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Abstract: We report a simple method of creating terahertz waves by
applying the photo-Dember effect in a (100)-oriented InAs film coated onto
the 45-degree wedged-end facet of an optical fiber. The terahertz waves
are generated by infrared pulses guided through the optical fiber which
is nearly in contact with a sample and then measured by a conventional
photo-conductive antenna detector. Using this alignment-free terahertz
source, we performed proof-of-principle experiments of terahertz time-
domain spectroscopy and near-field terahertz microscopy. We obtained a
bandwidth of 2 THz and 180-µm spatial resolution. Using this method, the
THz imaging resolution is expected to be reduced to the size of the optical
fiber core. Applications of this device can be extended to sub-wavelength
terahertz spectroscopic imaging, miniaturized terahertz system design, and
remote sensing.
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1. Introduction

Electromagneticradiation at terahertz (THz) frequencies allows the visualization of many
heretofore unobserved material properties associated with molecular responses to THz
waves [1]. Technological advances in the THz region have already made possible the devel-
opment of spectroscopic imaging systems to obtain spatially and temporally resolvable sample
information by tracing the collective vibration modes of organic molecules [2], the structural
resonances of semiconductors and metals [3], and even the oscillations of gaseous and solid-
state plasmas [4]. The major technical obstacles for most THz imaging applications are absorp-
tion loss by water vapor, the difficulty in miniaturizing the system size, and the rather poorer
imaging resolution than in the conventional spectral region.

In a generic THz imaging system based on passive optical components such as lenses and/or
parabolic mirrors, the spatial image resolution is diffraction-limited to a few hundred microns.
To overcome the diffraction limit, that is, to obtain a THz image of sub-wavelength scale,
scanning near-field microscope techniques, also known as THz-SNOM, have been used [5, 6, 7,
8, 9]. The resolution is then not limited by the wavelength of the illuminating electromagnetic
source, but rather by geometrical parameters such as the size of an aperture or a scatterer.
However, in a THz-SNOM the detected THz signal is small and bandwidth-limited [6, 10].
Many attempts have been made to improve the signal-to-noise ratio and also the bandwidth of
the THz signal [9, 11]; one alternative approach is guiding the THz wave through a probing
tip [12].

However, the low coupling efficiency and radial distribution of the guided THz signal make
finding an easy-to-use application of this method difficult. Sending THz waves through an
elongated object, or THz waveguide, has been studied with metal wires [13], plates [14], and
fibers [15, 16], and cables [17]. Even in those studies, because of attenuation and the bending
losses, most of these waveguide methods are not viable in THz near-field spectroscopy and
imaging [18]. The alternative is to generate and capture the THz signal near the sample by
using an optical-fiber-coupled infrared (IR) pulse [19].

In this letter, we describe an idea for emitting THz waves directly from a conventional optical
fiber as shown in Fig. 1(a). The end facet of the optical fiber is polished at an angle and coated
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with an InAs thin film. An intense-field-density laser beam, guided through the optical fiber
core,illuminates the InAs film and generates the THz waves. In a proof-of-principle experiment
using the alignment-free THz source, we perform THz time-domain spectroscopy (THz-TDS)
and near-field THz microscopy.

2. Experimental description

The THz waves were generated using the photo-Dember effect, or electric dipole formation near
the surface of a semiconducting material, during ultrafast photo-absorption [20]. The mobility
difference between electrons and holes forms an effective charge separation along the surface
normal. The maximum THz emission in the reflection geometry under a focusing condition of
the excitation beam is along broadly 45 degree from the InAs surface normal [21]. The optical
fiber tip was therefore cut at an angle of 45 degrees to generate THz waves transmissively
along the optical beam direction; see Fig. 1(b). The photo-Dember effect is relatively strong
in narrow-band gap III-V semiconductors with high electron mobility, such as InAs and InSb,
and therefore, they emit THz waves at an order of intensity magnitude higher than those of
relatively wide band-gap semiconductors such as InP and GaAs [22]. By using the intrinsic
mobility of InAs (30,000 cm2/(V·s)), the excess energy (1.2 eV from a 1.55-eV photon) at room
temperature, and the momentum relaxation time of 500 fs, the diffusion length is estimated as
1.3µm. Considering the THz absorption and effective Dember charge separation, we estimated

Optical Fiber

Si Lens

InAs Tip

InAs filmOptical Fiber

H3 PO 4 : H 2 O 2 : H 2 O  = 1 : 1 : 5 /  ~ 1.12 µm/min 

AlAsSb (2.2µm)

