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Abstract—The voltage tunability of three types of quantum
cascade laser designs is investigated. The tuning coefficients and
tuning ranges of electroluminescence and laser emission from all
designs are measured and compared with the calculated results. A
reduced tunability was observed in all lasers above threshold. This
is attributed to the decrease of resistance across the laser active
region (AR) as the photon density increases. A resumed tunability
high above threshold occurs in all lasers with anticrossed injector
ground and upper laser states. Lasers based on the anticrossed
diagonal transition are tunable above threshold, with a tuning
range of about 30 cm~ (~3% of the laser emission wavenumber),
i.e., a tuning rate of 750 cm— V~ - period™ of the AR and the
injector.

Index Terms—Quantum cascade (QC) lasers, Stark effect, tun-
able lasers.

I. INTRODUCTION

UANTUM CASCADE (QC) lasers are ideal candidates
Q for midinfrared spectroscopy because their emission

wavelength can be designed in the mid-to-far-infrared
range from 2.7 to 24 um [1], [2]. A broad wavelength tuning
range is required for lasers in many applications. In the detec-
tion of multiple trace gases or chemical species with interfering
absorption features, for example, it is necessary to tune the laser
wavelength over a wide range. Broad tunability requires a gain
medium that can provide gain over a wide wavelength range.
Heterogeneous active regions [3] (ARs) or bound-to-continuum
designs [4] can be used to achieve a broader gain spectrum.
However, both come at the cost of the peak gain. An alternative
method would be a widely tunable gain spectrum.

\oltage tuning of QC lasers based on a strong linear Stark ef-
fect in quantum wells is expected to function at a much higher
tuning speed than the temperature tuning. The tuning coeffi-
cientis proportional to the spatial distance between the centroids
of the electron probability distributions of the upper and lower
laser states [5]. Theoretically, one can achieve very large tuning
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coefficients by increasing the spatial distance between the two
states. Faist et al. [6] demonstrated a broad tuning range of the
intersubband electroluminescence (EL) (over 220 cm~') in a
structure based on photon-assisted tunneling. However, above
threshold, the lasers are not tunable.

In this paper, we investigated the voltage tunability of the
prevailing QC laser designs based on anticrossed vertical and
diagonal transitions, which have the best performance in room
temperature continuous-wave (CW) operation. Both designs
make use of resonant tunneling to inject electrons from the
injector ground state into the upper laser state. We also compare
these designs with a sample based on a photon-assisted diagonal
transition AR. The paper is arranged as follows. Section Il gives
a detailed explanation of the experiments. Section 111 discusses
the tunability of intersubband EL, comparing the measured and
calculated results. In part IV, the tunability of lasers of all three
designs is studied. All lasers have reduced tunability above
threshold; however, lasers based on an anticrossed diagonal
transition AR can be tuned over 30 cm~! (3% of the laser emis-
sion wavenumber) above threshold with a tuning coefficient of
750 cm~1V~'period ™" of the AR and the injector because of a
resumed tunability. Section V is the conclusion.

Il. EXPERIMENT

The samples studied in this paper are based on three different
types of QC laser designs. Fig. 1(a) shows an anticrossed ver-
tical transition design (sample AVQ) [7]. Fig. 1(b) is an anti-
crossed diagonal transition design (sample ADQ) [8]. Both of
them are widely used at present in achieving high-performance
QC lasers. Fig. 1(c) shows a diagonal transition design based
on photon-assisted tunneling (“super” diagonal design, sample
SDQ) [9]. All three samples were processed into 200-pm-di-
ameter circular mesas. The mesas were etched past the active
core with slanted side walls to ensure that the EL would not
be impacted by any cavity effect; for each sample, ridge lasers
were also processed for different threshold current densities by
changing the width and the length of the laser cavity. All lasers
are based on a Fabry—Perot (FP) cavity with as-cleaved facets.
The EL from the mesas was measured at low temperature (80 K)
in pulsed mode (100-ns pulse width, 80 kHz) using a Fourier-
transform infrared spectrometer (FTIR) with a cooled HgCdTe
(MCT) detector. The EL of lasers below threshold and laser
spectra above threshold were also measured at the same condi-
tion. The low temperature and small duty cycle ensure that the
measured results are not impacted by thermal effects.

The peak wavenumber of the EL can be determined by fitting
the raw data with (if necessary, multiple) Gaussian or Lorentzian
peaks and selecting the peak value of the fitted curve, as shown
in Fig 2(a). The asymmetry of the EL is because of multiple
optical transitions that co-occur in the quantum well structures.
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Fig. 1. Conduction band diagram of a portion of the ARs and injectors and
the moduli squared of the relevant wave functions of (a) sample AVQ under an
average electric field of 75 kV/cm, (b) sample ADQ under an average electric
field of 43 kV/cm, and (c) sample SDQ under an average electric field of 100
kV/cm. The bold curves represent the upper and lower laser states. The arrows
indicate the respective laser transitions. The shaded regions indicate the doped
layers. All structures are calculated with a self-consistent Poisson-Schrddinger
solver.

