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The authors report on the excitation wavelength dependence of terahertz emission from n-InN and
bulk p-InAs pumped with femtosecond pulses tunable from 800 to 1500 nm. The terahertz
amplitude, normalized to pump and probe power, from both narrow band gap semiconductors
remains relatively constant over the excitation wavelength range. In addition, terahertz radiation
from In- and N-face InN samples with bulk carrier concentrations ranging from 1017 to 1019 cm−3
is also investigated, showing a strong dependence of terahertz emission on bulk carrier
concentration. The experimental results agree well with calculations based on drift-diffusion
equations incorporating momentum conservation and relaxation. © 2006 American Institute of
Physics. 关DOI: 10.1063/1.2358938兴
The terahertz region of the electromagnetic spectrum,
lying between microwave frequencies 共100 GHz兲 and photonic frequencies 共30 THz兲, is a potentially important region
for a wide variety of applications, including imaging, timedomain spectroscopy, and material identification and
characterization.1–3 Traditionally, optically generated terahertz systems utilize femtosecond mode-locked Ti: sapphire
lasers or continuous-wave 共cw兲 lasers with a wavelength centered near 800 nm. Significant advantages associated with
the use of telecommunications grade optoelectronics and
compact fiber lasers could be gained in cost, size, weight,
and efficiency by shifting the wavelength to 1550 nm if an
appropriate narrow band gap semiconductor terahertz source
were available. In addition, for cw terahertz generation obtained by photomixing 共or optical heterodyne conversion兲,
1550 nm operation is advantageous because the photomixing
conversion efficiency, which increases as 2, is about four
times higher than for conventional terahertz systems using
800 nm. Terahertz generation using compact fiber laser systems has already been demonstrated with InAs, InSb, and
GaAs.4–6
High quality InN thin films exhibit a band gap Eg below7
0.7 eV, a much smaller value than what was previously accepted 共Eg = 1.9 eV or  = 650 nm兲.8 Recently, we have measured using absorption data an InN band gap below 0.65 eV
in compressively strained InN films on GaN templates.9 Estimates of the deformation potential point to an unstrained
band gap of ⬃0.63 eV. By constructing InN / GaInN quantum well structures, it should be possible to engineer a material with a band gap close to 1550 nm for use with lowcost, 1550 nm lasers. Unlike conventional III-V
semiconductor compounds, wurtzite III-nitride semiconductors possess a significant spontaneous polarization, leading to
an internal electric field in quantum wells about an order of
magnitude larger than that found in conventional III-V
materials.10 This phenomenon combined with a high saturation velocity 共⬎1.5⫻ 107 cm/ s兲,11 large intervalley spacing
to confine carriers within the high mobility ⌫ valley, short
a兲
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carrier lifetime, and potentially high breakdown voltage in
InN may lead to up to an order of magnitude higher efficiency InN-based terahertz sources compared with the commonly employed arsenides.
Recently, Adomavicius et al.12 have measured the spectral dependence of terahertz emission from 共111兲 InAs at
high carrier densities, where nonlinear effects are the dominant terahertz generation mechanism. Such high optical fluences, however, are not suitable for compact fiber lasers.
Additionally, at lower carrier densities, the optical rectification contribution is no longer the main terahertz generation
mechanism in 共111兲 InAs, but becomes comparable to effects
due to the difference of the electron and hole diffusion coefficients 共photo-Dember effect兲.13
The possibility of terahertz emission from InN has been
demonstrated by Ascazubi et al.,14 who attributed the terahertz generation mechanism to transient photocurrents but
did not specify the exact mechanism. Similar to InAs, InN
has a surface accumulation layer, which has a width that is
more than an order of magnitude shorter than the optical
absorption length.15 The high surface state density leads to a
high field near the surface but virtually no field in the bulk of
the crystal. The optically induced transient photocurrents in
InN should therefore be similar to InAs, that is, due to the
photo-Dember effect.
