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We report the third harmonic generation (THG) in InSb semiconductor irradiated by a terahertz (THz) free electron laser
(FEL). The conversion of 4 THz (wavelength 70 um) FEL outputs into its third harmonic 12 THz was observed. We found
that by tuning the sample temperature to 360 K, a high conversion efficiency up to 1% can be obtained and is the highest
in the THz and FIR regions below 10 THz. We also discuss the observed intensity dependence of THG with the nonlinear

order lower than 3 when the pumping intensity was high.

During the last few decades, the science of researching physics
phenomena in the terahertz (THz) frequency range has
experienced a profound transformation, from being only an
emerging trend to a well-established technology. It has found vast
applications in both fundamental science and practical application
[1-10]. To further expand the capability of THz technologies,
nonlinear phenomena in the THz region have received much
interest so far. However, the research advances have been less than
that of the optical region, mainly because of the relatively weak
output power of conventional tabletop THz sources. To investigate
nonlinear phenomena in THz range, use of a THz free electron laser
(FEL) [11-17] is one of the most powerful ways. The merits of an
FEL include strong pulse energy (tens of mJ), narrow bandwidth,
high coherence, short pulse duration and tunable wavelength.
Owing to these merits, FELs have been widely applied in studying
various topics, including switching the state of phase change
memory material [18,19], controlling spin state in magnetic
material [20,21], to name a few.

Among various nonlinear phenomena induced by intense
electromagnetic wave, the harmonic generation is the most basic
one, and has many promising applications, such as high resolution
microscopy [22] or characterizing ultrashort laser pulse [23]. The
harmonic generation in THz region has been studied by several
authors [24-32]. For example, it was recently reported that
materials with massless Dirac fermions such as graphene [26] and
topological insulators (TI) [25,30] shows high efficiency of
harmonic generation due to the linearity of band structures. The
efficiency was enhanced by the use of metamaterial [25] or
quantum well structure [30]. With the intense FEL, research on THz
harmonic generation enters the nonperturbative regime where not

only surprising efficiency but also various other nonlinear physics
can be observed. For example, the impact ionization, tunneling
ionization, and phonon emission were discussed based on the
harmonic generation of THz-FEL output in boron-doped silicon
[31,32]. On the other hand, the free electron motion in usual
undoped bulk semiconductors can also induce nonlinear
polarization due to the nonparabolicity of the band structure [33].
This can be understood intuitively as follows. The effective mass of
a free electron m”* is the inverse of the second derivative of the
energy-momentum dispersion relation E(p) by the crystal
momentum p : 1/m* = d2E /dp? . Since E(p) « p? (parabolic
band structure) is not strictly accurate, m* becomes a function of p.
This dependence of m* on p (nonparabolicity) causes the nonlinear
response of electron motion to an electric field, resulting in the
harmonic generation. According to the theory [33], the third-order
nonlinear susceptibility due to the nonparabolicity of the
conduction band y® is estimated as:

- 1+ 8E/5E,
°< ' : 1)
(m*)2Egwf (1 + 4Ep/Eg)5/?

£®

where ng, E, Eg, m™ and wy are the free electron density, Fermi
energy, bandgap energy, effective mass of conductive electron at the
bottom of the conduction band, and angular frequency of the
fundamental, respectively. From Eq.(1), one can predict that y
rapidly increases with smaller frequency, which indicates the
strong effect of conduction band nonparabolicity on harmonic
generation in the THz region. Equation (1) also shows that
materials with a narrow bandgap E; have a large effect of
nonparabolicity. In this respect, indium antimonide (InSb), one of
the most well-known narrow gap semiconductors (E; =0.175 eV



at room temperature [34]), is expected to have a high nonlinearity
in the low frequency region. In fact, it has been reported that the
four-wave mixing of the mid-infrared lights from a CO: laser
(wavelength ~10 pm) effectively occurred in InSb [35]. However,
the harmonic generation from InSb in the THz region has not been
studied sufficiently. In this paper, we report our experimental study
about the third harmonic generation (THG) in InSb irradiated by the
output from a THz FEL. The dependence of THG intensity on the
temperature and pumping intensity was investigated to
understand the mechanism of THG and improve its efficiency.

