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The spectral gain of a multi-stack terahertz quantum cascade laser, composed of three active
regions with emission frequencies centered at 2.3, 2.7, and 3.0 THz, is studied as a function of driv-
ing current and temperature using terahertz time-domain spectroscopy. The optical gain associated
with the particular quantum cascade stacks clamps at different driving currents and saturates to dif-
ferent values. We attribute these observations to varying pumping efficiencies of the respective
upper laser states and to frequency dependent optical losses. The multi-stack active region exhibits
a spectral gain full width at half-maximum of 1.1 THz. Bandwidth and spectral position of the
measured gain match with the broadband laser emission. As the laser action ceases with increasing
operating temperature, the gain at the dominant lasing frequency of 2.65 THz degrades sharply.
© 2014 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4901316]

The large variety of applications in the terahertz (THz)
frequency range, such as spectroscopy and imaging,' trig-
gered strong interest in developing powerful solid-state sour-
ces for coherent THz radiation. In terms of size, output
power, and efficiency, THz quantum cascade lasers
(QCLs)z’3 are the devices of choice to generate such radia-
tion. These electrically pumped semiconductor lasers are ca-
pable of delivering watt-level output power” and reach
maximum operating temperatures up to 200 K.® Dependent
on the specific application, it is essential to use single mode
lasers with high spectral purity, e.g. for local oscillators in
heterodyne receivers,” whereas for other applications, THz
QCLs with broadband gain media are highly desirable.
These range from THz amplifiers for time-domain spectros-
copy (TDS)® to tunable external-cavity lasers.” It has been
demonstrated that THz QCLs can be actively mode-locked
to produce transform limited THz pulses,'” and very
recently, that they can form a frequency comb, if the inherent
group velocity dispersion (GVD) is compensated.''
However, all these contributions have in common that they
use homogeneous active regions with a rather narrow gain
bandwidth, which in the case of Refs. 10 and 11, limits the
minimum duration of the mode-locked pulses to ~10 ps and
the continuously lasing comb bandwidth to ~300GHz. A
very promising approach to increase the bandwidth of QCLs
is to stack different active regions with individually designed
emission frequencies into a single waveguide. This concept
of heterogeneous active regions was initially applied to mid-
infrared QCLs12 and later adapted to THz QCLs, where
broadband lasing with bandwidths up to ~1 THz has been
demonstrated. "

Such heterogeneous active regions offer high design
freedom to shape the optical gain by changing the strength
and spectral separation of the individual optical transitions,
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as well as the number of cascades and their composition in
the waveguide. Because additional requirements, such as
identical threshold currents of the different stacks, make the
overall design very crucial, THz-TDS gain measurements
provide valuable information for bandstructure design and
consequently enable further improvement of heterogeneous
active regions.'*'> Gain measurements of a two-stack THz
QCL, processed in a single plasmon waveguide, were pre-
sented in Ref. 16. However, these devices show only two
color emission.

In this letter, we present a detailed characterization of an
ultra-broadband multi-stack THz QCL gain medium, con-
fined in a metal-metal waveguide. We analyze how the spec-
tral gain of the individual stacks develops with bias and
temperature and compare the measured intensity gain with
the broadband lasing spectrum under the same operating
conditions. The near unity confinement of the optical mode
and its almost homogeneous field distribution across the
entire active region, independent of emission frequency,
makes the metal-metal waveguide highly suitable for hetero-
geneous THz QCLs. In order to overcome the issue of the
very low coupling efficiency of the broadband THz pulses
into the sub-wavelength metal-metal waveguide, we employ
a coupled cavity geometry.'”"'®

