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The spectral gain of bound-to-continuum terahertz quantum cascade lasers �QCLs� is measured as
a function of current density using terahertz time-domain spectroscopy. During lasing action the full
width at half maximum �FWHM� of the gain is found to monotonically decrease with increasing
current density until lasing action stops at which point the FWHM reaches a minimum �0.22 THz
for a laser operating at 2.1 THz�. Band structure calculations show that the spectral gain narrowing
is due to the alignment and misalignment of the injector with the active region as a function of the
applied bias field. © 2008 American Institute of Physics. �DOI: 10.1063/1.2979682�

Important progress on terahertz quantum cascade lasers
�QCLs� has been achieved in the last few years leading to
long wavelength,1 high power,2 low current,3 and high tem-
perature operation.4 In order to realize further improvements,
a better understanding of the gain formation mechanism and
its limiting factors is needed. To this end it is necessary to
perform detailed measurements of the gain including its
spectral shape. Previous gain studies for mid-infrared QCLs
have used electroluminescence and a coupled cavity
scheme.5 However, in the THz regime such electrolumines-
cence based studies are difficult because of the reduced spon-
taneous emission at longer wavelengths. Multiple probe
pulses coupled into the QCL’s end facets can also be used to
investigate the temporal dynamics of the gain. Coherent
population transfer and gain saturation have been observed
with this technique in the mid-infrared.6,7 Recently, terahertz
time-domain spectroscopy �TDS� has been shown to be a
powerful technique to measure the gain spectra in QCLs.8,9

Here, a broadband terahertz probe pulse is coupled into the
QCL, and the gain is determined from the electric field of the
transmitted pulses.

In this letter terahertz TDS is used to investigate the
linewidth of the spectral gain as a function of current density.
Two terahertz QCL lasers with different bound-to-continuum
designs are studied, one operating at 2.1 THz �Ref. 10� and
the other at 2.9 THz �Ref. 11�. We observe a decrease in the
full width at half maximum �FWHM� of the gain as the
current density is increased from threshold. After the laser
reaches maximum power, this gain narrowing increases
sharply until laser action ceases. By calculating the band
structure for different bias fields, we show that the gain nar-
rowing is a consequence of a misalignment of the upper state
of the laser transition with the injector miniband.

The 2.1 THz �2.9 THz� sample has an active region
thickness of 14 �m �12 �m�, and a ridge width of 230 �m
�212 �m�. Details on the design, processing, and perfor-
mance can be found elsewhere.10,11 Samples were cleaved
into 3 mm long laser bar and bonded with indium to Au-

coated copper holders, which are then mounted onto a cold
finger of a continuous flow helium cryostat.

The terahertz probe pulses are generated using a mode-
locked femtosecond Ti:sapphire laser and a photoconductive
antenna.12 The terahertz pulses are then collimated and refo-
cused with parabolic mirrors onto the facet of the QCLs in
the cryostat. After passing through the QCLs, the transmitted
terahertz probe pulses are detected using free space electro-
optic sampling �200 �m ZnTe crystal�.9

A great advantage of this technique is that the phase of
the emitted QCL radiation is not locked in time with respect
to the femtosecond probe beam; therefore, no electro-optic
signal is detected from the QCL emission, allowing spectral
investigations below and above laser threshold. This would
not be possible with an intensity-based detection technique
since the QCL emission incident on the detector would be
several orders of magnitude greater than the terahertz probe
pulses.

The QCL is modulated with 10 �s electrical pulses with
a period of 40 �s. The antenna is modulated with 10 �s
electrical pulses with a period of 20 �s such that the QCL
was on and then off for every other antenna pulse. The gain
spectra can then be derived using the difference field �QCL
on and off� and a reference field.9 The terahertz field coupled
into the device is less than 10 V/cm, much less than the
internal fields of the QCL.