InAs (875nm)

GaAs (50µm)

AlAsSb (<1µm)

InAs (875nm)

Chemical

Etching 

(b)

(d) (e)

(c)

0

1

2

10
−1

10
−2

10

10

10

S
p

ec
tr
u

m
 [

ar
b

. 
u

n
it

s]

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Frequency [THz]

−2

−1

0

1

2

3

4

A
m

p
li

tu
d

e 
[a

rb
. 
u
n

it
s]

0 5 10 15 20 25 30

Time [ps]

(a)

Fig. 1. (Color online) (a) Setup photograph of the THz optical fiber tip in a near-field micro-
scopeapplication. (b) Schematic of the optical fiber THz emitter. (c) InAs film fabrication
layout. (d) Measured THz waveform from the optical-fiber THz emitter. (e) The amplitude
spectrum of the THz pulse shown in (d).
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that a 1-µm-thick InAs film would be optimal.
The (100)-oriented InAs thin film was grown using molecular beam epitaxy on AlAsSb-

buffered semi-insulating GaAs (SI-GaAs) substrates. The AlAsSb buffer and the grown InAs
film thicknesses were 2.2µm and 875 nm, respectively. The SI-GaAs substrate is eliminated
by lapping and chemical etching. The wet chemical etch process is enhanced by a phosphoric
acid solution etchant (H3PO4 : H2O2 : H2O = 1 : 1 : 5) with an etch rate of∼1.12µm/min. The
wet chemical etching layout for the InAs thin film is shown in Fig. 1(c). The InAs film was cut
down to the size of the fiber facet and then glued to the optical fiber tip with optical epoxy.

In order to test the THz emission of this device, we used 1.55-eV photons in a 70-fs ultrashort
pulse train produced in a Ti:sapphire laser oscillator at a repetition rate of 90-MHz. For the
generation and optically-gated detection of the THz waves, the laser pulses were physically
separated by a beam splitter and temporally by a variable delay line. The optically pumped beam
for the THz generation was then coupled to a 50-µm core diameter optical fiber. The 10-mW
average laser pulses were then guided through a 20-cm-long optical fiber without dispersion
compensation. The THz pulses radiated from the InAs thin film fixed on the polished optical
fiber tip were detected by a conventional photoconductive antenna (PCA). The time-delayed
probe beam was focused on the PCA through a silicon lens for temporal gating. Although the
silicon lens in front of the PCA is assembled to optimally detect collimated incident THz waves,
the fastly diverging THz signal emitted from the constructed fiber tip was readily detected in the
experiment. The photo-current measured from the PCA was proportional to the generated THz
electric field amplitude. The measured THz temporal signal and its amplitude spectrum from
the conceived THz emitter are shown in Figs. 1(d) and (e). The measured spectral bandwidth is
nearly 2 THz.

3. Results and discussions

The mechanism of THz generation from InAs can be both optical rectification and photo-
Dember effect. Especially the THz waves from the optical rectification process has THz am-
plitude dependence on the polarization state of the pump beam. In our design of optical fiber
THz emitters, we have used (100)-oriented InAs from which the THz emission is dominated
by the photo-Dember effect [20]. Upon the pump beam incident being on the InAs surface, the
gradient of the photo-excited electrons and holes is created due to the diffusion velocity mis-
match between the electrons and holes. Then, the resulting photo-Dember current is polarized
perpendicularly to the surface, and the generated THz pulse is p-polarized. Figure 2 shows the
azimuthally angle-dependent amplitude of THz temporal waveforms measured as the optical
fiber was rotated around the optical axis. The PCA detector recorded the horizontal polariza-
tion component of the THz waveforms as a function of time. The THz signals detected at three
different times in Fig. 2(a) show the sinusoidal pattern around the optical axis, as shown in
Fig. 2(b). This measurement shows that the measured THz signal is linearly polarized, as ex-
pected in THz generation process from the photo-Dember effect [23].

