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We investigated the influence of the barrier composition on the performance of GaAs-based
terahertz 共THz兲 quantum-cascade lasers 共QCLs兲. Based on a nine-quantum-well active region design
for 3–4 THz emission, QCLs with an Al content of x = 0.15 and x = 0.25 in the AlxGa1−xAs barriers
are compared. We found a significantly reduced threshold current density for QCLs with x = 0.25 as
compared to QCLs with x = 0.15, which is due to a weaker coupling of the subband states. The
maximum output power and operating temperature of such lasers are reduced due to the onset of
negative differential resistance. © 2010 American Institute of Physics. 关doi:10.1063/1.3480406兴
Terahertz 共THz兲 quantum-cascade lasers 共QCLs兲, demonstrated in 2002,1 are promising coherent light sources for
far-infrared spectroscopy and THz imaging.2 One particular
application is THz heterodyne detection of atmospheric and
interstellar gases, for which compact continuous-wave 共cw兲
sources with milliwatt level output power are required as
local oscillators.3–5 For practical applications, such lasers can
be operated in compact-size Stirling coolers.6 Due to the limited cooling capacity of such systems, THz QCLs with low
threshold currents and low operating voltages are required.
Usually, THz QCL structures rely on GaAs/共Al,Ga兲As
heterostructures with an Al content of x = 0.10– 0.15 in the
barriers. For mid-infrared 共MIR兲 QCLs based on GaAs/
共Al,Ga兲As, increasing the Al content from x = 0.33 to
x = 0.45 led to room temperature operation and a reduced
parallel conduction at low temperatures, which are both explained by a reduced scattering of confined electrons into
continuum states due to the increase in the conduction band
offset by 95 meV.7 However, the operation of a MIR QCL
based on purely binary GaAs/AlAs heterostructure has been
reported to be limited to cryogenic temperatures due to the
onset of negative differential resistance 共NDR兲.8
To examine the role of the barrier composition on the
performance of THz QCLs, we investigated structures with
an Al content of x = 0.15 and x = 0.25 in the barriers. The
conduction band offset ⌬Ec increases in such QCLs by about
80 meV, when the Al content is increased to x = 0.25. In
particular, leakage currents due to thermally activated scattering of electrons into continuum states may affect the
maximum operating temperatures and characteristic temperatures of structures, for which the barrier thicknesses are rescaled in order to compensate for the effect of the different Al
contents, i.e., conduction band offsets. One possible candidate for deriving such a scaling relation for the barrier
heights and thicknesses is the expression for the width of the
lowest miniband ⌬ in a superlattice in the tight-binding limit
given by9
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where LB denotes the barrier width, ⌬Ec is the conduction
band offset, mⴱ is the electron effective mass, and ប is
Planck’s constant. From Eq. 共1兲, the following scaling relation is directly obtained:
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where 1 and 2 refer to the Al content of x = 0.15 and x
= 0.25, respectively.
An analytic expression to estimate the change in the current density, J, for different miniband widths has been derived in Ref. 10. If only the lowest miniband is populated,
the expression for scattering-induced miniband transport becomes proportional to ⌬I1关⌬ / 共kBT兲兴 / 共I0关⌬ / 共kBT兲兴兲, kB denotes Boltzmann’s constant and T the temperature. Il refer to
the modified Bessel functions. For low temperatures 共kBT
Ⰶ ⌬兲, the scaling relationship of the current densities and
miniband widths becomes linear j1 / j2 = ⌬1 / ⌬2. This scaling
relation can also be obtained from the pioneering work by
Esaki and Tsu.11 In the high temperature limit 共kBT Ⰷ ⌬兲, the
above equation results in a quadratic scaling law j1 / j2
= 共⌬1 / ⌬2兲2. This approach gives only a rough estimate of the
current scaling behavior, since the injection mechanism in
QCLs is not only controlled by intraminiband transport but
also by resonant tunneling. In order to use these analytic
expressions for QCLs, we assume a superlattice with 12 nm
thick wells and 2.5 nm thick barriers 共corresponding to an
average of the respected layer thicknesses in a typical THz
QCL structure兲. For x = 0.15, we obtain ⌬ = 11 meV, while
for x = 0.25 it is 7 meV. The calculated current density ratios
for the low and high temperature limits are 1.6 and 2.5, respectively. For a temperature of 100 K, the equation results
in a value of 2.4.
For our investigations, we chose a design, which has
proven to yield high output powers at low biases. The active
region consists of nine GaAs quantum wells, forming a cascade of alternating photon and longitudinal optical 共LO兲
phonon-assisted transitions between two quasiminibands.12
The reference sample R and sample A exhibit the same layer
thicknesses but the Al content is x = 0.15 in sample R and x
= 0.25 in sample A. Sample B contains also Al0.25Ga0.75As
barriers but the barrier thicknesses were rescaled according
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FIG. 2. 共Color online兲 共a兲 Emission spectra under pulsed operation at 10 K
and maximum output power for samples R, B, and A. 共b兲 Central frequency
vs voltage of samples A, R, and B for the whole operating temperature
regime 共5 K ⬍ T ⬍ 110 K兲.