The FEL at the Institute of Science and Industrial Research
(SANKEN), Osaka University [11,36,37] was used as the pump
beam. Fig. 1 shows the schematic experimental setup. The FEL
emits 5 macro pulses per second, and each macro pulse contains
~110 of micro pulses spacing ~37 ns from each other. The central
frequency of the FEL output was tuned to 4 THz (wavelength
75 um) in this work. The path of the terahertz beam after the FEL
outlet was purged by dry air to suppress the water vapor
absorption. We put a 0.5 mm thick fused silica (FS) plate just after
the FEL outlet to eliminate the second (8 THz) and the third
(12 THz) harmonic originally contained in the FEL output [36]. Two
wire grid polarizers WG, and WG, were placed after the FEL
window to control the pumping beam intensity and polarization.
The FEL beam is focused to a sample by a parabolic mirror. The spot
size diameter was ~1.4 mm and the macropulse energy density on
the sample was ~130 mJ/cm? unless otherwise noted. When we
measured the temperature dependence of the THG, the sample was
placed into a cryostat cooled by liquid nitrogen. The signal
generated from the sample passed through a Michelson
interferometer, and then entered the detector. We used an energy
detector (Coherent, J-25MB-LE and ]-10MB-LE) for pulses with
energy from 300n] to 50m]J, and a DLaTGS (JASCO Corp.) for
weaker THG signals. To reject the residual pump beam, a cesium
bromide (CsBr) crystal with a thickness of 20 mm was placed
before the detector in the measurement of harmonics.
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Fig. 1. Setup of the experiment. FS: fused silica; M: mirror; PM: parabolic
mirror; BS: beam splitter; WG: wire grid; F: CsBr filter

Anundoped InSb (100) single crystal with 430 pm thickness was
used as a sample in this work. The sample was set so that one of its
(100) axes was parallel to the polarization of the pump electric field,
in which the THG was maximized. Fig. 2(a) shows the transmittance
spectra of the InSb sample at 100 K and 300 K measured with a
Fourier transform infrared (FT-IR) spectrometer (JASCO, FT/IR-
660Plus). The overall transmittance decreases as the temperature
rises due to the thermal excitation of carriers, and the transmittance
at 4 THz becomes nearly zero at 300 K. It indicates that almost all
the pumping beam was absorbed inside the InSb crystal or reflected

at its surface at room temperature. On the other hand, the 12 THz
transmittance at 300K is high enough (~23%) for emitting the
third harmonic into the direction of the pump beam incidence. The
low transmittance between 5 and 6.5 THz is due to the Reststrahlen
band[38], while the dips around 9.0 THz and 10.7 THz are due to
the two phonon absorption [39]. To estimate the carrier density in
InSb, we also measured the reflectance below 3.5 THz using a THz-
time domain spectroscopy (THz-TDS) system (Advantest, TAS7500
TS), and the results at 100 Kand 300 K are shown in Fig. 2(b). From
the fitbased on the Drude-Lorentz model[40] as discussed later, the
carrier density n, of the sample was estimated to be ~4 x 10%*
and ~1.2 x 10'® cm™3 at 100 and 300K, respectively. We also
estimated the penetration depth at 4 THz and the coherent length
of THG at 300 K to be 91 pm and 109 um, respectively. The shorter
penetration depth than the coherent length indicates that the THG
efficiency in the InSb is not greatly limited by the phase mismatch.
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Fig. 2. (a): Transmittance of the InSb sample at 100 K (blue) and 300 K (red)
from 3.5 to 13 THz. (b): Reflectance of the sample at 100 K (blue thick line)
and 300 K (red thick line) from 0.2 to 3.5 THz; the accompanying thin solid
lines show the fit based on the Drude-Lorentz model.
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Fig. 3. Spectra of pumping beam (dashed) and generated THG signal (solid),
normalized at the peak obtained at room temperature. The pumping beam
and THG signal were detected with an energy detector (Coherent, ]-25MB-
LE) and a DLaTGS sensor, respectively.