Fig. 2(b) shows the spectra of a laser based on the anticrossed di-
agonal design (sample ADQ) at different injection current densi-
ties. The wavenumbers of the lasing spectra are around the main
peak of the EL, which corresponds to the transition between the
upper and lower laser states. The spectrum broadens as the cur-
rent density increases, splitting into two or three humps when
the driving current exceeds a certain value. This phenomenon
was found in most of the lasers measured in our study.

The broadening of the laser spectra has several reasons: spa-
tial hole burning, Rabi splitting [10], and wavelength-depen-
dent loss (introduced by material defect or waveguide nonuni-
formity, e.g.). To determine the tuning trend of the laser spectra,
we measured the wavenumbers on both sides at half-height of
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Fig. 2. (a) EL from a mesa based on the anticrossed diagonal design (sample
ADQ). (b) Spectra of a laser (sample ADQ) at different injection current densi-
ties. Both graphs are taken at K in pulsed mode.

the peak intensity and extracted the midpoint value for the laser
wavenumber. This method gives consistent results for lasers
based on the same design.

I1l. VOLTAGE TUNABILITY OF EL

As mentioned previously, the voltage tuning of the inter-
subband EL is a consequence of the linear Stark effect in the
quantum wells. The EL tuning coefficient is proportional to the
spatial distance between the two transition states [5], [6]

dFpn
dF

= q(z1 — zu) @)

where Ey, is the transition energy, F' is the electrical field in the
AR, ¢ is the electron charge, and z;, z,, are the coordinates of the
centroids of the electron probability distributions at the lower
and upper laser states, respectively. The electron probability
distributions change with applied electric fields. Therefore, we
employ a self-consistent Poisson-Schrddinger solver to calcu-
late the band structure at different electric fields, considering
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Fig. 3. (a) Anticrossed vertical design (sample AVQ). (b) Antirossed diagonal
design (sample ADQ). (c) “Super” diagonal design (sample SDQ). Calculated
peak EL wavenumber (solid lines) and measured peak EL and laser emission
wavenumbers (symbols) as functions of the voltage drop per period of the AR
and the injector (bottom axis) and the average electric field (top axis). All ex-
perimental data are measured at 80 K in pulsed mode.

the impact of electron distribution on the local electric field ac-
cording to the Gauss law. The results are shown in Fig. 3(a)-(c)
for the anticrossed vertical design, anticrossed diagonal design,
and ““super’’ diagonal design, respectively.

The measured EL peak wavenumbers of mesas are also
shown in Fig. 3 as functions of the voltage drop over each
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TABLE |
TUNING COEFFICIENTS OF ELECTROLUMINESCENCE

period of the AR and the injector for all three structures. The
corresponding average electric field over the injectors and ARs
is also given on the top axes. The tuning coefficient can be
calculated as

dEp,  dEyy
dF  d @
where is the voltage over one period, s the length of one
period, and F. is the average electric field over the AR and the
injector in the core of the QC laser structure. Both calculated and
measured EL tuning coefficients for all three samples are shown
in Table I. The measured results show that the “super” diagonal
design has the largest tuning coefficient, followed by the anti-
crossed diagonal design, while the anticrossed vertical design
has the smallest tuning coefficient. However, the calculated re-
sults show the largest tuning coefficient for the anticrossed di-
agonal design and the smallest tuning coefficient for the “super”
diagonal design. This overestimation of tuning coefficients for
the anticrossed designs has also been found by Mdller et al. [11].

For the anticrossed vertical and diagonal designs, the upper
and lower laser states are widely distributed across the quantum
wells when they come into anticrossing with the injector states,
which results in a very large spatial distance between the upper
and lower laser states. However, because of various scattering
mechanisms that are not included in the calculation, the electron
probability distributions are more localized than calculated. If
we take this into consideration, a smaller spatial distance is ex-
pected. Therefore, the real tuning coefficients are smaller than
the calculated results.

We also notice that for some designs, the tuning coefficients
change with the applied voltage. For example, the anticrossed
vertical design has a much larger tuning coefficient for an ap-
plied voltage per period below 0.33 V than for the voltage above
that. The likely reason is the electron screening, as mentioned in
[6]. When the applied voltage is low, more and more extrinsic
electrons from the doped region relax to the injection barrier
as the voltage is increased. As a result, the positive charge in
the doped region and the extrinsic electrons generate a stronger
built-in electric field, which is in the opposite direction to the ap-
plied field. This leads to a smaller increase of electric field in the
injectors but a larger increase of electrical field in the AR. In the
following, this voltage range will be referred as the screening re-
gion. When the voltage is large enough, most of the electrons are
accumulated in front of the injection barrier. A further increase
in voltage will lead to little change in the electron distribution.

Authorized licensed use limited to: Princeton University. Downloaded on December 18, 2009 at 08:38 from IEEE Xplore. Restrictions apply.















