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We experimentally study the optical transition width and current transport properties of a set of
��8.0 �m quantum cascade �QC� structures with varying injector barrier thickness and doping
level. For this high-performance QC laser structure, a 50% reduction in doping level and a 33%
reduction in injection barrier thickness yield five times stronger luminescence, 20% smaller optical
transition linewidth, and improved current-voltage characteristics. These results demonstrate how
high-performance QC laser structures can be engineered to produce narrow gain spectra at and
above room temperature. © 2008 American Institute of Physics. �DOI: 10.1063/1.3028013�

Improved midinfrared quantum cascade �QC� laser per-
formance has been accomplished by innovations both in con-
duction band design1 and fabrication.2 Continued improve-
ments in design require a detailed understanding of all
factors that influence the temperature dependent gain. The
optical transition width is a frequently overlooked compo-
nent of the gain because it is often ascribed to material and
interface quality alone. In this study, we examine the optical
transition width as a function of two design parameters—the
injector barrier thickness and injector doping level.

Optical gain is inversely proportional to the optical tran-
sition width 2�32. In semiconductor diode lasers, the broad-
ening of the transition is due to the opposite sign of the
effective mass of electrons and holes, causing a wide range
of allowable energy transitions. The minibands of QC lasers,
however, can be considered almost parallel in energy-
momentum �E-k� space so that intersubband transition
broadening is not due to electron dispersion. A ��8.0 �m
QC laser has a photon energy of about 155 meV and a typi-
cal optical transition width of approximately 15 meV, ap-
proximately 10% of the photon energy. The longitudinal op-
tical phonon scattering lifetime for electrons in the upper
laser level is on the order of 5 ps and should only contribute
�2 meV of broadening to the transition, which is an order
of magnitude smaller than what is seen in experiment. The
significant portion of the transition broadening is thus from
another source, and is frequently attributed to interface
roughness scattering.3–5 However, as seen in previous work,6

the full width at half maximum �FWHM� of the optical tran-
sition �2�32� is both a function of current and temperature.
Interface roughness scattering, however, should be largely
independent of current density and temperature. Therefore,
additional broadening mechanisms are contributing to the
FWHM of the optical transition as a function of current den-
sity and temperature.

Possible sources of temperature and current dependent
effects on the FWHM of the optical transition include band

nonparabolicity in E-k space and a change in the alignment
of minibands with changing field. Band nonparabolicity re-
sults in an increased transition width when more carriers are
present or the carriers are distributed over a large range of
k-space values �occurring at higher doping levels, tempera-
ture, and pump currents�. The alignment of energy levels in
the active region is primarily a function of injector barrier
thickness, which has previously been used to control the
FWHM of GaAs/AlGaAs QC structures.7 For this experi-
ment, we examine the optical transition width as a function
of doping level, injector barrier thickness, current, and tem-
perature in an effort to engineer the minimum of the FWHM
at laser threshold, which does not necessarily occur in cur-
rent QC structures.6

Four samples were grown back to back by molecular
beam epitaxy with a similar conduction band structure to one
reported previously,8 an 8.2 �m QC laser, shown in Fig. 1.
The four samples have varying injector doping levels and
thickness of the injector barrier as described in Table I.

The devices consisted of 20 periods of active regions
and injectors capped by 0.5 �m of GaInAs all lattice
matched to InP. No waveguide layers were grown. The de-
vices were fabricated as circular mesas, �200 �m in diam-
eter, with a top Ti/Au electrical contact and the bottom elec-
trical contact made through the substrate. The samples were

a�Electronic mail: showard@princeton.edu. FIG. 1. Conduction band energy diagram for the samples in this study.
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cleaved such that �75% of the circular mesa remained with
the cleaved facet as the edge emitter.

