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Integrated terahertz (THz) pulse generation and amplification in a THz quantum cascade laser
(QCL) is demonstrated. Intracavity THz pulses are generated by exciting the facet of the QCL with
an ultrafast Ti:Sapphire laser (~100 fs) and detected using electro-optic sampling. Maximum THz
field emission is found with an interband transition of 1.535 eV (809 nm) and by narrowing the
excitation laser bandwidth to ~3 THz. These resonance conditions correspond to the narrowband
excitation of the quantum cascade miniband, indicating that the THz pulse is generated by the
photoexcited carriers that are accelerated by the applied field. The generated pulse is subsequently
amplified by the narrowband gain of the laser as it propagates through the QCL cavity. © 2010

American Institute of Physics. [doi:10.1063/1.3306733]

Terahertz (THz) pulse amplification has been recently
demonstrated using THz quantum cascade lasers (QCLS),1
where THz time domain spectroscopy (TDS) (Ref. 2) was
applied to the study of QCL gain.3’ THz pulses are gener-
ated by an external photoconductive antenna and are coupled
into the QCL via one of the device facets. The in-coupled
pulse is amplified at the gain frequency and out-coupled via
the opposite QCL facet. However, typically only a few per-
cent of the input THz pulse is coupled into the device owing
to mode dimensions that are comparable with the wave-
lengths of the THz pulse. This limits the out-coupled THz
field that can be generated, which is typically smaller than
the field generated by the antenna.

THz pulse generation from quantum well systems using
bandgap transitions has been extensively studied® where
electrons from the valence band are injected on ultrafast time
scales into the confined conduction subbands. This can result
in coherent charge oscillations between two confined sub-
bands, Bloch oscillations or accelerated carriers through
miniband transport.ﬁ_8 This leads to a time-varying polariza-
tion that can generate electromagnetic radiation in the THz
range. Since a QCL consists of a series of quantum wells and
its operation based on intersubband transitions, it could act
as the nonlinear medium to generate, as well as amplify, THz
pulses. This would enable direct injection of the THz pulses
into the amplifying region of the QCL, and avoid any exter-
nal THz coupling issues.

In this letter, we demonstrate that THz pulses can be
directly generated on the QCL by illuminating the QCL facet
with a femtosecond near-infrared (NIR) laser. Photogener-
ated electrons are excited into the QCL miniband and subse-
quently accelerated by the applied QCL bias, which produces
broad-band THz radiation. The THz pulses are then ampli-
fied by the narrowband gain of the QCL as it propagates
through the waveguide.
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The QCL used in this study shows laser emission at 2.1
THz. It is based on a bound-to-continuum type design that
has an active region thickness of 14 um. A single plasmon
waveguide geometry was used (ridge width of 230 wm). De-
tails on the design, processing, and performance can be
found elsewhere.’ Laser bars of cavity length 3 mm were
mounted on a continuous flow helium cryostat.

Optical pulses from a mode-locked tunable 76 MHz
femtosecond Ti:sapphire oscillator are focused onto the QCL
facet. (The average power is 200 mW, corresponding to an
average excitation density of approximately 64 kW/cm? as-
suming a spot size of diameter 20 wm). The resulting gen-
erated THz pulses propagate through the QCL cavity, exit the
opposite facet and detected using free space electro-optic
sarnpling.3’9 The QCL is modulated with 10 us electrical
pulses at a repetition rate of 25 kHz, with the latter used as
the lock-in reference for a standard balanced photodiode de-
tection scheme.

Figure 1(a) shows the detected THz fields for various
current densities applied through the QCL. Clear oscillations
of the electric field are observed, that are due to THz gen-
eration at the input facet and the subsequent amplification by
the QCL gain. Below the threshold current [J,=86 A/cm?
see Fig. 2(a)] the field oscillations die out quickly. As the
current density (and hence the bias field) is increased toward
the laser shut-off current (136 A/cm?), longer lasting oscil-
lations are observed, indicating a reduction in the spectral
width [see Fig. 1(b)].* For current densities greater than
136 A/cm? only a few field oscillations are observed, indi-
cating a broad spectral response of the THz pulse. The maxi-
mum detected transmitted field before laser shut-off and mis-
alignment of the structure is of the order of 50 mV/cm. This
is roughly only a factor 4 lower than that obtained after THz
pulse transmission through the QCL using an antenna as an
external THz source and similar excitation power.

