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We report an experimental study of terahertz quantum cascade lasers with variable barrier heights
based on the Al,Ga;_ As/GaAs material system. Two new designs are developed based on
semiclassical ensemble Monte Carlo simulations using state-of-the-art Alg 5GaggsAs/GaAs
three-quantum-well resonant phonon depopulation active region design as a reference. The new
designs achieved maximum lasing temperatures of 188 K and 172 K, as compared to the maximum
lasing temperature of 191 K for the reference structure. These results demonstrate that terahertz
quantum cascade laser designs with variable barrier heights provide a viable alternative to the
traditional active region designs with fixed barrier composition. Additional design space offered by
using variable barriers may lead to future improvements in the terahertz quantum cascade laser
performance. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873461]

. INTRODUCTION

After a decade of development, the maximum operating
temperature (T,,,x) of Terahertz (THz) Quantum Cascade
Lasers (QCLs) has been improved from 50K (Ref. 1) to a
current record of 199.5K.> The active region scheme has
evolved from chirped superlattice structures' to resonant
phonon depopulation (RPD) designs>* to obtain higher gain,
while the waveguide structure has advanced from plasmon
waveguide to copper-copper double metal waveguide® to
minimize waveguide loss. The best T,,.x so far is based on a
three well RPD design and copper-copper waveguide struc-
ture.” To push T,,.x further towards temperatures accessible
by thermoelectric coolers (~240K) and beyond, more inno-
vations are desired.® This paper reports an experimental
study on THz active region designs with variable barrier
heights as an additional design degree of freedom.

For intersubband laser transitions from the upper laser
state u to the lower laser state /, the peak gain g scales as
gx Any f,4/T, where f,; is the oscillator strength, An,, is the
population inversion, and 2T is the full width at half maxi-
mum of the transition linewidth. The population inversion
An,,; relies on having a relatively long upper level lifetime 7,
selective electron injection, and fast extraction. As tempera-
ture increases, the transition linewidth broadens, the injectio-
n/extraction selectivity degrades, and the lifetime 7, is
significantly reduced by longitudinal optical (LO) phonon
scattering of thermal electrons as discussed previously.””
These are main limiting factors for high temperature operation
of THz QCLs. Maximizing the oscillator strength f,; appears
to be a straightforward way to increase gain. However, as
demonstrated in Ref. 10 and clarified in Refs. 2, 11, and 12,
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there are tradeoffs between f,; and An,,;, which is referred to
as degree of diagonality. Strong overlap of lasing states can
increase f,,;, but will also increase nonradiative scattering rates
and degrade injection selectivity. As a result, simply maximiz-
ing f,; will not necessarily improve performance.

Three-well RPD designs based on the GaAs/AlGaAs
material system, using 15% aluminum content in the bar-
riers, have shown so far best Ty results.>>"!? The optimiza-
tion of f,;, and diagonality, as well as electron injection and
extraction efficiency is principally performed by adjusting
layer thicknesses. The design in Ref. 2 marks the state of the
art of such optimization; however, the room for further
improvement by changing layer thicknesses is limited. We
have recently proposed'® that varying the barrier heights in
the QCL structure may introduce new degree of freedom in a
THz QCL design and may help to boost the maximum oper-
ating temperature. Since the AlGaAs barriers are lattice
matched to the GaAs substrate for effectively any aluminum
fraction, AlGaAs/GaAs THz QCLs with variable barrier
heights can be easily produced experimentally; however, this
design principle has not been used previously with the
exception of the report in which a THz QCL design with
variable aluminum fraction in wells was demonstrated.'* We
note that introducing aluminum in the THz QCL wells is
expected to lead to strong alloy scattering and our designs
use GaAs wells throughout the laser structure. In this paper,
we present the results of our experimental investigation of
two THz QCL designs with variable barrier heights.

Il. SIMULATION RESULTS

We started with the 199.5K structure” as a reference
and developed two new designs with variable barrier heights.
The new designs were optimized based on semiclassical

© 2014 AIP Publishing LLC
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FIG. 1. Conduction band diagram and relevant energy state wavefunctions of the two laser designs: design 1 (a) and design 2 (b), explored experimentally in
this report, as well as of the reference structure (c). The structures are shown at the bias voltage of 13.1kV/cm in (a), 12.9kV/cm in (b), and 13.2kV/cm in (c).

ensemble Monte-Carlo (EMC) simulations.'""!* An attempt
was made to introduce only limited structure modifications
to be able to make a comparison of performance to the refer-
ence structure. The layer sequences of one period of the
active regions for the two new designs in Angstrom are
(subscripts indicate Al contents in AlGaAs barriers)
430. 15/1600/4 10.15/720/460.075/820 and 430 15/1420/54()_05/
180.15/810/20¢.15/91¢, where the first and the second struc-
tures are referred to as designs 1 and 2, respectively. The
simulated conduction band diagrams of two consecutive
stages of the structures under applied operating bias voltage
are shown in Fig. 1. In the optimization process, the struc-
tures have been biased at these voltages and the layers have
been changed in order to control the lasing frequency, injec-
tion anticrossing, and oscillator strength. Table I is a sum-
mary for band diagram information of all three designs at
200K. Table II is a summary for transport properties of all
three designs at 200K as obtained by EMC under the condi-
tion of maximum current density.

