which is irradiated with pulsed excitation light to
generate optical carriers; a pair of first antenna elec-
trodes for emitting infrared light, which are formed on the
photoconductive layer with a gap disposed between tips
thereof; a pair or a plurality of pairs of second antenna
electrodes for emitting infrared light, which are formed
on the photoconductive layer with the gap between tips
thereof and having an angle with respect to the first an-
tenna electrodes; and a control unit for independently
applying voltages to the first antenna electrodes and the
second antenna electrodes.

[0020] Becausethe second antenna electrodes having
a different angle from the first antenna electrodes are
provided and these electrodes are independently con-
trolled by the control unit, it is possible to emit from the
second antenna electrodes infrared light having a differ-
ent polarization from the infrared light emitted from the
first antenna electrodes.

[0021] The control unit of the infrared light-emitting de-
vice described above selectively switches between a
voltage applied to the first antenna electrodes and a volt-
age applied to the second antenna electrodes.

[0022] Because the voltages applied to the antenna
electrodes are selectively switched, it is possible to se-
lect, at desired time intervals, the light polarization cor-
responding to the position of each antenna electrode.
[0023] The control unit of the infrared light-emitting de-
vice described above applies voltages with different
phases to the first antenna electrodes and the second
antenna electrodes.

[0024] Because voltages with different phases are ap-
plied to each antenna electrode, circularly polarized light
is possible. In other words, by simultaneously applying,
for example, sine-wave voltages with different phases to
each antenna electrode, it is possible to obtain circularly
polarized emission light.

[0025] A time-domain pulsed spectrometer apparatus
according to the present invention comprises a light
source for generating pulsed excitation light; and one of
the infrared light-emitting devices described above.
[0026] Because the infrared light emitting device de-
scribed above is provided, it is possible to provide a
time-domain pulsed spectrometer apparatus which can
measure a polarization-dependent measurement object.
[0027] Aninfrared light emitting method of the present
invention comprises applying a voltage to a pair of first
antenna electrodes for emitting infrared light, which are
formed on a photoconductive layer that generates optical
carriers upon being irradiated with pulsed excitation light
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and which are disposed with a gap between tips thereof;
and applying a voltage to a pair or a plurality of pairs of
second antenna electrodes for emitting infrared light,
which are formed on the photoconductive layer and which
are disposed with the gap between tips thereof and so
as to have an angle with respect to the first antenna elec-
trodes.

[0028] Because a voltage is applied to the second an-
tenna electrodes, which have a different angle from the
first antenna electrodes, it is possible to emit from the
second antenna electrodes infrared light having a differ-
ent polarization from the infrared light emitted from the
first antenna electrodes.

The voltage applied to the first antenna electrodes and
the voltage applied to the second antenna electrodes
may be selectively applied at different times or they may
be simultaneously applied with different phases.

[0029] According to the invention described above, it
is possible to realize the following advantage. Specifical-
ly, because the antenna electrodes disposed so as to
have differentangles are provided, itis possible torealize
polarization of the emission light without loss and with a
simple configuration.

[0030] Inorderto solve the problems described above,
the infrared light emitting device, the infrared light detect-
ing device, and the time-domain pulsed spectrometer ap-
paratus of the present invention employ the following
means.

Specifically, an infrared light emitting device according
to the present invention is further characterised in that a
pair of antenna electrodes for emitting infrared light are
formed on one side surface of the photoconductive layer;
and an infrared-light-transmitting optics for transmitting
infrared light, is formed at the other side surface of the
photoconductive layer in a region corresponding at least
to the gap between the tips of said electrodes.

[0031] Because an infrared-light-transmitting optics
that transmits infrared light is used, it is possible to loss-
lessly emit infrared light from the other side surface of
the photoconductive layer.

The infrared-light-transmitting optics may be formedin a
region corresponding to the gap formed between at least
one pair of the antenna electrodes; in addition to the case
where it is disposed only in the region corresponding to
this gap, it may also be disposed on the entirety, including
the region corresponding to this gap. For example, the
substrate provided at the other side surface of the pho-
toconductive layer may be formed of diamond-like car-
bon, which transmits far-infrared light.

The infrared-light-transmitting optics may be disposed in
direct contact on the other side surface of the photocon-
ductive layer, or it may be disposed indirectly, with a sub-
strate portion that is thinner than the thickness of the
surrounding substrate disposed therebetween. In such
acase, because the substrate portion is thin, itis possible
to significantly reduce the absorption of infrared light.
Here, the term "transmitting infrared light" means, for ex-
ample, atransmittance of 50% or more at the wavelength
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of the infrared light. More specifically, the infrared-light-
transmitting optics may be diamond-like carbon, silicon,
silicon-based ceramic, or a polymer material such as
white polyethylene.