The studied devices were fabricated from a nominally
identical quantum cascade design as presented in Ref. 13.
The GaAs/Aly 15GaggsAs heterostructure consists of three
active regions, designed for center frequencies at 2.3, 2.7,
and 3.0 THz, each grown with 80 periods, yielding a total
thickness of 17 um. Every stack is a rescaled version of a
four-quantum well longitudinal optical (LO) phonon depopu-
lation active region.'” In order to solve the electrical instabil-
ity issues of this active region (discussed in Ref. 13), the top
contact layer and the first stack with 40 periods of the
3.0THz quantum cascades were removed by reactive ion
etching (RIE). The metal-metal resonators of the
39 x 120 pm emitter section and the 1900 x 120 um QCL

© Author(s) 2014
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FIG. 1. Current-voltage characteristic at a heat sink temperature of 10K and
temperature dependent light-current characteristics of a coupled cavity de-
vice, processed in a metal-metal waveguide. The inset on the left side
depicts a coupled cavity device with near-infrared excitation of the THz
emitter.

gain section were defined by a dry etching process, self-
aligned to the top Ti/Au waveguide layer.”® A 3 pm wide
gap between the two sections ensures electrical insulation,
and yet maintains a high optical coupling efficiency.'’

Figure 1 shows the temperature dependent light-current-
voltage characteristic (LIV) of a typical coupled cavity de-
vice. For the sake of consistency of the LIVs with the later
presented THz-TDS bias dependent gain measurements, the
QCL section and the THz emitter section were synchro-
nously driven with a repetition rate of 10kHz and a duty
cycle of 10%. The QCL section showed lasing up to a heat-
sink temperature of 118K, with a threshold current density
of 390 A/cm? at 10K. The commonly used exponential rela-
tion Ji(T)=1Jo+J; exp(T/Ty) for the temperature depend-
ence of the threshold current density reveals a characteristic
temperature T, of 38 K.

Bias and temperature dependent gain measurements of
the heterogeneous active region were performed using a
standard THz-TDS setup. Near-infrared (NIR) laser pulses,
generated by a mode-locked Ti:Sapphire laser (~90 fs pulse
duration, 801 nm central wavelength, and 80 mW optical
power), were used to generate broadband THz pulses by
facet excitation of the integrated emitter. The mode of these
THz pulses efficiently couples into the gain section and prop-
agates through the metal-metal cavity. The radiation, emitted
from the QCL output facet, was collected by a 50 mm off-
axis parabolic mirror and focused onto a 1 mm thick ZnTe
(110) crystal for electro-optic detection of the THz electric
field.

In order to measure only the THz electric field that is
modulated by the QCL, and eliminate any radiation which
was not propagating through the metal-metal waveguide, a
double modulation scheme was used in an f/2f mode.'*'?
The emitter section was square wave modulated at a repeti-
tion rate of 20kHz and a duty cycle of 20%, whereas the
QCL gain section was independently modulated at 10 kHz
and a duty cycle of 10%. Due to the missing top contact
layer of the active region, the emitter section could be
reverse-biased with amplitudes up to —30 V, without driving
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a significant dark current through the structure. The detected
modulation signal exhibits frequency components up to
3.7 THz and reveals an SNR of 400 at 2.0 THz (not shown).
From the transmitted difference signal (QCL on—-QCL off)
and an additional reference signal (QCL off), the gain was
calculated from a 12.2 ps long window, containing the THz
pulse passing through the QCL gain section twice.

Figure 2(a) shows the measured intensity gain as a func-
tion of frequency at relevant current densities. The insets
indicate the particular operating points on the LIV curve. As
the applied current is increased towards the laser threshold,
the bandstructure of the 2.7 and 3.0 THz stacks start to align
and provide gain with the maximum at ~2.65 THz. At the
threshold current density of 390 A/cm?, the gain has a flat
top across ~500 GHz. Close to the operating point at which
the QCL exhibits the largest emission bandwidth
(560 A/cm?), all three stacks experience sufficient gain to ini-
tiate lasing and the full width at half-maximum (FWHM) of
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FIG. 2. (a) Measured spectral gain of the three-stack metal-metal QCL at
selected current densities and a heat-sink temperature of 10K. The insets
show the particular operating points on the LIV curve. (b) Bias dependent
gain at the center frequencies of the three quantum cascade structures. The
lasing threshold of the coupled cavity device is indicated by the vertical
dashed line.
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FIG. 3. Comparison of the intensity gain (THz-TDS), measured in a coupled cavity configuration, and the lasing spectrum (FTIR) of an optimized ultra-
broadband THz QCL without emitter section. The active region exhibits a gain with FWHM of 1.1 THz and a lasing bandwidth of ~1.15 THz.