FIG. 1. 共Color online兲 Self-consistent solution of the Schrödinger and Poisson equations 共a兲 for sample A for an applied bias of 5.6 kV/cm and 共b兲 for
sample B for an applied bias of 4.5 kV/cm. The layer sequence in nm
starting from the injection barrier for sample A and sample R is given by
4/10.1/0.5/16.2/1/12.9/2/11.8/3/9.5/3/8.6/3/7.1/3/17/3/14.5. Bold numbers
refer to barriers, and the underlined number denotes the Si-doped GaAs
layer. The corresponding sequence for sample B is given by 3.08/10.1/
0.39/16.2/0.77/12.9/1.54/11.8/2.31/9.5/2.31/8.6/2.31/7.1/2.31/17/2.31/14.5.

to Eq. 共2兲 to achieve a similar coupling between subband
states as in sample R.
Figures 1共a兲 and 1共b兲 depict the results of a band structure calculation for samples A and B, respectively, at their
respective threshold, while the result for sample R is shown
in Ref. 12. The electrons are transferred from the miniband
m into the three subbands labeled 兩2典, 兩3典, and 兩4典 via LOphonon-assisted scattering. The laser transition takes place
between one of the states 兩3典 and 兩4典 and the lower laser level
兩1典, which is part of the extraction/injection miniband m⬘.
Parasitic transport channels arise from nonradiative scattering of electrons from the states 兩2典, 兩3典, and 兩4典 to m⬘ as well
as from m to m⬘ via the gap state 兩5典 and from contributions
due to the coupling of states of m extending across the injection barrier with excited miniband states of the next period.
The results of the band structure calculations are qualitatively very similar for all three samples. However, for
samples R and B, the coupling of the subband states is stronger as compared to sample A. The larger coupling results in
a larger energy splitting of the states 兩2典, 兩3典, and 兩4典 and also
in a larger width of the injection/extraction miniband for the
same field strength.
The samples were grown by molecular-beam epitaxy on
semi-insulating GaAs substrates. All structures consist of a
300 nm thick GaAs buffer layer, a 700 nm thick highly Sidoped GaAs layer 共2 ⫻ 1018 cm−3兲 followed by 85 periods of
the active region and an 80 nm thick highly Si-doped GaAs
contact layer 共5 ⫻ 1018 cm−3兲. The actual values of the layer
thicknesses have been confirmed by x-ray diffraction and are
within an uncertainty of 3% equal to the nominal values for
all lasers. The doping levels in the active region were determined by capacitance-voltage measurements to be about
9 ⫻ 1010 cm−2 for all samples. After growth, the samples

were processed into 100– 200 m wide single plasmon
waveguides. As Ohmic contacts, we used AuGe/Ni with a
thickness of 200 to 300 nm annealed at 450 ° C. Subsequently, lasers were cleaved and attached to copper submounts. For comparison, lasers with similar ridge dimension
of about 0.2⫻ 3.5 mm2 for pulsed operation were chosen.
The lasing spectra of samples R, B, and A for a current
density at their respective maximum output power 共Jmax兲 are
shown in Fig. 2共a兲 under pulsed operation 共5 kHz, 500 ns兲.
While samples R and B emit around 3.3 to 3.4 THz, the
emission of sample A occurs around 3.8 THz. Due to the
spatially indirect lasing transition, we observe a Stark shift of
the lasing frequency with increasing voltage, independent of
operating temperature. The dependence of the central lasing
frequency c on operating voltage is shown for all three
samples in Fig. 2共b兲 for the whole operating temperature
regime 共between 5 and 110 K兲, which results in an overlap of
the emission ranges for the different samples. c can be tuned
for each laser over 200 to 300 GHz with the largest tuning
range obtained for sample A. The differences in the frequency ranges of the three samples are explained by small
differences in the subband alignment due to different barrier
heights and widths.
In Fig. 3共a兲, the threshold current density Jth for pulsed

FIG. 3. 共Color online兲 共a兲 Threshold current density Jth vs temperature T for
samples R, B, and A under pulsed operation 共0.2⫻ 3.5 mm2 laser ridges兲.
共b兲 LIV characteristics for samples A, B, and R under pulsed operation
共0.2⫻ 3.5 mm2 laser ridges兲.