[0032] An infrared light emitting device according to
the present invention is further characterised in that a
pair of antenna electrodes for emitting infrared light are
formed on one side surface of the photoconductive layer;
and a pulsed-excitation-light transmitting optics for trans-
mitting pulsed excitation light, is formed at the other side
surface of the photoconductive layer in a region corre-
sponding at least to the gap between the tips of the elec-
trodes.

[0033] Because a pulsed-excitation-light transmitting
optics that transmits pulsed excitation light is used, it is
possible to losslessly irradiate pulsed excitation light from
the other side surface of the photoconductive layer. Also,
because the infrared light emitted by the antenna elec-
trode is emitted towards one side surface of the photo-
conductive layer, when a substrate that exhibits absorp-
tion due to phonons is disposed at the other side surface,
it can be losslessly emitted without passing through this
substrate.

The pulsed-excitation-light transmitting optics may be
formed in a region corresponding to the gap formed be-
tween at least one pair of the antenna electrodes; in ad-
dition to the case where it is disposed only in the region
corresponding to this gap, it may also be disposed on
the entirety, including the region corresponding to the
gap. For example, the substrate disposed at the other
side surface of the photoconductive layer may be formed
of diamond-like carbon, which transmits the pulsed ex-
citation light.

The pulsed-excitation-light transmitting optics may be
disposed in direct contact on the other side surface of
the photoconductive layer, or it may be indirectly dis-
posed, with a substrate portion that is thinner than the
thickness of the surrounding substrate disposed there-
between. Accordingly, because the substrate portion is
thin, it is possible to significantly reduce the absorption
of the pulsed excitation light.

Here, the term "transmits pulsed excitation light" means,
for example, atransmittance of 50% or more at the wave-
length of the pulsed excitation light. More specifically,
other than diamond-like carbon, glasses such as quartz
may be used for the pulsed-excitation-light transmitting
optics.

[0034] An infrared light emitting device of the present
invention further characterised in that a pair of antenna
electrodes for emitting infrared light are formed on one
side surface of the photoconductive layer; wherein a void
is formed atthe other side surface of the photoconductive
layer in a region corresponding to the gap between the
tips of said electrodes.

[0035] Because a void is formed at the other side sur-
face of the photoconductive layer, when the pulsed ex-
citation light is radiated so as to pass through this void,
it is possible to guide the pulsed excitation light in the
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photoconductive layer without loss.

More concretely, the substrate may be provided at the
other side surface of the photoconductive layer, and a
substrate in which the void is formed only at the region
corresponding to the gap between the pair of antenna
electrodes may be used.

[0036] A time-domain pulsed spectrometer apparatus
of the present invention comprises a light source for a
pulsed excitation radiation; and the infrared light emitting
device and/or the infrared light detecting device de-
scribed above.

[0037] Because an infrared light emitting device that
reduces the absorption of excitation light and/or an infra-
red light detecting device that reduces the absorption of
emitted light is provided, it is possible to provide a
time-domain pulsed spectrometer apparatus in which
measurement is possible in a wide band.

[0038] According to the present invention, because an
excitation-light transmitting optics or an infrared-light
transmitting optics is disposed or, alternatively, a void is
formed, in a portion corresponding to a gap between a
pair of antenna electrodes, it is possible to provide an
infrared light emitting device, an infrared light detecting
device, and a time-domain pulsed spectrometer appara-
tus in which it is possible to measure in a wide band
without being affected by absorption in the substrate.

Brief Description of Drawings
[0039]

[FIG. 1] Fig. 1 is a plan view showing a pattern of
antenna electrodes according to a first embodiment
of the present invention.

[FIG. 2] Fig. 2 is a plan view showing a modification
of the pattern of antenna electrodes according to a
first embodiment of the present invention.

[FIG. 3] Fig. 3 is a cross-sectional view showing a
second embodiment of the present invention.

[FIG. 4] Fig. 4 is a graph showing the transmittance
of diamond-like carbon.

[FIG. 5] Fig. 5 is a diagram showing a method of
fabricating a terahertz light emitting device of the
second embodiment.

[FIG. 6] Fig. 6 is a sectional view showing a third
embodiment of the present invention.