The corresponding spectral response (Fourier transform
of time scans) is shown in Fig. 1(b). All curves present a

© 2010 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.3306733
http://dx.doi.org/10.1063/1.3306733
http://dx.doi.org/10.1063/1.3306733

061107-2 Dhillon et al.
(a) (b)
E _
S 5
) S
2 136 Alcm’ et
3 =
= %i
é L 99 Alem’ g
)
S f I
W M\//\\_A
10 12 14 16 0 1 2 3
Time (ps) Frequency (THz)

FIG. 1. (Color online) (a) Transmitted electric fields of the 2.1 THz QCL for
various current densities, from below laser threshold (79 A/cm?) to beyond
laser shut-off (169 A/cm?). (b) Corresponding spectral response (Fourier
transform of the fields). Curves offset for clarity.

broad spectral feature and, for current densities below the
shut-off value, a peak centered on the frequency of the THz
QCL laser emission (2.1 THz). The peak corresponds to the
amplification of the pulse THz generated at the QCL facet as
it propagates through the waveguide. The broad spectral re-
sponse observed for current densities greater than the shut-
off current is representative of the THz generated at the QCL
facet without amplification and is further discussed below.
Figure 2(a) shows the voltage-current density (V-J) with
and without NIR excitation of the QCL facet. The light
output-current density (L-J) without excitation is also shown,
measured using a pyroelectric detector. For a given voltage,
an increase in the measured current density is observed with
the NIR excitation indicating the generation of carriers into
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FIG. 2. (Color online) (Color online) (a) V-J curves of the 2.1 THz laser at
4.2 K with and without NIR facet excitation. The L-J is also shown without
the excitation. (b) Spectral amplitude as a function of current density at the
laser frequency (2.1 THz, filled squares) and at 1.25 THz (empty squares).
The inset shows the calculated gain spectrum. (c) The filled triangles curve,
shows the amplitude difference between the spectral amplitudes at 2.1 and
1.25 THz. For comparison, the peak gain as a function of current density
measured using an external photoconductive antenna is shown.
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FIG. 3. (Color online) Spectral amplitude at 2.1 THz as a function of photon
excitation energy of the facet excitation (laser average power is kept con-
stant at 200 mW). A resonance is observed at a photon energy of 1.535 eV
(A=808 nm). Inset shows the spectral amplitude as a function of the line-
width of the NIR facet excitation.

the conduction band of the QCL. In the L-J curve, laser
threshold occurs at 86 A/cm? with maximum output power
at 111 A/cm®> and laser action totally ceasing at
136 A/cm?. Figure 2(b) shows, as a function of current den-
sity, the spectral amplitude of the peak at 2.1 THz (filled
squares) increasing rapidly as the structure aligns
(>60 A/cm?). At laser threshold, there is a sharp change in
the slope and the amplitude increases linearly at a smaller
rate. Laser action clamps the gain and hence should fix the
pulse amplification but no clamping of the amplitude is ob-
served in Fig. 2(b). This can be understood by considering
the amplitude variation (for example) at 1.25 THz (empty
squares), where there is no gain or absorption in the spectra
as shown in Ref. 4. The spectral amplitude at 1.25 THz in-
creases with current due to the increased field across the
device, i.e., THz pulse generation at the facet becomes more
efficient with applied bias. Therefore the unclamped behav-
ior for 2.1 THz is a result of the increased THz generation
with applied bias. Indeed, by plotting the difference in spec-
tral amplitudes between 2.1 and 1.25 THz, we obtain the
curve shown in Fig. 2(c) [A(2.1 THz)-A(1.25 THz), filled
triangles] showing gain clamping at a current density of
~100 A/cm?. The response is similar to the gain measured
using externally generated pulses from a photoconductive
antenna (empty circles).* Using the spectral amplitude at
1.25 THz as a calibration factor, the spectral gain at 2.1 THz
can also be estimated from the facet excitation scheme and is
shown in the inset of Fig. 2(b). A gain maximum of 10 c¢cm™!
is measured at 2.1 THz, in agreement with the clamped gain
in Fig. 2(c) [11 cm™', empty circles]. (A disadvantage of this
method compared to previous gain studies™ is that it does
not use a reference at zero volts but a scan at a low applied
field in the absence of amplification). A point to note is that,
in Fig. 2(c), the clamping current density between the two
curves is slightly different; 99 A/cm? for the facet genera-
tion instead of 89 A/cm? for the gain measurement. This
indicates a small increase in the total THz losses due to the
photoexcited carriers from 7.3 cm™! (waveguide and mirror
losses of 4 and 3.3 cm™!, respectively) to 8.1 cm™' with the
femtosecond excitation. The optical excitation appears to
only increase the losses slightly, possibly a result of a strong
absorption of the former within a few microns of the QCL
surface.