Figure 1�a� shows the transmitted difference field for
various current densities for the 2.1 THz QCL. Oscillations
of the electric field are observed, that are due to the ampli-
fication of the input pulse at the QCL gain. �Very few field
oscillations are observed for low current densities
�30 A /cm2��. At the threshold current �Jth=89 A /cm2� the
field oscillations die out quickly. As the current density �and
hence the bias field� is increased more and longer lasting
oscillations are observed. At the laser shutoff current
�136 A /cm2�, the field oscillations last almost twice as long
as at threshold, indicating a reduction in the spectral width.
The gain spectra of the 2.1 THz device are shown in Fig.
1�b�, clearly showing peak gain at 2.1 THz. As the applied
bias is increased the linewidth of the main peak at 2.1 THz
decreases. This can also be seen in the inset of Fig. 1�b�,
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which shows the Fourier transform of the difference field.
Besides the main peak at 2.1 THz, a shoulder near 1.6–1.7
THz is present, which appears to be an artifact of a small dip
in the reference pulse near 1.6 THz. A broad absorption fea-
ture for frequencies greater then 2.5 THz is also present.

Figure 2�a� shows the V-I and L-I curves of the 2.1 THz
laser. Figure 2�b� shows the gain at the laser frequency and
the FWHM of the gain as a function of current density. Be-
low threshold the gain of the laser increases sharply after
60 A /cm2 as the structure begins to align. The measured
gain clamps near threshold �93 A /cm2� at 11 cm−1 due to
laser action. The gain remains constant until approximately
136 A /cm2 �where laser action ceases�, after which it de-
creases rapidly. A point to note is that the voltage does not
clamp in these devices, even when taking into account the
contact resistance, as the population of the excited laser state
is not fixed.13

Regarding the FWHM, as the band structure aligns after
60 A /cm2 the linewidth of the spectral gain decreases as the
gain rapidly increases. Near laser threshold there appears to
be a discontinuity in the derivative of FWHM with respect to

current density �dFWHM /dJ� as gain clamping begins. Be-
yond this point the FWHM decreases at a much slower rate
until the laser power saturates at 114 A /cm2. As soon as the
power begins to decrease, a much sharper decrease in the
FWHM is observed until it reaches a minimium of 0.22 THz
at the shutoff current density of the QCL �136 A /cm2�.

Figure 3 shows V-I and L-I curves of the 2.9 THz laser
along with the maximum spectral gain, the gain at the lasing
frequency, and the FWHM of the spectral gain. As in the
case of the 2.1 THz laser, before threshold the gain increases
and the linewidth decreases until the gain clamps near
threshold �104 A /cm2� at 7 cm−1. At which point the de-
rivative of the FWHM with respect to current density
�dFWHM /dJ� undergoes a discontinuity as seen above. After
maximum output power �174 A /cm2�, the FWHM decreases
at a much greater rate with current density until a minimum
linewidth of 0.12 THz is reached at the laser shutoff current
of 199 A /cm2.

For both the 2.1 and 2.9 THz QCLs the spectral gain
width narrows during lasing action and decreases dramati-
cally after peak power emission. We qualitatively explain
these results in terms of the alignment and misalignment of
the wave functions with applied bias. Figures 4�a�–4�c� show
the band structure of the 2.1 THz structure for bias fields of
1.5, 1.9, and 2.3 kV/cm, respectively, along with their corre-
sponding moduli squared wave functions. The upper laser
states �labeled L1, L2, and L� are red and the miniband states
are blue. The active region �where the bulk of the lasing
transition’s wave functions overlap� consists of three wells
separated by two thin barriers. It is indicated by the horizon-
tal arrows in Figs. 4�a�–4�c�. The injector miniband states are
coupled to the upper laser state via a 50 nm injector well—
the pink shaded region in Figs. 4�a�–4�c�. The injector state
in green �labeled i in Figs. 4�a�–4�c� is mainly confined to
this 50 nm injector well. A simplified schematic of the band
structures �in Figs. 4�d�–4�f�� indicates the position of the
upper laser state with respect to the injector miniband for
each of the band structures in Figs. 4�a�–4�c�.
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FIG. 1. �Color online� �a� Difference electric fields �EQCL ON−EQCL OFF� of
the 2.1 THz QCL for various current densities. 89 A /cm2 and 136 A /cm2