For design 1 (Fig. 1(a)), the width of the middle barrier
in the lasing double well is increased while the height is
reduced. The injection well, barrier, and extraction barrier
are kept the same as the reference. Low aluminum-fraction
barrier in the active region reduces interface roughness scat-
tering'? and increases oscillator strength for a laser transi-
tion. EMC simulations show an increased oscillator strength
(f54,designs = 0.378) and  injection efficiency (s designs
~ 50.9%, definitions for 7; can be found in Ref. 15) as com-
pared to the reference” (54 reference =0.293 and 15 yeference
~45.6%).

For design 2, the extraction barrier is replaced by a step
barrier. We adjust the step barrier shape to increase the

TABLE 1. Summaary of the oscillator strengths and anticrossings for the
three designs at 200K. foc = fffs‘c + fg?c is the total oscillator strength for
the laser gain, and ff,‘:c is the main lasing transition oscillator strength. ez,
e3s, €36, €46, and €54 are anticrossing energies (at full alignment) between the

level 3, 4, 5, and 6.

extraction coupling and decrease the lifetime t4 of the lower
laser state. The EMC results show an increase of the oscilla-
tor strength and injection efficiency to fsy gesign2 = 0.601 and
15 design2 = 54.2%. The lifetime 14 for design 2 has the small-
est value among all three designs, showing possible advant-
age in lower laser state depopulation. We note, however, that
the step barrier also introduces parasitic channels that lower
the relative depopulation rate r4/ro, where ro = J/(egn,p) is a
measure for the overall scattering strength in the structure.

For both design 1 and design 2, a higher simulated
current results from an increase of the oscillator strength
(Table I) and from parasitic channels (Table II). Overall,
EMC simulations indicate that both designs 1 and 2 produce
more gain (Fig. 2) compared to the reference structure at
high temperatures.

We further note that, by varying the barrier heights, the
coupling of the lasing states to the continuum states in the
higher minibands can have an adverse influence on the laser
gain.'® Due to the practical limitations of the EMC simula-
tions, these effects have been neglected. Instead, we took a
special care to keep the position of higher minibands and
energy separation of the lasing states from high miniband
states in the new structures to be similar to that in the refer-
ence structure.

Fig. 2(a) plots the simulated gain spectra at a lattice tem-
perature of 200K for all three designs. Both new designs are
predicted to have higher peak gain than the reference struc-
ture at 200 K. Fig. 2(b) shows the calculated maximum peak
gain versus temperature for the two new designs. If we
assume a virtual loss of 40cm ™' as in Ref. 13, the expected

TABLE II. Comparison of carrier transport parameters for the three designs
at 200K, extracted from EMC simulations at maximum current density. py,
Pps, and pg are the populations for the different levels. 15 and 74 are the injec-
tion efficiencies into the upper and lower laser levels. J is the maximum cur-
rent density. r4/ry is the normalized total outscattering rate from level 4 to
lower-lying levels, with ry! =egnyp/J, being the average dwell time of an
electron in a period. 74 is the lifetime of level 4.

€34 e3s €36 €46 es6 Ps ps pa ns n J T4
foe  foe  (meV) (meV) (meV) (meV) (meV) %) () (%) (%) (%) (KAfem®) ity (ps)
Design 1 0.744  0.378 4.8 4.5 1 1.28 2.8 Design 1 323 391 159 509 321 1.764 3.87 0.703
Design 2 0.959 0.601 5.6 5.5 1.1 1.35 2.8 Design 2 324 364 155 542 272 2.099 3.33  0.688
Reference 0.617  0.293 5 4.3 1 1.24 2.8 Reference 32.0 40.1 145 456 309 1.674 4.08 0.703
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Thax are approximately 215K and 240K for design 1 and
design 2, respectively.

lll. GROWTH AND PROCESSING

Both design 1 and design 2, together with the 199.5K
reference structure,2 were grown at the National Research
Council of Canada in the V90 VG Semicon Molecular Beam
Epitaxy (MBE) system on semi-insulating (001)-oriented
GaAs substrates. Arsenic dimers were generated using
Veeco Mark V valved cracker source, while two Veeco
SUMO cells were used to supply gallium and a dual-filament
cell with 40 cc conical crucible was used for aluminum. Both
Ga sources were used to grow GaAs at 0.25 nm/s, as well as
for the 7.5% or 5% AlGaAs barriers, while only one Ga
source was used for the growth of the 15% AlGaAs barriers.
To facilitate direct comparison, the same approach was used
for the growth of the reference structure. Thus, the growth
conditions for the latter were not identical to the original
structure which demonstrated T,,,, of 199.5K, for which
only one Ga cell and one Al cell was used for the growth of
GaAs at 0.23nm/s and growth of 15% AlGaAs. Flux drift
compensation was employed during the growth.'” High
Resolution X-ray Diffraction measurements revealed that
layer thicknesses for all three structures were within 0.5% of
the target parameters. The active region thickness was kept
at 10 um. Contact layers structure and QCL active region
doping were kept in the same manner as in the 199.5K
reference” to ensure the same loss for all structures. More
specifically, for all our structures, the injector well is doped
t0 6 x 10'® cm™ in the middle 50 A section and the active
region is sandwiched between 100nm of 5x 10"®cm ™

bottom n+ GaAs layer and the top stack of 50nm of
5x10"™cm™ and 10nm of 4 x 10" cm ™ n+ GaAs layers
capped with 3.5 nm LT-GaAs passivation layer.'®