[FIG. 7] Fig. 7 is a diagram showing, in outline, a
time-domain pulsed spectrometer.

[FIG. 8] Fig. 8 is a perspective view showing pulsed
light emitting means.

[FIG. 9] Fig. 9 is a plan view showing the pattern of
conventional antenna electrodes.

[FIG. 10] Fig. 10 is a sectional view showing an an-
tenna portion.

[FIG. 11]Fig. 11isagraph showing the transmittance
of GaAs.
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Best Mode for Carrying Out the Invention

[0040] Embodiments of the present invention will be
described below with reference to the drawings.

Fig. 1 shows the principal parts of a terahertz light emit-
ting device (infrared light emitting device) according to a
first embodiment of the present invention. The terahertz
light emitting device of this embodiment is employed in
the time-domain pulsed spectrometer described using
Fig. 7.

[0041] As shown in Fig. 1, antenna electrodes 21 are
formed by vapor deposition on a photoconductive layer
22 deposited on a substrate. The antenna electrodes 21
are formed of gold (Au). The photoconductive layer 22
is formed of low-temperature growth gallium arsenide
(LT-GaAs).

A pair of first antenna electrodes 21a are disposed at the
left and right positions in the figure, and a pair of second
antenna electrodes 21b are disposed at the top and bot-
tom positions inthe figure. In other words, the orientations
of the first antenna electrodes 21a and the second an-
tenna electrodes 21b are disposed so as to differ by sub-
stantially 90° in plan view (so as to be substantially or-
thogonal).

A feed portion 30 that is connected to a lead line (not
shown in the drawing) is disposed at a base portion of
each antenna electrode 21. At a tip portion of each an-
tenna electrode 21, an antenna portion 34, which is po-
sitioned so as to form a gap 32 between the tip portions
of the opposing antenna electrodes 21, is disposed. The
pattern of these antenna electrodes 21 is suitably deter-
mined according to the frequency band of the terahertz
light to be emitted.

The gap 32 is shared by the first antenna electrodes 21a
and the second antenna electrodes 21b. In other words,
there are common gaps between the first antenna elec-
trodes 21a and between the second antenna electrodes
21b.

Although not shown in the drawing, a control unit for in-
dependently applying voltages to the first antenna elec-
trodes and the second antenna electrodes is provided.
The control unit has a function for controlling the timing
and voltage waveform for the applied voltage.

[0042] The terahertz light-emitting device with the
above-described configuration is used as follows.

First, a voltage is applied only to the first antenna elec-
trodes 21a by the control unit, at predetermined time in-
tervals. In this case, no voltage is applied to the second
antenna electrodes 21b. Under these conditions, the an-
tenna electrodes 21 are irradiated with excitation pulsed
laser light L2 (see Fig. 7). Because a voltage is applied
only to the first antenna electrodes 21a, it is possible to
obtain only a fixed polarization according to the position
of the first antenna electrodes 21a.

[0043] Next, a voltage is applied only to the second
antenna electrodes 21b by the control unit, at predeter-
mined time intervals. In this case, no voltage is applied
to the first antenna electrodes 21a. Under these condi-

10

15

20

25

30

35

40

45

50

55

tions, the antenna electrodes 21 are irradiated with the
excitation pulsed laser light L2 (see Fig. 7). Itis thus pos-
sible to obtain only a fixed polarization according to the
position of the second antenna electrodes 21b.
Inthisway, by selectively switching between the voltages
applied to each of the antenna electrodes 21a, b using
the control unit, it is possible to obtain, at different times,
different polarizations according to the position of the an-
tenna electrodes 21a, b.

[0044] The terahertz light-emitting device of this em-
bodiment can also be used as follows.

Voltages are applied by the control unit to the first anten-
na electrodes 21a and the second antenna electrodes
21b simultaneously and at different phases. More spe-
cifically, a sine-wave voltage is applied to the firstantenna
electrodes 21a, and a sine wave having the same am-
plitude and period but a different phase is applied to the
second antenna electrodes 21b. Under these conditions,
the antenna electrodes 21 are irradiated with the excita-
tion pulsed laser light L2 (see Fig. 7). By doing so, circu-
larly-polarized terahertz light is emitted.

If not only the phase but also the amplitude of the sine-
wave voltage applied to the second antenna electrodes
21b is made to differ, elliptically polarized terahertz light
is emitted.

By using the device in this way, it is possible to perform
measurement, for example, with a circular-dichroism de-
tector or the like.