correspond to the laser threshold and the laser shut-off point. �b� Measured
spectral gain of the 2.1 THz QCL for various current densities. The insert
shows the Fourier transform of the difference fields of �a�.
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FIG. 2. �Color online� �a� V-I and L-I curves of the 2.1 THz laser at 4.2K.
�b� Spectral gain at the laser frequency and FWHM of the gain as a function
of the current density at 4.2 K. The vertical dashed lines correspond to, from
left to right, laser threshold, peak power output, and laser shutoff.
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FIG. 3. �Color online� �a� The V-I and L-I curves of the 2.9 THz laser at
10K. �b� Spectral gain at the laser frequency and FWHM of the gain as a
function of the current density at 10 K. The vertical dashed lines correspond
to, from left to right, laser threshold, peak power output, and laser shutoff.
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For low bias fields the upper laser state is aligned with
the lower region of the injector miniband as shown in Figs.
4�a� and 4�d� for a field of 1.5 kV/cm. The laser state
strongly couples to the closest miniband state, which forms
two strongly coupled states �L1 and L2 in Fig. 4�a�� in the
active region. The injector state �labeled i� is below levels L1
and L2 in Fig. 4�a�, and is weakly coupled to them, indicat-
ing nonoptimal injection efficiency.

As the applied bias is increased the injector miniband is
shifted to higher energies with respect to the upper laser
states. For some bias, the laser state will be aligned with the
lowest energy state of the injector miniband �the injector
state� as shown in Fig. 4�e�. In Fig. 4�b� at a bias field of 1.9
kV/cm, the laser state is strongly coupled to the injector
state.14 Indeed it is difficult to distinguish between the injec-
tor and laser states in Fig. 4�b�. The strong coupling between
the laser and injector states corresponds to resonant current
injection13 into the upper laser level �i.e., the fastest pumping
rate� and the maximum emitted power from the QCL.

For bias fields greater than the optimum bias, the injector
miniband moves above the upper laser state as shown in Fig.
4�f�. This results in a misalignment in the structure, a de-
crease in the injection efficiency, and hence a drop in the
emitted QCL power. This is shown in Fig. 4�c� for a field of
2.3 kV/cm, where the laser state is below the injector state,
and the injector and laser states have become uncoupled.
Indeed, the oscillator strength between the injector and the
lower laser state �labeled g in Figs. 4�a�–4�c�� decreases from
a maximum of 10 at a field of 1.9 kV/cm to less than 3 at 2.3
kV/cm. The oscillator strength between the upper and lower
laser states changes from 17 at 1.9 kV/cm to 24 at 2.3 kV/

cm. Thus for bias fields higher than the optimal injection
�i.e., after 1.9 kV/cm, shown in Fig. 4�b�� a single upper laser
state contributes to the gain.

Therefore, the observed narrowing of the spectral gain
width after maximum power is attributed to the formation of
single upper laser level. This is in contrast to lower biases,
where several highly coupled levels will contribute to the
lasing transition. The energy splitting between the strongly
coupled levels will increase the width of spectral gain vis-a-
vis a single upper laser state. Indeed using a broadening of
the gain spectra �0.3 THz� and the dipole moments of each
transition, the expected gain spectra are shown in the insets
of Figs. 4�d�–4�f� showing gain narrowing as the field is
increased. Band structure simulations of the 2.9 THz QCL
show a similar effect.

The broad absorption beyond 2.5 THz for the 2.1 THz
QCL �Fig. 1�b�� could be due to transitions from the upper
lasing states to the first excited miniband levels �not shown
in Fig. 4�. These features are, however, at the limit of our
measuring technique, which only has a spectral response to
�3.3 THz.

In conclusion, narrowing of the gain spectrum with in-
creasing current density has been observed above laser
threshold in 2.1 and 2.9 THz bound-to-continuum QCLs us-
ing terahertz TDS. The narrowing of the gain spectra is ex-
plained in terms of the coupling between the upper laser state
and states in the injector miniband. These investigations
should have an impact on future QCL designs as well as an
increased understanding of the injector-laser state coupling.
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