The spectrum of the pumping beam is shown by the dashed
curve in Fig. 3. The peak was located at 4 THz and its full width half
maximum was around 0.8THz. When the InSb sample was
irradiated by this pumping beam at room temperature (300 K), we
observed the spectrum of the solid curve in Fig. 3. A peak at around
12 THz can be seen clearly, which is the third harmonic of the pump.
A small dip at ~10.7 THz is attributed to the two-phonon
absorption described earlier. One can notice the absence of the
second harmonic (8 THz). Note that the transmittance at 8 THz of
the InSb sample (~8%) and the CsBr filter (~40%) are high enough
for us to detect the second harmonic if it was generated as strongly
as the third harmonic. The second harmonics was not detected even
when the azimuthal angle of the sample was rotated. The nonlinear
response in the THz region is attributed mainly to free electrons as
described earlier, in which the even order harmonic generation is
prohibited due to the centrosymmetry [41]. On the other hand, the



odd order harmonic generation is allowed, and the strong
nonparabolicity of the conduction band in InSb enables us to clearly
observe the third harmonic.

—
V)
~

s 30F ]

é’ o g

© 20F s 7

= @ e

o o

S 10F 8 ° 1

©

£ o

5 3 g ooaom

S ooprcocc

100 200 300 400

(b) . . Telmperlaturel(K) . 500 9

6x10°L, o 4 3
' % o 4400 §
£ ®o_ Penetration =
L 4r % depth . 13005
> ¢ s e
= ° a ]
2 ° K 4 200 ‘%
8 2 Canier ° AA“ o
\@ density N a8 %0, 1 100 ~
5 o aa ass® 000 o T
(6] L N

100 200 300 400 z

Fig. 4. (a) Temperature dependence of the third harmonic intensity
normalized to that at 300 K. (b) Temperature dependence of the carrier
density (triangle) and penetration depth (circle) at 4 THz estimated from the
reflectance measured with THz-TDS.

Fig. 4(a) shows the THG intensity as a function of the sample
temperature, normalized to the value at 300K. When the
temperature was lower than 250 K, the THG intensity was much
weaker than that at 300 K, and nearly independent of the
temperature. Above 250K, the THG intensity rapidly increased
with a rise in temperature. At 360K it reached the maximum
intensity of 3 times as large as that at 300 Kand 22 times as large as
that at 100K. The THG power conversion efficiency at this
temperature is ~1% according to the pulse energy measurement of
the THG and pumping beam with an energy detector, considering
the transmittance of the CsBr filter (83% at 12 THz) and the cryostat
windows (cyclo-olefin polymer; 44% at 4 THz and 10% at 12 THz).
This corresponds to the field conversion efficiency of 10%, which is
higher than that reported for a system with topological insulator
(8%) [25]. However, above 360K the THG intensity started
decreasing steeply, and at 400 K the THG intensity became again
close to thatat 300 K.

To understand the origin of the observed temperature
dependence of the THG intensity, we estimated the temperature
dependence of the carrier density and the penetration depth at
4 THz in the following way[42]: the reflectance spectra obtained by
THz-TDS were fitted with the theoretical reflectance calculated
from the complex dielectric function € based on the Drude-Lorentz
model appearing in [43], with the plasma frequency and electron
damping constant as fitting parameters. From these results, the
temperature dependence of the carrier density n, and penetration
depth at 4 THz §,, was calculated as shown in Fig. 4(b), using an
effective mass of m* = 0.0145m,(1 — 5.05 X 107*T) with m,
being the free electron mass and T being the temperature [44]. This
result illustrates that the significant increase of the n, and the
decrease of the &, simultaneously occurs around 300K as the
temperature rises. The former increases the THG efficiency because
from Eq.(1) the nonlinear susceptibility is expected to be
proportional to n. On the other hand, the latter decreases the THG
efficiency because the smaller &, indicates that the more amount of

energy of the pumping wave is dissipated as heat by linear
absorption before being converted to third harmonic. The balance
between these positive and negative effects determines the optimal
temperature for THG, which is 360 K in the present case.