All three wafers were processed into copper-copper dou-
ble metal waveguide devices under the same conditions. A
metal layer sequence Ta/Cu/Ti/Au (10nm/350 nm/10 nm/
400 nm) was deposited on top of the MBE-grown samples
first. Then the chips were flipped and bonded to carriers using
Au-Au thermo-compression bonding. After bonding, the sam-
ple substrate was selectively removed using NH,OH:H,0,
solution. The top n+ contact layer was removed to further
reduce the waveguide loss. A metal stack Ta/Cu/Ti/Ni
(10nm/300 nm/10 nm/100 nm) was deposited and patterned
through a lift-off process to form 120-um-wide contacts for
the future laser ridges. Cl,/BCl; plasma dry etch was then
employed to etch the laser ridges using nickel on top of the
ridge contacts as the self-aligned hard mask. The device sub-
strates were then thinned down to ~200 um, backside metal
contact was deposited, and the wafers were cleaved into
~1.5-mm-long laser bars, indium soldered on copper heat
sinks, and mounted in a cryostat for measurements.

IV. EXPERIMENTAL RESULTS

Testing was carried out in pulsed mode with 100ns
pulses at a 5kHz repetition rate. The power was measured
with a calibrated helium-cooled Si bolometer. Spectra were
measured using a Fourier-transform infrared spectrometer
(FTIR).

Output power-current (L-I) characteristics of the devices
are presented in Fig. 3. The maximum operating tempera-
tures were measured to be 191K, 188K, and 176 K for the
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FIG. 3. THz output power vs. current density (L-I) at different heat sink temperatures. THz power data were not corrected for collection efficiency. Insets: L-I
characteristics close to T,,.x and lasing spectra at heat sink temperature of 78 K near the maximum power output. Panels (a), (b), and (c) represent results of

the reference structure, design 1, and design 2, respectively.
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reference, design 1, and design 2 devices, respectively.
Design 1 has a T, very close to that of the reference struc-
ture, while T,,.x of design 2 degrades considerably, in con-
trast with EMC predictions. Fig. 4 shows the current-voltage
(I-V) characteristics and dV/dI-I characteristics for all struc-
tures at 150 K. The dV/dI-I characteristics for the design 1 as
well as for the reference structure show a clear differential
resistance drop at the beginning of lasing. The relative size
of this drop is a measure of the difference of upper and lower
radiative state lifetime and also a measure of injection effi-
ciency.'”?® The small differential resistance drop in design 2
is an indication of poorer injection efficiency, compared to
the first two designs. At the end of the tunneling resonance,
onset of high differential resistance is more gradual in design
2. The high differential resistance region is also narrower
and the differential resistance is relatively low. These are all
indications of degraded selectivity of injection and extrac-
tion. EMC simulations show that the oscillator strength of
design 2 increases a lot, compared to the reference structure
that leads to superior performance at higher temperatures.
However, these results could be inaccurate due to the limita-
tions of our EMC simulations, which do not consider leakage
to continuum and aperiodicity of the biased QCL stages (i.e.,
domain formation). Another reason for the discrepancy
between EMC simulations and experiment may be parameter
uncertainties (percentage of donors that are ionized, interface
roughness parameters) and the fact that some effects such as
higher-order scattering events and tunneling are not included
in the simulations. Further refinement of EMC simulation pa-
rameters is needed to improve its predictive power for the
step barrier design.

Design 1 shows the more promising performance. In
contrast to design 2, T, of design 1 is comparable to the
reference and the I-V curves are very similar to the reference
except the difference in current. Fig. 5 plots the threshold
current density versus temperature. The threshold current
density of design 1 is almost constantly 25% higher than that
of the reference. Since the sheet doping density per QCL
period in all structures was the same and the injection/
extraction barrier thickness and composition is identical for
design 1 and the reference structure, the higher current den-
sity may be attributed to parasitic channels due to the
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FIG. 4. Current density-voltage (I-V) characteristics and differential resist-
ance versus current density (dV/dI-I) data for the three designs tested at
150K.
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reduced barrier height in the active region resulting in an
increased coupling of the states.

V. CONCLUSION

To summarize, we have performed an experimental
study on THz QCLs with variable barrier heights. The devi-
ces did not achieve maximum operating temperatures supe-
rior to that of the reference record structure; however, the
maximum operating temperature of design 1 was very simi-
lar to that of the reference laser. The results indicate that var-
iation of aluminum fraction in barriers during device growth
does not result in significant laser performance deterioration
and using barriers with variable aluminum fractions in the
THz QCL active region is a viable approach to enhance the
design space for THz QCLs.
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