Figure 3 shows the spectral amplitude at 2.1 THz as a
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FIG. 4. (Color online) Square modulus of the electron and heavy hole wave
functions at a bias of 1.8 kV/cm. The QCL electronic laser states are high-
lighted. The dashed line indicates the resonance wavelength (808 nm, 1.535
eV) for the spectral amplitude, corresponding to an excitation from the
lowest lying hole states to the QCL miniband (large arrow). The shaded area
corresponds to a bandwidth of 3 THz of the NIR laser used for the facet
excitation.

Hole
states

function of the peak NIR energy used to excite the QCL
facet. The QCL is kept at a current close to laser threshold
(84 A/cm?). At low photon energies, below the bandgap of
GaAs at low temperatures (1.51 eV), no THz radiation is
generated as no carriers are excited into the conduction band.
As the photon energy of the NIR pulses is increased, the
photons are absorbed and the spectral intensity at 2.1 THz
increases rapidly and peaks at 1.535 eV before slowly de-
creasing as the energy is further increased. Figure 3 clearly
shows a resonant behavior of the generated THz pulse, con-
siderably different from the typical response of a photocon-
ductive antenna.'” The full-width at half-maximum of the
curve in Fig. 3 is approximately 5 THz, corresponding to the
linewidth of the Ti:sapphire laser used. Further, the inset of
Fig. 3 shows the THz amplitude at 2.1 THz as a function of
the linewidth of the ultrafast laser with a fixed peak wave-
length of 810 nm. As the FWHM of the excitation is reduced,
the spectral intensity increases monotonically. This behavior
corresponds to narrowband excitation of the QCL.

These results are summarized in Fig. 4 that shows the
simulated bandstructure of the QCL, illustrating both the
conduction and valence bands. The THz laser transition takes
place within the conduction band, between the states in bold,
whereas the states in the miniband [width of approximately
12 meV (2.9 THz)] contribute essentially to transporting
electrons to the following period. Due to the heavier mass,
the holes are essentially confined to the quantum wells with
little or no delocalization. Taking a bandgap of 1.519 eV at 4
K and a calculated hole quantization of 2.7 meV of the low-
est lying state (highlighted in blue) leads to an excitation of
13.8 meV above the bottom of the conduction band for the
resonant excitation of 1.535 eV illustrated previously. This is
shown by the large arrow and the dashed black line. The
shaded gray region corresponds to a bandwidth of 3 THz of
the NIR excitation. It is clearly observed that an excitation of
1.535 eV and a bandwidth of 3 THz results in the excitation
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of mainly the miniband used for electronic transport. This
suggests that the origin of the THz pulses generated is
mainly due to charge oscillations within the miniband which
has been shown to generate a broad spectral response,7’8’]1
similar to that observed for photoconductive antennas. This
is supported by the observation of a photogenerated current
[Fig. 2(a)] and by the fact that beyond the laser shut-off
current (see Fig. 1) the THz spectral amplitude continues to
increase at low frequencies and maintains a broad spectral
response. Charge oscillations between the subbands involved
in the laser transition seems unlikely due to the small spec-
tral overlap of the femtosecond beam with the involved
states. This would be nonetheless difficult to decouple in the
current geometry from the amplification since this occurs at
the same frequency.

The THz fields generated could be significantly en-
hanced from their current values by optimization of the cav-
ity geometry. For example, in a regular photoconductive an-
tenna the THz field amplitude is proportional to the applied
field across the device and the latter is typically
~50 kV/cm. The applied field across the QCL during laser
action is ~1.5 kV/cm. By increasing the bias field across
the QCL, one increases the THz generated as shown in Figs.
1(a) and 2(b). If the bias field, however, is increased beyond
the shut-off current, no amplification occurs. Decoupling the
bias field on the facet from that of the QCL using a coupled
cavity scheme'” would circumvent this problem and poten-
tially allow the bias of the QCL to be varied independently of
the amplitude of the injected THz pulses from the facet. Fur-
thermore, the facet generation technique allows the possibil-
ity of using double metal cavities for THz pulse generation
and amplification, where coupling an external THz source is
challenging owing to their subwavelength dimensions.
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