There are also other effects working together with &,,. One effect
is the Fresnel transmission at 4 THz at the entrance face of InSb,
which is found to be 47 % at 100 K, reaches a maximum of 79 % at
370 K and then decreases to 75 % at 400 K. This effect may also
contribute to the trend observed in Fig. 4(a). We also calculated the

penetration depth at 12 THz, 61(,12), and found that it has a shape
similar to 6,, in Fig. 4(b) (specifically, Szglz)z 2400 um at 100 K and

61(,12) = 280 pm at 360 K), which may be a small effect at low
temperature, but becomes important above 360 K and contributes
to the decrease of the THG intensity.

The existence of a small but nonzero temperature-independent
THG at temperatures lower than 250 K may come from impurity
centers: from Fig.4b we have extracted the carrier density, a
nonzero number, ~4 X 10'*cm™3, from 80 K to 120 K. To explain
why the THG is temperature independent up to 250 K, we propose
that another source of carrier contributes to THG at below 250 K:
the carrier due to impact ionization. The threshold electric field for
impact ionization in InSb was found to be 104 kV/cm [45], while
the pumping electric field in our experiment is estimated to be
~263kV/cm, based on Ref. [15]. Thus a strong impact ionization
was very likely to occur. Therefore, the THG at temperature lower
than 250 K can be attributed to free carriers from impurity centers
and free carriers from impact-ionization, both are temperature-
independent.

THG intensity (arb. units)

L 10 10p
0.2 1 2 5
Pump fluence (mJ/cmz)

Fig. 5. THG intensity as a function of the pumping beam fluence, measured at
room temperature: at low (below 0.4 mJ/cm?, open circles), medium (0.5
to3 mJ /cm?, opensquares) and high (above 6 m] /cm?, solid triangles in the
inset) pump intensity region. Lines: power law fit of the experimental results.

The values of “n” are the power law exponents of the fits associated with the
data.

The dependence of the THG intensity on pump fluence below
3mJ/cm? and above 6 mJ/cm? is shown in Fig.5 and its inset,
respectively. In the measurement below 3 mj/cm? the spot
diameter of the pumping beam on the sample was expanded to
~2 mm to reduce the fluence with keeping the THG signal large
enough to be detected, while above 3 m]/cm? the spot diameter is
1.4 mm. The fits by power law y = Ax™ at three different pump
intensity regions are also shown in Fig. 5: at low pumping intensity
(below 0.4 m]/cm?, black line), the THG intensity increases
following the power law with an exponent n of 2.8. This is close to
n = 3 expected for the third order process. However, at the
medium pumping intensity (0.5 to 3 mJ/cm?, green line), the value
of n decreases to 1.8. At high pump intensity (above 6 m] /cm?, blue
line in the inset), it further decreased to only 0.9. One possible



reason for the decrease of the nonlinear order n at high pumping
intensity is the smaller nonparabolicity of the InSb energy band at
higher energy. This can make the effective y® of free electrons
smaller when they are more energized by the pumping wave.
Another possibility is the change of refractive index in InSb
depending on the pumping intensity, which is also a third order
nonlinear effect [41]. This also deflects the intensity dependence of
the THG from pure power law. In the case of InSb, the impact
ionization [46,47] would also occur at high pumping intensity,
which would also affect the intensity dependence. The saturation of
the THz harmonic generation efficiency was also reported in the
previous studies[26,31], in which its origin was discussed in terms
of the carrier dynamics. Though the elucidation of the detailed
mechanism of intensity dependence is our future challenge, it is
expected that the deeper understanding on this intensity
dependence will lead to a method for THG in the THz region with
further high efficiencies.

In summary, we investigated THG from InSb crystal irradiated by
4 THz FEL outputs. The THG originated from non-parabolic energy
band of InSb was clearly observed at 12 THz. By changing the InSb
temperature, we observed that the THG signal was strongly
enhanced at 360 K, 22-fold stronger than at 100 K and 3-fold
stronger than at room temperature. The THG power conversion
efficiency reached 1% at 360K, the highest in the THz and FIR
regions below 10 THz. The dependence of THG intensity on pump
intensity showed a nonlinear order smaller than 3 when the
pumping intensity was strong, suggesting the potential of further
improvement of the THG conversion efficiency after addressing this
saturation phenomenon.
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