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A novel quantum cascade laser design with “two-step” coupling between the injector and the upper
laser state is demonstrated to achieve a widely voltage-tunable laser spectrum. Electroluminescence
from this design can be tuned over a range of more than 200 cm™' with a tuning coefficient of

~700 cm™!/V per stage. Lasers based on this design provide a tuning range of ~100 cm™

1

(8.3—9 wm) above threshold with a tuning coefficient of ~900 cm™'/V per stage at a constant
temperature of 295 K. © 2009 American Institute of Physics. [DOI: 10.1063/1.3179165]

The midinfrared (mid-IR) spectral range is of particular
interest for applications such as gas analysis and chemical
sensing. ! Quantum cascade (QC) lasers are versatile mid-IR
light sources because the wavelength can be designed from
2.7 to 24 ,um > In many applications, such as detecting
multiple trace gases or chemical species with interfering ab-
sorption features, a broad wavelength tuning range is re-
quired. The prevailing tuning techniques for QC lasers are
essentially based on temperature tuning or mechanical tun-
ing. The former has a very limited tuning range (~10 cm™!
over the TE cooler temperature range with a tuning rate of
~0.1-0.13 cm™'/K).” The latter has a wide tuning range;
however, the setup requires well-aligned external
components.4 An alternative way is to tune the laser spectra
by simply changing the voltage applied on a QC laser.
Widely voltage-tunable intersubband electroluminescence
(EL) has been observed in various QC laser designs (the
tuning ranges are about 100—200 cm™') because of the Stark
effect in coupled quantum wells.” Moreover, to achieve
widely tunable single mode QC lasers, a broad gain spectrum
is essential.* Heterogeneous active reglons7 or bound-to-
continuum de51gns can be used to achieve a broad gain
spectrum. However, both come at the cost of the peak gain.
Voltage tuning of QC laser gain spectra, on the other hand,
covers a broad wavelength range without sacrificing the peak
gain since it tunes a narrow gain spectrum over a wide range.

In a previous study,5 we investigated the voltage tunabil-
ity of the prevailing QC laser designs based on the anti-
crossed vertical and diagonal transitions as well as the
photon-assisted diagonal transition. All designs display
voltage-tunable EL. However, lasers based on the anticrossed
vertical transition and photon-assisted diagonal transition are
not tunable above threshold, while lasers based on an anti-
crossed diagonal transition active region have a tuning range
of about 30 cm™' above threshold at 80 K, much smaller
than that of the EL over the same voltage range, which is
60—70 cm™!. The reason of the smaller tuning range for la-
sers lies in the stimulated emission that drives electrons
across the active region.9 In conventional QC laser designs,
most of the electrons accumulate at the lowest injector state
and the upper laser state. Below threshold, the electrons tran-
sit across the active region mainly via longitudinal-optical
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(LO) phonon scattering. Above threshold, as the light inten-
sity inside the cavity becomes stronger and stronger, elec-
trons transit across the active region faster and faster via
stimulated emission. As a result, the voltage over the active
region does not increase as fast any more.

In this letter, we demonstrate a novel QC laser design
based on “two-step” coupling between the injector and active
region to provide a wide wavelength tuning range for lasers
above threshold by simply changing the applied voltage. A
portion of the conduction band of this design is shown in
Fig. 1. It is based on a two-phonon resonance diagonal tran-
sition active region. A coupling state (c) is inserted between
the injector ground state (g) and the upper laser state (). The
scattering lifetime (dominated by LO phonon scattering)
from the injector states to the coupling state is about 1.5 ps,
while the upper laser state scattering lifetime is about 3 ps. In
this way, the electron transit across the active region via the
stimulated emission above threshold slows down so that the
decrease of the differential resistance in the active region is
not as fast as the conventional designs when the applied volt-
age increases. Besides, the coupling state and the upper laser
state are strongly coupled, with an energy splitting at reso-
nance of about 11.2 meV. All these features result in a larger
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FIG. 1. (Color online) Conduction-band diagram of a portion of the active
regions and injectors and the moduli squared of the relevant wave functions
of the two-step coupling design under an electric field of 50 kV/cm. The
designed emission wavelength is around 8.8 um at RT. The layer sequence
of one period (starting from the injection barrier, in angstrom) is 44/24/16/
52/12 /50/13/43/23/31/17/29/18/28/19/26/20/25/22/24 /25/25/28/29, where
In, 5,Alj 43As barrier layers are in bold, In, 5;Ga, 4;As well layers are in
normal font, and the underlined layers are doped (Si, 1 X 10'7 cm™).
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FIG. 2. (Color online) (a) EL from a mesa and (b) spectra of a laser based
on the two-step coupling design as functions of the applied voltage per
period of active region and injector. All data are taken at 7=295 K in
pulsed mode.