the gain reaches a value of 1.1 THz. As the current is further
increased to the point of maximum QCL output power
(710 A/cm?), we observe a slight decrease of the peak gain,
but contrary to the measurements on the two-stack heteroge-
neous active region presented in Ref. 16, we do not see a
decrease of the gain FWHM with increased current densities.
Figure 2(b) displays the bias dependent gain at the center fre-
quencies of the three stacks. The gain values increase monot-
onically with the driving current and clamp to the frequency
dependent optical losses of the laser cavity. At the threshold
current density of the investigated device, indicated by the
dashed vertical line in Figure 2(b), the gain at 3.0 THz is
clamped to a value of 8.8 cm ™. Slightly above threshold, the
gain at 2.7 and 2.3 THz clamps to the value of 10.2cm ™"
and 7.4 cm™ ', respectively. The successive gain clamping of
the individual active regions, correlates with the successive
appearance of lasing modes centered at 3.0, 2.7, and
2.3THz, as observed in Ref. 13. Starting from 530 AJem?,
the gain is fully developed and all three stacks operate simul-
taneously. The fact that the gain at the respective center fre-
quencies do not saturate at identical current densities
suggests different parasitic scattering between the upper
laser state and the miniband for the three designs. The
observed slopes in the saturation curves increase with fre-
quency, which is in agreement with the expected increase of
the upper laser state pumping efficiency for QCL active
regions with higher emission energies. Furthermore, the dif-
ferent saturation values point out the frequency dependence
of the total losses. Waveguide losses of the metal-metal reso-
nators increase with frequency, explaining the higher
clamped gain values at 2.7 and 3.0 THz compared to
2.3 THz. In addition, photons with higher emission energies
are potentially reabsorbed due to intersubband transitions in
stacks with lower design frequencies. We attribute the high-
est clamped gain value at 2.7 THz to intersubband absorption
of the 2.7 THz photons in the 2.3 THz quantum cascade
structure.

A comparison of the measured spectral gain and the
emission spectrum of the ultra-broadband gain medium is
presented in Figure 3. The lasing spectrum was measured on
a single cavity metal-metal device, with similar dimensions
(2000 x 50 um) as the coupled cavity device, and acquired

with a commercial vacuum FTIR at its maximum spectral re-
solution (2.25 GHz). Both THz-TDS and FTIR measure-
ments were performed at identical operating conditions
(560 Afcm?, 10% duty cycle), at which the quantum cascade
structure exhibits the largest emission bandwidth. The maxi-
mum gain value of 10.2cm™"' coincides with the spectral
position of the strongest longitudinal mode at 2.65 THz, and
the adjacent local maxima at 2.35 and 3.01 THz correspond
to the design frequencies of the other two quantum cascade
structures. The device shows a lasing bandwidth of
~1.15THz within a —35dB intensity level, ranging from
2.09 to 3.25 THz. This correlates very well with the 1.1 THz
FWHM of the intensity gain, measured by THz-TDS. The
spectra further indicate inhomogeneous linewidth broaden-
ing, which is obvious for an active region built from three
different quantum cascade stacks. However, the gain sections
are not uncoupled since they are connected through carrier
injection. The moderate gain decline on the lower frequency
side and the presence of continuously occurring lasing
modes in this spectral region indicate the possibility of
expanding the gain bandwidth by increasing the number of
repetitions for the 2.3 THz active region, or by adding a
fourth stack with emission below 2.3 THz. This could lead to
an active region with gain bandwidth far beyond 1 THz and
would pave the way towards an octave spanning THz
QCL.*!