[0045] As described above, with the terahertz light
emitting device of this embodiment, the pairs of antenna
electrodes 21 are disposed so as to have different angles
from each other. Therefore, instead of rotating the tera-
hertz light emitting device itself, it is possible to emit te-
rahertz light having a desired polarization plane without
providing an optical polarizer in the light path.
Therefore, it is possible to realize polarization of emitted
light using a simple configuration and without causing
loss of the emitted light.

[0046] A configuration using two pairs of antenna elec-
trodes has beendescribed in this embodiment; however,
the present invention is not limited to this. For example,
as shown in Fig. 2, a configuration in which three pairs
of antenna electrodes are disposed at different angles is
also possible. By doing so, it is possible to control the
light polarization more finely. A minute gap s is provided
between the adjacent tips of each antenna electrode.
Although a terahertz light emitting device which is applied
to time-domain pulsed spectrometers has been de-
scribed in this embodiment, the present invention in not
limited to this; it is also possible to use it in other appli-
cations.

[0047] Next, a second embodiment of the present in-
vention will be described using Figs. 3 to 5.

Fig. 3 shows the principal parts of a terahertz light emit-
ting device (infrared light emitting device) and a terahertz
light detecting device (infrared light detecting device) ac-
cording to an embodiment of the present invention. The
terahertz light emitting device and the terahertz light de-
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tecting device use the same configuration but differ in
terms of their operating mode, namely, emitting terahertz
light L3 or having terahertz light L3’ transmitted through
a sample incident thereon.

Fig. 3 shows a sectional view of an antenna peripheral
portion of the terahertz light emitting device and the ter-
ahertz light detecting device, corresponding to Fig. 10
described above. The terahertz light emitting device and
the terahertz light detecting device of this embodiment
are applied to the time-domain pulsed spectrometer de-
scribed using Fig. 7.

[0048] The terahertz light emitting device and the ter-
ahertz light detecting device include a SI-GaAs substrate
23, a photoconductive layer 22 made of LT-GaAs formed
on this substrate 23 by low-temperature growth, and a
pair of antenna electrodes 21 formed of gold (Au), which
are vapor deposited on the photoconductive layer 22.
Tips of the pair of antenna electrodes 21 oppose each
other, and a gap 32 is formed between these tips.
Viewed from the photoconductive layer 22, at the sub-
strate 23 side (the other side surface), a void 25 is formed
in the region corresponding to the gap 32. An infrared-
light-transmitting optics 24 formed of diamond-like car-
bon (hereinafter referred to as "DLC") is disposed in this
void 25. Instead of DLC, it is also possible to use a ma-
terial that transmits infrared light, such as silicon, silicon-
based ceramic, or a polymer material like white polyeth-
ylene. The transmittance of the infrared-light-transmitting
optics 24 is preferably 50% or more at infrared wave-
lengths.

The infrared-light-transmitting optics 24 is disposed so
as to be in direct contact with the photoconductive layer
22. Instead of direct contact between the infrared-light-
transmitting optics 24 and the photoconductive layer 22,
itis also possible to dispose the infrared-light-transmitting
optics 24 indirectly such that a substrate portion that is
thinner than the thickness of the surrounding substrate
23 isdisposed between the infrared-light-transmitting op-
tics 24 and the photoconductive layer 22. With this con-
figuration, it is also possible to drastically reduce the ab-
sorption of the substrate 23.

[0049] Fig. 4 shows the transmittance of the DLC (ver-
tical axis) versus wavenumber (horizontal axis). As is
clear from this graph, the DLC is different from the
Sl-GaAs (see Fig. 9) used in the substrate 23 in that there
is no absorption band at 100 to 400 cm-!. Therefore, the
terahertz light emitted by the antenna electrodes 21 and
the terahertz light detected by the antenna electrodes 21
can be emitted and collected without being affected by
phonons in the substrate 23, which enables measure-
ment over a wide band.

[0050] When used as a terahertz light emitting device,
by suitably adjusting the thickness of the infrared-light-
transmitting optics 24, it is possible to relatively intensify
specific frequency components by multiple reflection of
the infrared light. For example, if the optical path differ-
ence between a front-surface reflection and a rear-sur-
face reflection is set to 60 pm in the infrared wavelength
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region, itis possible to generate an electromagnetic wave
component at about 5 THz.

[0051] Next, a method of fabricating the terahertz light
emitting device and the terahertz light detecting device
with the above-described configuration will be described
using Fig. 5.