dynamic voltage range over the active region above thresh-
old.

The laser was grown by metal-organic chemical vapor
deposition on a low-doped InP substrate. The active core
includes 37 periods of injector and active region. A 3 um
InP (Si5X10' cm™) buffer layer was grown below the
active region; 2.6 um InP (Si 5X 10 cm™) and 1 wm InP
(Si8x 10" cm™) layers were grown above the active core
as the upper cladding, followed by a 100 A thick layer of InP
(Si2x 10" cm™) and a final 100 A thick layer of InGaAs
(Si 5% 10" cm™) as the contact layer.

The wafer was processed into 200 um diameter circular
mesas and deep-etched ridge lasers. The mesas were etched
just past the active core with slanted side walls to ensure that
the EL would not be impacted by any cavity effect; they
were cleaved in half to couple light out. Both conventional
ridge lasers (8—15 wum wide) and wide ridge (30 and
60 wm wide) lasers were processed. All lasers have Fabry—
Pérot cavities with as-cleaved facets and cavity lengths of
1-3 mm. The wide ridge lasers were also cleaved along the
laser ridge to measure the EL emitted from the direction
orthogonal to the laser ridge.10

EL from the mesas and lasers was measured in pulsed
mode (with 100 or 45 ns pulse width, 80 kHz repetition rate)
using a Fourier-transform IR spectrometer with a cooled
HgCdTe detector. The laser spectra above threshold were
also measured under the same conditions. The low duty cycle
ensures that the measurement results are not impacted by
thermal effects, such as thermal tuning.

Figure 2(a) shows the EL at room temperature
(~295 K) from a mesa as a function of voltage per stage.
The peak wavenumber of the EL can be determined by fittin
the raw data with (if necessary, multiple) Lorentzian peaks.
The spectra for a laser from threshold to the power rollover
point are shown in [Fig. 2(b)]. To determine the tuning trend
of the laser spectra, we measured the wavenumbers on both
sides at 10% height of the peak intensity and extracted the
midpoint value for the laser wavenumber (the validity of this
method will be discussed later). Both the EL peak and laser
wavenumbers are shown in Fig. 3, as functions of voltage
per stage. The tuning rate of the EL is ~700 cm™'/V, which
fits well with the calculated results using a self-consistent
Schrodinger—Poisson solver, also shown in Fig. 3. The laser
spectra are as tunable as the EL below threshold, followed by
a reduced tunability at threshold. The tunability resumes at
~20% above the threshold current density. The tuning rate
of the laser spectra above threshold is even higher than that
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FIG. 3. (Color online) Calculated (solid line) and measured (line
+triangles) EL peak wavenumbers from a mesa as well as measured laser
emission wavenumbers (line+squares/circles) from laser 1 (1.5 mm cavity
length and 12 wm ridge width) and laser 2 (1.5 mm cavity length and
14 pm ridge width) as functions of voltage per period of active region and
injector. The arrows indicate the laser thresholds. All experimental results
are taken at room temperature (7=295 K) in pulsed mode.

of the EL, about 900 ¢cm~!/V. The total tuning range of
lasers above threshold is about 80—100 cm™', which is as
wide as that of the EL over the same voltage range above
laser threshold.