The voltage versus current characteristics of the samples
were measured using 100 ns pulses at 3 kHz; the results are
shown in Fig. 2�a�. Stark-effect features �“steps” marked
with an asterisk� present in the low doped samples indicate
energy level misalignment at higher fields as described in
previous work.9 The low doped thin injection barrier sample
also exhibits a high differential resistance region and indirect
injection into the upper laser level via higher energy states.
The increased differential resistance seen at �6–7 V in the
low doped samples could be controlled �and minimized� by a
combination of injection barrier thickness and doping level
of the injector. The devices all have a voltage turn on of
�4 V. After turn on, the low doped samples have higher
differential resistances than their higher doped counterparts.
The devices exhibit lower differential resistance when the
injection barrier is thinner for the same doping level. Overall,
the best current transport �lowest differential resistance and
avoiding Stark-effect voltage steps� occurs for the thin bar-
rier high doped sample.

The electroluminescence �EL� spectra of the four
samples are measured with a Thermo-Fisher Fourier trans-
form infrared spectrometer in step scan mode while operat-
ing the device with �1 �s pulses at 80 kHz repetition rate.
First, the EL from a representative sample is analyzed to
correlate the energy levels in the design to the measured

optical transitions. Second, the four samples are compared
first at the same temperature and pump current, and finally at
the same temperature and different pump current densities.

The temperature dependent EL spectra of a representa-
tive sample from wafer D3294 are presented in Fig. 2�b�.
The fundamental transitions shift to lower energy with in-
creasing temperature due to a decrease in the conduction
band offset. The increase in the strength of the 1300 cm−1

with increasing temperature implies that it is thermally acti-
vated and is attributed to the 4→2 transition, which also
agrees well with the transition calculated from the band
structure. High temperatures �300 K� show transitions from
electrons that were thermally excited into the continuum.

The EL spectra for different current densities and
samples are presented in Figs. 2�c�–2�f�. The thin barrier
samples show nearly six times higher peak intensity than the
thick barrier samples, indicating a larger number of carriers
making the optical transition for the same current density.
The fundamental �3→2� transition is clearly evident at
�1200 cm−1 as well as higher energy transitions at
�1350 cm−1 �4→2� and 1900 cm−1. The higher energy
transitions correspond to electron populations that do not
contribute to the fundamental transition. Higher doped
samples also show stronger 4→2 transitions than lower
doped samples, indicating an increase in the number of elec-
trons populating higher energy levels with an increase in
doping. Additionally, thin barrier samples show a relatively
stronger high energy→2 transition at 1900 cm−1 as elec-
trons tunnel more easily into the continuum than in thick
barrier structures. In agreement with previous work,10 the
luminescence wavelength of a 4 nm injection barrier does
not depend on doping density, which is different from the
dependence of the observed lasing wavelength on doping
density in GaAs/AlGaAs structures.11 The low doped thin

TABLE I. Sample number and corresponding doping level and injector
barrier thickness.

n2D=1�1011 cm−2 n2D=2�1011 cm−2

tinject.barrier=40 Å D322� D3294�

tinject.barrier=60 Å D3295� D3295�

FIG. 2. �Color online� �a� Pulsed current-voltage characteristics at T=80 K for the four samples in the FWHM study. �b� EL spectra of D3294 as a function
of temperature at a current density of 1 kA /cm2. ��c�–�f�� EL spectra for different current densities at 180 K for all four samples.
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barrier sample has the smallest parasitic optical transitions
with low injection into the continuum.

The FWHM of the transition versus temperature is sum-
marized in Fig. 3 �inset�. The thick injection barrier samples
have a smaller �by a factor of 2� slope in FWHM versus
temperature, and thus exhibit weaker temperature depen-
dence of the transition width. In Fig. 3, low doped structures
reach the minimum transition width faster than the high
doped samples. In fact, D3292 achieves band alignment at
fields lower than measured. Additionally, thin barrier struc-
tures exhibit the similar transition widths regardless of dop-
ing, in contrast to GaAs/AlGaAs QC structures11 that exhibit

a decrease in transition width with an increase in injection
barrier thickness. In conclusion, thin injection barrier low
doped structures have the best transition width �by �20%
compared to high doped thick barrier structures�, lumines-
cence intensity, and current transport prior to Jmax.
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FIG. 3. �Color online� Minimum FWHM of the optical transition as a func-
tion of the applied electric field at T=80 K for the four samples in this
study, as labeled in Table I. Inset: minimum FWHM of the optical transition
as a function of temperature for the four samples in this study.
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