First, an unprocessed substrate 23 is prepared (a). Next,
leaving a thin-walled portion 23a, etching is performed
to form the void 25 (b).

Then, by filling from the thin-walled section 23a side, DLC
is deposited inside the void 25 to form the infrared-light-
transmitting optics 24 (c). In this step, the thickness of
the infrared-light-transmitting optics 24 is set to a desired
value.

Then, after removing the top surface of the substrate 23
so as to remove the thin-walled portion 23a of the sub-
strate 23 (d), the photoconductive layer 22 is formed by
growing LT-GaAs (e). Here, it is utilized that the DLC has
the property of easily growing LT-GaAs.

Finally, the antenna electrodes 21 are vapor deposited
on the photoconductive layer 22 (f).

[0052] Next, a case in which an excitation-light-trans-
mitting optics 26 is used instead of the infrared-light-
transmitting optics 24 will be described. In this case, the
basic configuration is the same as that of the terahertz
light emitting device and the terahertz light detecting de-
vice shown in Fig. 1, but the directions in which excitation
light and terahertz light are incident or emitted differ. DLC
or quartz glass is preferable as the excitation-light-trans-
mitting optics.

In Fig. 3, the emitted terahertz light L3 or the terahertz
light L3’ transmitted through a sample (see Fig. 7) is ir-
radiated from the antenna electrode 21 side, and excita-
tion pulsed laser light L2 or detection pulsed laser light
L4 (see Fig. 7) is transmitted through the excitation-light-
transmitting optics 26 disposed at the substrate 22 side
and irradiates the antenna electrodes 21.

[0053] According to this embodiment, the following op-
erational advantages are realized.

Because the infrared-light-transmitting optics 24 is dis-
posed in the area corresponding to the gap 32 between
the antenna electrodes 21, when used as a terahertz light
emitting device, it is possible to make the excitation
pulsed laserlightL2 (see Fig. 5) incident from the antenna
electrode 21 side and to emit the terahertz emitted light
L3 (seeFig. 5) sothat it passes through the infrared-light-
transmitting optics 24. Accordingly, itis possible to realize
lossless incidence and emission, which enables meas-
urement in a wide band.

When using it as a terahertz light detecting device, it is
possible to make the terahertz light L3’ transmitted
through the sample (see Fig. 7) incident so as to pass
through the infrared-light-transmitting optics 24 and to
make the detection pulsed laser light L4 (see Fig. 7) in-
cident from the antenna electrode 21 side. Accordingly,
it is possible to realize lossless incidence and emission,
which enables measurement in a wide band.

[0054] On the other hand, because the excita-
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tion-light-transmitting optics 26 is disposed in the area
corresponding to the gap 32 between the antenna elec-
trodes 21, when used as a terahertz light emitting device,
it is possible to make the excitation pulsed laser light L2
(see Fig. 7) incident so as to pass through the excita-
tion-light-transmitting optics 26 and to emit the terahertz
emitted light L3 (see Fig. 7) from the antenna electrode
21 side so as not to pass through the substrate. Accord-
ingly, itis possible torealize lossless incidence and emis-
sion, which enables measurement in a wide band.
When used as a terahertz light detecting device, it is pos-
sible to make the detection pulsed laser light L4 (see Fig.
7) incident so as to pass through the excitation-light-
transmitting optics 26 and to make the terahertz light L3’
transmitted through the sample (see Fig. 7) incident from
the antenna electrode 21 side. Accordingly, it is possible
to realize lossless incidence and emission, which ena-
bles measurement in a wide band.

[0055] In the present embodiment, the infra-
red-light-transmitting optics 24 or the excita-
tion-light-transmitting optics 26 is disposed only in the
region corresponding to the gap 32 between the antenna
electrodes 21. However, the present invention is not lim-
ited to this; it is also possible to use DLC for the entire
substrate 23 and to make the excitation lightincident from
the substrate 23 side.

In the present embodiment, the thickness of the infrared-
light-transmitting optics 24 or the excitation-light-trans-
mitting optics 26 is smaller than the surrounding sub-
strate 23. However, this thickness is not limited in the
presentembodiment; itis also possible to use athickness
substantially the same as that of the surrounding sub-
strate 23. Accordingly, it is possible to directly contact an
optics disposed at the substrate 23 side with the trans-
mitting optics 24 and 26, which enables lossless coupling
to be realized.

[0056] Next, a third embodiment of the present inven-
tion will be described using Fig. 6.