The 50-µm core diameter of the optical fiber was chosen because of the compatibility be-
tween generated THz power and resolution, which are simultaneously dependent on the core
diameter. Figure 3(a) shows the dependence of the measured THz power on the incident optical
power from the devised 50-µm core diameter THz emitter (star) and the bare InAs film on the
500-µm-thick sapphire substrate (solid lines). If a larger InAs area is excited by a given optical
pulse under the saturation regime, greater THz power is obtained due to the increased induced
photo-Dember field area. However, as the core size is increased, the resolution worsens because
it relies on the size of the optical-fiber core. Therefore, to select the core diameter, we studied
the dependence of the generated THz power on the optical beam diameter and incident opti-
cal power, which was applied to the sapphire substrate side. Two regimes must be dealt with:
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Fig. 2. (Color online) (a) Image of measured horizontal components of the THz field emit-
ted from the fiber tip as a function of rotation angle and time. (b) The sinusoidal angle
dependence around the optical axis at three different times (dashed line) shown in (a).
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Fig. 3. (Color online) (a) Optical power dependence of the measured THz pulses from the
devised optical-fiber THz emitter (star) and from a bare InAs film attached to a 500-µm-
thick sapphire substrate (solid line). (b) Beam diameter dependence on the THz power from
the bare InAs film.

D ≥ λT Hz, andD ≪ λT Hz, whereD is the diameter of the optical beam andλT Hz is the typical
wavelength of a THz pulse. From the results shown in the Fig. 3(b), we anticipate compara-
tively greater THz power with sub-wavelength resolution when the optical beam diameter has
a 50-µm core fiber forD ≪ λT Hz.

The spatial resolution of the THz emission fiber tip is demonstrated using a knife-edge
method. The image target is an 18-µm-thick aluminum foil, placed at the distance of 100µm
from the optical fiber core. This distance is due to the 45-degree-cut angle of the optical fiber
tip and the width of the fiber cladding. Keeping the relative time fixed at the THz pulse peak,
we measured the THz amplitude using a 4-f conventional THz-TDS system. Figures 4 (a) and
(b) depict a knife-edge imaging. The edge of the foil was moved from left to right, and an area
of 400× 200 µm2 was scanned. The resolution of the microscope tip is measured 180µm,
defined by the 10-90 % criteria from the lateral profile taken from the line as drawn in the im-
age in Fig. 4(a). This resolution is three times bigger than the size of the fiber core diameter,
because of the positional departure of the sample from the tip due to the slanted end facet of
the fiber and the thickness of the optical epoxy and InAs film.

For a near-field imaging proof-of-principle experiment, a metal sieve pattern of sub-
wavelength dimension (200× 200 µm2 area open squares with 100-µm-wide metal wires)
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Fig. 4. (Color online) (a) A knife-edge THz image using an 18-µm-thick aluminum foil.
(b) The lateral profile taken from a line as drawn in (a). (c) Optically magnified photo of the
metal sieve and an overall view (inset). (d) THz image of (c) superimposed on an optical
microscope image.

was measured. The optical image of the metal sieve is shown in Fig. 4(c), and the result is
shown in (d). A THz-emission microscope-tip image of this sieve, superimposed on an optical-
microscope image, is shown in Fig. 4(d). The spatially resolved THz-field image shows the
pattern of the metal sieve. The 100-µm-wide metal wire lines and the open square area are
apparently resolved. The slight blurring of the scanned image is attributed to the presence of
the weaved shape in the real object as well as the distance between the source and the object.
The distance between the fiber tip and the metal mesh was about 150-µm because of the tilted
tip and cladding of the optical fiber. Using this method, the THz imaging resolution is expected
to be reduced to the size of the optical fiber core.

Using this method, the size of this THz emitter may be reduced to the size of an optical fiber
core, 1000 times smaller than previously considered PCA-based optical fiber THz emitters.
Furthermore, the fabrication of this kind of THz emitters is nearly a material coating process,
not a device assembly. This type of THz fiber emitters can be used as a topographical scanning
THz probe tip and also bundled for a THz area emitter.

4. Conclusion

In summary, we report a simple method of making an optical fiber emit terahertz waves. We
have devised and demonstrated an optical-fiber THz emitter using a (100)-oriented InAs thin
fiim placed on a 45-degree wedged optical fiber tip. The THz wave generation mechanism
from the optical fiber tip is explained by the photo-Dember effect in a relatively low band
gap semiconductor. In a proof-of-concept experiment using the alignment-free THz source for
THz-TDS and THz imaging, we obtained a bandwidth of 2 THz and sub-wavelength spatial
resolution. This spatial resolution is measured as 180µm, three times the size the optical fiber
core. Using this method, the THz imaging resolution is expected to be improved to the size
of the optical fiber core. The designed compact THz emission tip here can be extended to
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near-field imaging, spectroscopy, polarization studies, and remote sensing with sub-wavelength
resolution.
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