We performed temperature dependent THz-TDS meas-
urements to obtain information on the gain degradation at
elevated operating temperatures. The QCL gain section was
driven at the current density of 560 A/cm?, indicated by the
dashed vertical line in Figure 1. Time-domain traces of the
transmitted difference signal as a function of temperature are
displayed in Figure 4(a). The measured pulses exhibit long
lasting electric field oscillations, which arise from amplifica-
tion of the THz input pulses in the spectral region with posi-
tive gain. The decrease of the amplitude and extent of these
oscillations with temperature is the result of gain reduction.
To rule out temperature dependent effects of the photoex-
cited THz generation process in the emitter section, two air-
side pulses, measured at 10 and 120 K, are shown in the inset
of Figure 4(a). These pulses are generated in the emitter sec-
tion and are bound to the metal-air interface. They propagate
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FIG. 4. Temperature dependent THz-TDS measurements. (a) Difference sig-
nal transmitted through the QCL gain section. The curves are offset for
clarity. The inset shows air-side pulses at temperatures of 10 and 120K. (b)
Measured gain at 2.65 THz (dots) and linear fits of the corresponding data
points (lines) for lasing and non-lasing operation. The inset displays the evo-
lution of the lasing spectrum with temperature.

on the outer side of the metal-metal cavity, without interact-
ing with the gain medium.'” Thus, they directly indicate the
strength of the generated THz radiation. The effectively
identical amplitude of the pulses at 10 and 120K proves that
the generated THz strength is not affected by the change of
temperature.

Figure 4(b) displays the measured gain and the normal-
ized emission spectrum (see inset) as a function of heat-sink
temperature. As the operating temperature is increased, the
intensities of the individual lasing modes are reduced, and
the number of observed modes is decreased. At 90K, just
below the maximum operating temperature at the driving
current density of 560 A/cm?, the multi-stack device exhibits
single mode emission at 2.65 THz. Up to 90K, the gain at
the dominant lasing frequency of 2.65 THz is clamped to the
temperature dependent optical losses of the laser cavity and
slightly varies around the value of ~9cm™'. After the laser
action ceases, the measured gain rolls off sharply and
reaches zero at about 110 K. Based on these observations, we
conclude that the waveguide losses do not change signifi-
cantly within the operating temperature range. Hence, the
dominant mechanisms responsible for the gain degradation

Appl. Phys. Lett. 105, 181118 (2014)

at elevated temperatures are attributed to thermally activated
LO phonon emission and reduction of the injection efficien-
cies into the upper laser states.””** The steep gain decline of
2.8cm /10K, extracted from the linear fit of the measured
values between 90 and 120K (solid line), further indicates
that the maximum operating temperature of the present THz
QCL device cannot be significantly improved by lowering
the total optical losses of the laser cavity.

In conclusion, we have experimentally analyzed the bias
and temperature dependent gain formation of a multi-stack
terahertz quantum cascade laser, consisting of three different
active regions, with center frequencies at 2.3, 2.7, and
3.0THz. The bandstructure alignment of the individual
quantum cascade structures occurs at slightly different driv-
ing current densities. This consequently results in a succes-
sive gain clamping and gradual initiation of laser action for
the 3.0, 2.7, and 2.3 THz designs. We observe varying
clamped gain values among the three stacks and attribute
these to frequency dependent optical losses. Temperature de-
pendent measurements reveal no significant change of the
cavity losses within the operating temperature range and dis-
play a steep decline of the intersubband gain after laser
switch off. The performance of multi-stack terahertz quan-
tum cascade lasers, with respect to a more uniform intensity
distribution between the lasing modes, might be improved
by adjusting the spectral separation between the individual
optical transitions, as well as the composition and the
arrangement of the stacks in the metal-metal waveguide.
Furthermore, the observed moderate gain decline on the
lower frequency side suggests the addition of another active
region below 2.3 THz, with the aim of achieving lasing band-
widths well beyond 1 THz.
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