This embodiment differs from the second embodiment in
that a void is simply formed, and an excitation-light-trans-
mitting optics is not used. The other parts are the same
as those in the second embodiment.

A void 25 is formed so as to pass through the substrate
23 in a region corresponding to the gap 32 between the
antennaelectrodes 21. By providing such avoid 25, when
used as a terahertz light emitting device, excitation
pulsed laser light L2 (see Fig. 7) is made incident so as
to pass through the void 25, and terahertz emitted light
L3 (see Fig. 7) is emitted from the antenna electrode 21
side so as to pass through the substrate 23. Accordingly,
it is possible to realize lossless incidence and emission,
which enables measurement in a wide band.

[0057] Whenusedasaterahertzlightdetecting device,
the terahertz light L3’ transmitted through the sample
(see Fig. 7) is made incident so as to pass through the
void 25, and detection pulsed laser light L4 (see Fig. 7)
is incident from the antenna electrode 21 side. Accord-
ingly, itis possible torealize lossless incidence and emis-
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sion, which enables measurement in a wide band.
[0058] In each embodiment above, a terahertz light
emitting device and a terahertz light detecting device ap-
plied to a time-domain pulsed spectrometer have been
described. However, the infrared-light emitting device
and infrared-light detecting device of the present inven-
tion are not limited to this, and it is possible to use them
in other applications.

Claims
1. Aninfrared light-emitting device comprising:

a photoconductive layer(22) which is irradiated
in use with pulsed excitation light to generate
optical carriers; and

a pair of first antenna electrodes (21 a) for emit-
ting infrared light, which are formed on the pho-
toconductive layer with a gap (32) disposed be-
tween tips thereof;

characterized in that said device further com-
prises

a pair or a plurality of pairs of second antenna
electrodes (21b) for emitting infrared light, which
are formed on the photoconductive layer with
the gap (32) between tips thereof and having an
angle with respect to the first antenna elec-
trodes; and

a control unit for independently applying voltag-
estothefirstantennaelectrodes and the second
antenna electrodes.

2. Aninfrared light-emitting device according to Claim
1, wherein in use the control unit selectively switches
between a voltage applied to the first antenna elec-
trodes (21 a) and a voltage applied to the second
antenna electrodes (21b).

3. Aninfrared light-emitting device according to Claim
1, wherein the control unit applies voltages with dif-
ferent phases to the first antenna electrodes (21 a)
and the second antenna electrodes (21 b).

4. Aninfrared light emitting device according to any of
claims 1-3, wherein a pair of antenna electrodes (21)
for emitting infrared light, is formed on one side sur-
face of the photoconductive layer (22) and
infrared-light-transmitting optics (24) for transmitting
infrared light is formed at the other side surface of
the photoconductive layer (22) in a region corre-
sponding at least to the gap (32) between the tips of
said electrodes.

5. Aninfrared light emitting device according to any of
claims 1-3, wherein a pair of antenna electrodes (21)
is formed on one side surface of the photoconductive
layer(22); and



15 EP 1 801 939 B1 16

pulsed-excitation-light transmitting optics for trans-
mitting pulsed excitation light, is formed at the other
side surface of the photoconductive layer (22) in a
region corresponding at least to the gap (32) be-
tween the tips of said electrodes.

An infrared light emitting device accordingly to any
of Claims 1-3, wherein a pair of antenna electrodes
for emitting infrared light, is formed on one side sur-
face of the photoconductive layer,

whereina void (25) is formed atthe other side surface
of the photoconductive layer (22) in a region corre-
sponding to the gap (32) between the tips of said
electrodes.

Atime-domain pulsed spectrometer apparatus com-
prising:

a light source (L2) for generating pulsed excita-
tion light; and

an infrared light-emitting device according to
one of Claims 1 to 6.

An infrared light emitting method comprising:

applying a voltage to a pair of first antenna elec-
trodes(21 a) for emitting infrared light, which are
formed on a photoconductive layer (22) thatgen-
erates optical carriers upon being irradiated with
pulsed excitation light, and which are disposed
with a gap (32) between tips thereof; and
applying independently of the voltage applied to
the first antenna electrodes a voltage to a pair
or a plurality of pairs of second antenna elec-
trodes (21b) for emitting infrared light, which are
formed on the photoconductive layer (22) and
which are disposed with the gap (32) between
tips thereof and so as to have an angle with re-
spect to the first antenna electrodes.