Downloaded 23 Aug 2010 to 62.141.165.1. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

071113-3

Appl. Phys. Lett. 97, 071113 共2010兲

Wienold et al.

operation is depicted as function of temperature for samples
R, B, and A. At 10 K, Jth for sample A is as low as
68 A cm−2 as compared to 295 A cm−2 for the reference
sample R and 235 A cm−2 for sample B. The large difference of threshold current densities at low temperature is in
contrast to very similar characteristic temperatures T0. Performing the usual fit to the expression Jth共T兲 = J0
+ J1 exp共T / T0兲, values for T0 of 23.6, 26.1, and 20.4 K are
extracted for samples R, B, and A, respectively. Since both
the T0 value and the maximum operating temperature 共about
110 K兲 for sample R and the rescaled sample B are very
similar, we conclude that thermally assisted scattering of
electrons into continuum states does not result in significant
leakage currents in these lasers.
The strongly reduced threshold current of sample A can
be qualitatively understood by the reduced coupling of subbands in this structure and hence the reduced parasitic current flow across higher subbands. The differences in the
threshold current densities at low temperatures are qualitatively reproduced by numerical simulations incorporating
a one-dimensional transport model.13 The model allows to
calculate the current-field characteristics as well as the
frequency- and field-dependent material gain. Using the condition for lasing 共gain equals losses兲, the current density at
threshold is determined. For the 0.2⫻ 3.5 mm2 cavities, we
assumed for the waveguide and mirror losses ␣ = 10 cm−1
and a confinement factor of ⌫ = 0.33. In addition, the inhomogeneous level broadening was set to 0.5 meV. The calculated threshold current densities for samples R, B, and A are
about 200 A cm−2, 120 A cm−2, and 80 A cm−2, respectively, suggesting a reduction in Jth for sample A by about a
factor of 2.5 as compared to sample R, which is in agreement
with the value obtained above in the high-temperature limit.
The experimental reduction of Jth between samples A and R
by a factor of 4 may indicate the existence of additional
leakage paths such as tunneling into continuum states, which
are not yet included in the model. In contrast to the remarkably reduced threshold current density for sample A at low
temperatures, its maximum pulsed operating temperature is
reduced to 90 K as compared to 110 K for samples R and B.
Figure 3共b兲 depicts the pulsed light-current-voltage
共LIV兲 characteristics at 5 K for samples A, B, and R. While
samples B and R have comparable levels of peak output
power Ppeak with values of about 45 mW, the peak output
power of sample A with a value of 19 mW is significantly
smaller, which can be ascribed to the onset of NDR at rather
low current densities in this sample. However, the maximum
slope efficiency dPpeak / dI in the linear regime above threshold is largest for sample A 共24.5 mW/A兲 followed by sample
B 共21 mW/A兲 and sample R 共16 mW/A兲. This observation is
consistent with the presence of larger parasitic currents in
samples R and B as compared to sample A, which in turn
reduces the internal quantum efficiency in samples R and B.
Larger values for the slope efficiencies have been reported in
the literature using a short-period design but at the expense
of a much higher operating voltages.14
Despite the limitations of sample A under pulsed operation, cw lasers can be obtained with output powers of a few
milliwatts. For cw operation, we used a laser from sample A

共0.1⫻ 1 mm2 laser ridge兲. The device operated up to 47 K
with a maximum output power of 2.5 mW 共1 mW兲 and Jth
= 132 A cm−2 共183 A cm−2兲 at 10 K 共40 K兲, which is still
sufficient for applications such as heterodyne spectroscopy.
The electrical driving power at threshold is just 0.8 W at
10 K, which is well below the threshold driving power obtained for similar lasers with Al0.15Ga0.85As barriers.12 Since
narrower laser stripes exhibit higher waveguide losses 共experimental values: 18 cm−1 for 0.1 mm wide and 9 cm−1 for
0.2 mm wide lasers兲 and shorter laser stripes exhibit higher
mirror losses, the increase in Jth in the cw laser with respect
to the pulsed laser is due to both. From a comparison of the
Jth共T兲 characteristics for pulsed and cw operation, we find
that the effective active region temperature during cw operation is always less than 20 K above its value during pulsed
operation. Since there has been no thermal optimization such
as substrate thinning, the thermal resistance of 9.3 K/W as
determined for this laser might be further reduced.
In conclusion, the threshold current density for a given
THz QCL structure can be reduced by as much as a factor of
4 by increasing the Al content from x = 0.15 to x = 0.25 in the
barriers. This reduction can be explained by a reduced coupling between the subbands in the QCL structure, leading to
reduced parasitic currents. From a comparison of these two
QCLs with a QCL with x = 0.25 and rescaled barrier thicknesses, we find no evidence for thermionic leakage currents.
However, leakage currents due to tunneling into continuum
states might still play a role, which may account for the
difference between the experimental and numerical results.
We suggest that at least for THz QCLs based on a bound-tocontinuum scheme the Al content in the barriers should be
considered in addition to the doping density as a parameter
for their performance optimization.
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