In this letter, we present a comparison of terahertz emission from n-InN and bulk p-InAs, one of the best known
terahertz semiconductor surface emitters, excited with ultrafast laser pulses at wavelengths tuned between 800 and
1500 nm. The terahertz radiation generated from InAs and
InN exhibits similar dependence on the excitation wavelength. The terahertz amplitude from both narrow band gap
semiconductors remains on the same order of magnitude,
while the pump wavelength is tuned from 800 to 1500 nm.
At a fixed pump wavelength, the terahertz amplitude from
n-InN is about an order of magnitude smaller than for
p-InAs due to larger screening from n type as compared to
p-type carriers, as well as larger screening due to a larger
density of background electrons in the n-InN than background holes in the p-InAs. Terahertz radiation from In-
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FIG. 2. Excitation wavelength dependence of terahertz amplitude, normalized to pump and probe power, from InN and InAs. The points indicate
experimental data 共solid circles: InAs and empty circles: InN兲 and lines
indicate calculated results 共solid: InAs and dashed: InN兲.
FIG. 1. Time-domain wave forms of terahertz emission, normalized to
pump and probe power, from bulk p-type InAs and In-face n-InN excited
with 800 nm 共solid line兲 and 1500 nm 共dashed line兲 femtosecond pulses.

共Ref. 9兲 and N-face16 n-InN samples with a bulk carrier concentration nbulk ranging from 1017 to 1019 cm−3 is examined
and shows a significant decrease as nbulk increases. These
results are consistent with the dominant mechanism for terahertz generation in InN and InAs being the current associated
with the diffusion of the photogenerated electrons at elevated
electron temperature 共photo-Dember effect兲 and the redistribution of the background electrons under drift.
Our measurements are performed using a Coherent regenerative amplifier 共RegA兲 system, which operates at
800 nm and has a repetition rate of 250 kHz. The output of
the RegA is split into two beams. The stronger beam is frequency doubled to serve as the pump source for an optical
parametric amplifier, which generates an infrared idler pulse
tunable from 0.9 to 2.6 m. The infrared beam, after compression with a prism pair to typical pulse widths of
⬃150 fs, is then focused onto the semiconductor sample at a
45° incidence angle with a beam diameter of ⬃1 mm. The
pump power is ⬃4 mW for all excitation wavelengths. The
subsequent terahertz emission from the semiconductor surface is collected with a pair of parabolic mirrors onto a ZnTe
crystal for electro-optic sampling. The weaker RegA split-off
beam is used to probe the terahertz emission for all excitation wavelengths, as well as to irradiate the samples at
800 nm.
The n-InN sample used for the excitation wavelength
dependence measurements is a 1-m-thick In-face film
grown by molecular beam epitaxy on an Fe-doped GaN template with a GaN buffer layer. Details of the growth technique are described elsewhere.9 The unintentionally doped
n-InN sample has a bulk carrier concentration of 2.25
⫻ 1017 e / cm3, a Hall mobility of 2098 cm2 / V s, and a
threading dislocation density of ⬃3 ⫻ 1010 cm−2 共as determined by x-ray diffraction and transmission electron microscopy measurements兲. A description of the growth technique
for the N-face InN samples can be found in Ref. 16. The
p-type 共111兲 InAs sample is 450 m thick with a doping
level of ⬃1016 cm−3.
Figure 1 shows the time-domain wave forms of the terahertz emission, normalized to pump and probe power, from
bulk p-type InAs and n-InN optically excited with 800 nm

共solid line兲 and 1500 nm 共dashed line兲 femtosecond pulses.
For both semiconductors, the terahertz amplitude at 800 nm
is comparable to the signal amplitude at 1500 nm. This result
is reflected in the systematic measurements of the terahertz
emission from InAs and InN at excitation wavelengths varying from 800 to 1500 nm displayed in Fig. 2. Measurements
of terahertz emission as a function of azimuthal angle 共about
the surface normal兲 indicate that the optical rectification
component is small 共⬍10% 兲 for InAs and negligible for
InN.