Patentanspriiche

Eine Infrarotlicht emittierende Vorrichtung, umfas-
send:

eine foto-leitende Schicht (22), die wahrend der
Verwendung mit gepulstem Anregungslicht be-
strahlt wird, um optische Trager zu erzeugen;
und

ein Paar erster Antennenelektroden (21 a) zum
Emittieren von Infrarotlicht, die auf der foto-lei-
tenden Schicht miteinem zwischen Spitzen der-
selben angeordneten Spalt (32) gebildet sind;
dadurch gekennzeichnet, dass die Vorrich-
tung weiterhin umfasst ein Paar oder eine Viel-
zahl von Paaren zweiter Antennenelektroden
(21 b) zum Emittieren von Infrarotlicht, die auf
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2.

der foto-leitenden Schicht mit dem Spalt (32)
zwischen Spitzen derselben gebildet sind und
mit Bezug auf die ersten Antennenelektroden
einen Winkel aufweisen; und

eine Steuereinheit zum unabhangigen Anlegen
von Spannungen an die ersten Antennenelek-
troden und die zweiten Antennenelektroden.

Infrarotlicht emittierende Vorrichtung gemaR An-
spruch 1, wobei in Verwendung die Steuereinheit
selektiv zwischen einer an die ersten Antennenelek-
troden (21 a) angelegten Spannung und einer an die
zweiten Antennenelektroden (21 b) angelegten
Spannung umschaltet.

Infrarotlicht emittierende Vorrichtung gemar An-
spruch 1, wobei die Steuereinheit an die ersten An-
tennenelektroden (21 a) und die zweiten Antennen-
elektroden (21 b) Spannungen mit unterschiedlichen
Phasen anlegt.

Infrarotlicht emittierende Vorrichtung geman einem
der Anspriiche 1 - 3, wobei ein Paar Antennenelek-
troden (21) zum Emittieren von Infrarotlicht auf einer
Oberflache auf einer Seite der foto-leitenden Schicht
(22) gebildet ist und

Infrarotlicht (ibertragende Optik (24) zum Ubertra-
gen von Infrarotlicht an der Oberflache auf der an-
deren Seite der foto-leitenden Schicht (22) in einer
Region, welche zumindest dem Spalt (32) zwischen
den Spitzen der Elektroden entspricht, gebildet ist.

Infrarotlicht emittierende Vorrichtung geman einem
der Anspriiche 1 - 3, wobei ein Paar Antennenelek-
troden (21) auf einer Oberflache auf einer Seite der
foto-leitenden Schicht (22) gebildet ist und
gepulstes Anregungslicht Ubertragende Optik zum
Ubertragen von gepulstem Anregungslicht an der
Oberflache auf der anderen Seite der foto-leitenden
Schicht (22) in einer Region, die zumindest dem
Spalt (32) zwischen den Spitzen der Elektroden ent-
spricht, gebildet ist.

Infrarotlicht emittierende Vorrichtung geman einem
der Anspriiche 1 - 3, wobei ein Paar Antennenelek-
troden zum Emittieren von Infrarotlicht auf einer
Oberflache auf einer Seite der foto-leitenden Schicht
gebildet ist,

wobei ein Leerraum (25) an der Oberflache auf der
anderen Seite der foto-leitenden Schicht (22) in einer
Region, die dem Spalt (32) zwischen den Spitzen
der Elektroden entspricht, gebildet ist.

Zeitdomane-Impuls-Spektrometervorrichtung, um-
fassend:

eine Lichtquelle (L2) zum Erzeugen von gepul-
stem Anregungslicht und
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eine Infrarotlicht emittierende Vorrichtung ge-
mafk einem der Anspriiche 1 bis 6.

Infrarotlicht-Emissionsverfahren, umfassend:

Anlegen einer Spannung an ein Paar erster An-
tennenelektroden (21 a) zum Emittieren von In-
frarotlicht, die auf einer foto-leitenden Schicht
(22) gebildet sind, welche bei Bestrahltwerden
mit gepulstem Anregungslicht optische Trager
erzeugt, und die mit einem Spalt (32) zwischen
Spitzen derselben angeordnet sind; und
Anlegen einer Spannung, unabhangig von der
an die ersten Antennenelektroden angelegten
Spannung, an ein Paar oder eine Vielzahl von
Paaren zweiter Antennenelektroden (21 b) zum
Emittieren von Infrarotlicht, die auf der foto-lei-
tenden Schicht (22) gebildet sind und die mit
dem Spalt (32) zwischen Spitzen derselben und
so angeordnet sind, dass sie mit Bezug auf die
ersten Antennenelektroden einen Winkel auf-
weisen.