In order to compare the laser wavenumbers obtained by
the method mentioned above with the peak wavenumbers of
the laser gain spectra, we measured the EL from the direction
orthogonal to the laser ridge10 below and above threshold. A
typical EL measured from such a laser above threshold is
shown in the inset of Fig. 4. The narrow emission peak is
because of the scattered stimulated emission from defects
inside the laser cavity. To obtain the EL peak, the laser emis-
sion peak is removed and the rest of the data are fitted with
multiple Lorentzians. The peak wavenumber of the gain
spectrum is determined by the peak of the fitted curve. The
gain spectra peak and laser wavenumbers (obtained from la-
ser spectra by the method mentioned above) for a typical
laser are compared in Fig. 4, as a function of injection cur-
rent. One can see that they display almost the same wave-
numbers and tuning behavior.

From the tuning behavior of the laser spectra, we can
conclude that this design has a much earlier resumed tunabil-
ity than the conventional anticrossed diagonal designs.5 As
mentioned earlier, the reason lies in the two-step injection
scheme. The lasers still see a drop of differential resistance at
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FIG. 4. (Color online) EL peak wavenumbers and laser emission wavenum-
bers measured from the direction orthogonal to the laser ridge. All experi-
mental data were measured at room temperature (~295 K) in pulsed mode
(80 kHz, 45 ns pulse width). The figure inset shows the intersubband EL
detected from a laser 20% above threshold and the fitted curve.
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FIG. 5. (Color online) (a) Measured voltage and light versus current density
(LJV) characteristics and differential resistance of a laser as well as JV
characteristics of a mesa. All data were measured at 7=295 K in pulsed
mode. (b) Calculated effective upper laser state lifetime as a function of
applied voltage for the two-step coupling design and a comparable conven-
tional laser design.

threshold, as shown in [Fig. 5(a)], indicating a dramatic de-
crease of the upper laser state lifetime (7, including the scat-
tering lifetime and stimulated emission lifetime) because of
the stimulated emission. However, as 7, decreases until it is
shorter than the scattering lifetime between the injector states
and the coupling state, more electrons will accumulate in the
injectors and less electrons in the upper laser state and the
coupling state. As a result, the light intensity is not increased
as fast as the applied voltage increases; therefore the drop of
7, and the differential resistance over the active region slows
down. This can be verified by the calculated results of 7,
using a rate equation model for the two-step coupling design
and a conventional design with parameters obtained from the
Schrédinger—Poisson solver,!' as shown in [Fig. 5(b)]. The
slow down of the decrease of the upper laser state lifetime
and the electron accumulation in the injectors leads to a
higher voltage increase over the active region but a lower
voltage increase over the injectors. Moreover, this design has
a larger dynamic voltage range compared with the conven-
tional anticrossed diagonal designs, as one can see from the
light-voltage-current density characteristics shown in [Fig.
5(a)]. The voltage range from the laser threshold to rollover
point is almost 30% of the applied voltage at threshold, com-
pared with less than 10% for conventional designs.5 Simply
stated, a larger voltage dynamic range and larger voltage
increase over the active region contribute to a wider voltage-
induced wavelength tuning range, i.e., ~100 cm™'.

The performance of QC lasers is always a key issue in
real world applications. Lasers based on the two-step cou-
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pling design have comparable output power (more than 1.4
W double-facet output from a 3 mm long, 15 wm wide ridge
laser) and slope efficiency (~1 W/A) as well as tempera-
ture performance (T,=170 K) with the best reported QC
lasers at similar wavelengths.12 However, they show a higher
threshold current density (~3.5 kA/cm? at T=295 K). We
attribute this to an early turn-on voltage and concomitant
leakage current because of the electron transition from the
coupling state to the lower states in the active region before
achieving the strong tunneling between the coupling state
and the injector states. Further improvement on the structure
will optimize the gain for a lower applied voltage and reduce
the doping density.

In conclusion, we have demonstrated a QC laser design
based on two-step coupling to achieve widely voltage-
tunable QC lasers. Electroluminescence from this design has
a tuning range over 200 cm™'; lasers based on this design
can be tuned over ~100 cm™' above threshold at a constant
temperature 7=295 K, which is about a threefold increase
compared with earlier designs.
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