A one-dimensional momentum conservation and relaxation equation,
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with a k-dependent effective mass17 m* is used to simulate
the subpicosecond electron current density Jn. The parameters e, n, E, T, and  are the elementary electric charge,
carrier concentration, electric field, carrier temperature, and
momentum relaxation time, respectively. Photogenerated and
background electron currents are calculated separately due to
their different carrier temperatures. Both the photogenerated
and background hole currents are calculated using driftdiffusion equations assuming that their temperatures are invariant at room temperature. These equations with carrier
conservation equations are solved using a modified
Scharfetter-Gummel scheme.18 The emitted terahertz signal
is then calculated as the volume integration of the time derivative of the total current density.
Modeling shows that the dominant currents are the diffusion of the photogenerated electrons at elevated electron
temperature 关the second term on the right hand side of Eq.
共1兲兴 and the redistribution of the background electrons under
drift effect 关the first term on the right hand side of Eq. 共1兲兴.
As the excitation wavelength increases, the photoexcited
electron temperature decreases, thereby lowering the terahertz amplitude. However, the photon number increases as
the excitation wavelength increases, enhancing the terahertz
amplitude. As the excitation wavelength goes from
800 to 1500 nm for InN, the photoexcited electron temperature decreases by a factor of 5 while the photon number
increases by a factor of ⬃1.9, producing an overall decrease
of less than four times. The decrease in terahertz signal for
InN is only slightly larger than for p-InAs 共Eg = 0.36 eV兲,
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800 to 1500 nm, the terahertz amplitude from both narrow
band gap semiconductors remains on the same order of magnitude. The terahertz amplitude from n-InN is about an order
of magnitude smaller than for p-InAs due to larger screening
from n-type as compared to p-type carriers, as well as a
higher density of background electrons in InN than background holes in p-InAs. It is expected that the terahertz
power from InN will improve with lower n-type bulk carrier
concentration or p-type doping, as well as with manipulation
of the large built-in electric fields associated with the spontaneous and piezoelectric polarizations in this material.

FIG. 3. Terahertz amplitude dependence on bulk carrier density nbulk for In共solid circles兲 and N-face 共empty circles兲 InN samples optically excited with
800 nm femtosecond pulses. Calculated results for p-type and n-type InN
are shown with solid and dashed lines, respectively.

where the photoexcited electron temperature decreases by a
factor of 2.5, giving an overall decrease in signal amplitude
of less than two times from 800 to 1500 nm. The experimental results agree well with calculations 共solid and dashed
lines in Fig. 2兲.
The measured terahertz amplitude from n-InN is about
an order of magnitude smaller than from p-InAs due to larger
screening from the higher mobility electrons as compared to
holes. For example, at the fixed bulk carrier concentration of
1018 cm−3, the calculations in Fig. 3 show that the terahertz
amplitude from p-InN would be more than an order of magnitude larger than from n-InN. The higher density of background carriers in the InN sample, as compared to InAs, also
contributes to the larger screening effect. As seen in Fig. 3,
the measured normalized terahertz amplitude from InN decreases by about one order of magnitude as the bulk carrier
concentration nbulk increases by one order of magnitude. Although there are several other effects which contribute to the
terahertz amplitude, including photoexcited electron temperature, mobility, absorption, and carrier lifetime, screening
from carriers appears to be the dominant effect. There is no
discernable difference between the In- and N-face InN
samples, as expected for the improved crystalline quality and
concomitant low background electron density and high mobility for both polarities.9,16 Liu et al.13 have shown a similar
dependence on carrier concentration for the terahertz radiation from InAs.
In summary, we have demonstrated a similar excitation
wavelength dependence of terahertz emission from n-InN
and bulk p-InAs excited with femtosecond laser pulses.
When the excitation wavelength is tuned from
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