Revendications

Dispositif d’émission de lumiére

comprenant :

infrarouge,

une couche photoconductrice (22) quiestrayon-
née, lors de son utilisation, avec une lumiéere
d’excitation pulsée, en vue de générer des por-
teuses optiques ; et

une paire de premiéres électrodes d’antenne
(21a) destinées a émettre de la lumiére infra-
rouge, lesquelles sont formées sur la couche
photoconductrice avec un espace (32) disposé
entre leurs extrémités ;

caractérisé en ce que ledit dispositif comprend
enoutre :

une paire ou une pluralité de paires de se-
condes électrodes d’antenne (21b) desti-
nées aémettre de la lumiére infrarouge, les-
quelles sont formées sur la couche photo-
conductrice avec 'espace (32) entre leurs
extrémités, et présentent un angle relative-
ment aux premiéres électrodes d’antenne ;
et

une unité de commande pour appliquer de
fagon indépendante des tensions aux pre-
mieres électrodes d’antenne et aux secon-
des électrodes d'antenne.

Dispositif d’émission de lumiére infrarouge selon la
revendication 1, dans lequel, lors de son utilisation,
['unité de commande commute de maniére sélective
entre une tension appliquée aux premiéres électro-
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10

des d’antenne (21a) et une tension appliquée aux
secondes électrodes d’antenne (21b).

Dispositif d’émission de lumiére infrarouge selon la
revendication 1, dans lequel I'unité de commande
applique des tensions avec différentes phases aux
premiéres électrodes d’antenne (21a) et aux secon-
des électrodes d’antenne (21b).

Dispositif d’émission de lumiére infrarouge selon
I'une quelconque des revendications 1 a 3, dans le-
quel une paire d’électrodes d’antenne (21) destinée
a émettre de la lumiére infrarouge est formée sur
une surface latérale de la couche photoconductrice
(22) ; et

une optique d’émission de lumiére infrarouge (24)
destinée a émettre de la lumiére infrarouge est for-
mée au niveau de l'autre surface latérale de la cou-
che photoconductrice (22) dans une zone corres-
pondant au moins a I'espace (32) entre les extrémi-
tés desdites électrodes.

Dispositif d’émission de lumiére infrarouge selon
I'une quelconque des revendications 1 a 3, dans le-
quel une paire d’électrodes d’antenne (21) est for-
mée sur une surface latérale de la couche photocon-
ductrice (22) ; et

une optique d’émission de lumiére d’excitation pul-
sée, destinée a émettre de la lumiére d’excitation
pulsée, est formée au niveau de l'autre surface la-
térale de la couche photoconductrice (22) dans une
zone correspondant au moins a I'espace (32) entre
les extrémités desdites électrodes.

Dispositif d’émission de lumiére infrarouge selon
I'une quelconque des revendications 1 a 3, dans le-
quel une paire d’électrodes d’antenne, destinée a
émettre de la lumiére infrarouge, est formée sur une
surface latérale de la couche photoconductrice ;
dans lequel un vide (25) est formé au niveau de
I'autre surface latérale de la couche photoconductri-
ce (22) dans une zone correspondant a I'espace (32)
entre les extrémités desdites électrodes.

Dispositif de spectromeétre pulsé dans le domaine
temporel, comprenant :

une source de lumiere (L2) destinée a générer

de la lumiére d’excitation pulsée ; et

un dispositif d’émission de lumiére infrarouge

selonl’'une quelconque des revendications 1a6.
Procédé démission de lumiére
comprenant :

infrarouge,

I'application d’une tension a une paire de pre-
mieres électrodes d’antenne (21a) destinées a
émettre de lalumiére infrarouge, lesquelles sont
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formées sur une couche photoconductrice (22)
qui génére des porteuses optiques lorsgu’elle
estrayonnée avecde la lumiére d’excitation pul-
sée, et lesquelles sont disposées avec un es-
pace (32) entre leurs extrémités ; et
I'application, indépendammentde la tension ap-
pliqguée aux premiéres électrodes d’antenne,
d’une tension a une paire ou a une pluralité de
paires de secondes électrodes d’antenne (21b)
destinées a émettre de la lumiére infrarouge,
lesquelles sont formées sur la couche photocon-
ductrice (22) et sont disposées avec I'espace
(32) entre leurs extrémités, et de facon a preé-
senter un angle par rapport aux premiéres élec-
trodes d'antenne.
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