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High power quantum cascade lasers grown by GasMBE
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This paper is a brief summary of the technological development and state-of-the-art performance of quantum cascade lasers
(QCLs) produced at the Centre for Quantum Devices. Laser design will be discussed, as well as experimental details of
device fabrication. Recent work has focused on the development of high peak and average power QCLs emitting at room
temperature and above. Scaling of the output is demonstrated by increasing the number of emitting regions in the waveguide
core. At A = 9 um, over 7 W of peak power has bee demonstrated at room temperature for a single diode, with an average
power of 300 mW at 6% duty cycle. At shorter wavelengths, laser development includes the use of highly strain-balanced
heterostructures in order to maintain a high conduction band offset and minimize leakage current. At 2 = 6 um, utilizing a
high reflective coating and epilayer-down mounting of the laser, we have demonstrated 225 mW of average power from a
single facet at room temperature. Lastly, these results are put in the perspective of other reported results and possible future

directions are discussed.
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1. Introduction

Compact, high-power lasers in the mid-to far-infrared
wavelength range (3—20 pm) are in great demand for many
laser-based applications areas such as free-space communi-
cation, chemical sensing, and medicine. Gas lasers and
parametric oscillators are bulky and require precise align-
ment of specialized optics. The semiconductor laser, on the
other hand, is inherently compact and durable, with an in-
ternal optical cavity and low voltage/current operation. Up
until recently, the only commercially available semicon-
ductor laser in the mid- and far-infrared wavelength range
has been based on lead-salt technology, which has both low
power output and high sensitivity to temperature.

The quantum cascade laser (QCL) is a unipolar
semiconductor laser [1]. Rather than relying on intrinsic band
gaps, quantum effects are exploited in order to produce de-
signer energy levels and transitions within the conduction
band of a complex heterostructure. The benefit of this ap-
proach is a widely variable transition energy dictated primar-
ily by layer thicknesses. Typical emission wavelengths vary
from 3.4-24 pm. Further, because the primary limitation to
radiative efficiency is based on phonons rather than Auger
processes, the device performance is much less sensitive to
temperature change than competing semiconductor technolo-
gies. The primary requisite is a heterostructure with a large
conduction band offset and well-controlled interfaces. In other
words, it now becomes practical to use mature GaAs- and
InP-based technology to produce long wavelength emitters.
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The last hurdle to overcome, in order to compete more
directly with gas and solid state lasers, is output power. As
remote systems benefit from high power, this figure of
merit helps determine the range and usefulness of the laser
source. Towards this end, this paper will address the
state-of-the-art for high peak and high average power quan-
tum cascade laser technology demonstrated at the Centre
for Quantum Devices.

2. Quantum cascade laser design

The QCL is based on electron transitions within semicon-
ductor nanostructures. The emitting structure of the QCL
can be varied from a single quantum well to a complex
chirped superlattice. In all cases, the wavelength of emitted
light is primarily determined by the thickness of the semi-
conductor layers rather than their bandgap. The design of
the active region is complex, and relies on optimising the
wavefunctions for a long carrier lifetime and high dipole
matrix element. The structure must also be optimised for
high current density throughput. By utilizing resonant tun-
neling and miniband conduction, a special bridge, or injec-
tor region, can be designed to connect adjacent active re-
gions. These dual regions make up one period, or stage, of
the QCL, and can be exploited to connect together a cas-
cade of quantum well or superlattice emitters. Representa-
tive conduction band and cascade schematics are shown in
Fig. 1. Wavefunctions are modelled numerically under the
envelope function approximation (EFA). An energy de-
pendent effective mass is incorporated into the calculation
as a result of band nonparabolicity.
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Fig. 1. Superlattice quantum cascade laser conduction band schematic (a) and cascade operation of serially stacked active/injector stages (b).

The cascade nature of the QCL provides an elegant way
to scale the output power of a single device. Above thresh-
old, multiple photons can be emitted for every injected
electron. By increasing the number of periods, the overall
power output should increase. However, the true potential
of the device is limited by material quality. If the material
is non-uniform, it is difficult to keep the peak gain at a con-
stant wavelength. This is due to variations in local tempera-
ture, electric field, dopant distribution, and layer thickness.

Thermal considerations are also critical. While scaling
the number of stages can increase the peak output power,
the large number of interfaces can lead to a large device
thermal resistance, which limits the maximum average
power output and continuous wave operating temperature.
Thermal backfilling of electrons from an injector into the
lower levels of the previous active region decreases the
population inversion, leading to lower efficiency and
higher threshold current density. For this reason, the active
and injector regions need to be designed to accommodate
large lattice (and larger electron) temperatures. Internally,
this effect is minimised by utilizing a wide injector
miniband. This miniband, while still offering a clear con-
duction path, acts also as a deep reservoir, giving a signifi-
cant barrier to backfilling.

Doping of the injector region is necessary in order to
maintain a steady-state population inversion as dictated by
charge neutrality. The level of doping must be carefully op-
timised to given minimal absorption and leakage, yet sup-
ply enough carrier to achieve population inversion and ac-
commodate a large current density through the structure.

As the quantum cascade laser often emits at longer
wavelengths than traditional semiconductor lasers, special
considerations must be made during laser waveguide de-
sign. One such consideration is free carrier absorption.
Emitted light, instead of being collected, is absorbed by
plasma-like oscillations of free carriers in the semiconduc-
tor. The absorption coefficient is proportional to the num-
ber of free-carriers and is strongly dependent on the fre-
quency of light. A simplified expression for the absorption
coefficient is given by [2]
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plasma frequency of the material, ¥,, is the characteristic
scattering rate of electrons, #, is the refractive index, c is
the speed of light, w is the frequency, N, is the concentra-
tion of carriers, e is the electronic charge of the carriers,
and m* is the electron effective mass. In the mid- to
far-infrared, the absorption coefficient can be experimen-
tally fitted to give a A dependence [2,3]. In order to reduce
the loss, the doping should be kept to a minimum wherever
the photon density is high.

Another consideration that is particularly important is
coupling of the laser TM modes (primary emission modes
for an intersubband laser) to the surface plasmon mode
[3]. The surface plasmon mode is very lossy, and exists at
the interface between the contact metal and the cap layer
of the waveguide. In order to reduce the coupling to the
surface plasmon mode, a thick cladding and a highly
doped cap layer are used. The cladding allows the funda-
mental optical mode to decay slowly and preserve a low
beam divergence. The cap layer is highly doped and at-
tenuates the optical mode before it encounters the metal
surface. This design has been extremely successful at lon-
ger wavelengths, as evidenced by extremely low threshold
current densities.

3. Strain-balanced laser design

Unlike lasers designed for the 8—24 um wavelength range,
carrier confinement at shorter wavelengths (1 < 6 pm) is a
serious problem. For an intersubband laser, carrier confine-
ment is facilitated by use of a heterostructure with a large
conduction band offset (AE,.), as shown in Fig. 2.

The maximum conduction band offset in the lattice
matched Gag 47Ing 53A8/Alg 4gIng 50As/InP heterostructure is
only 510 meV. Accounting for substantial lower energy
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Fig. 2. Conduction band diagram for (a) lattice-matched and (b) strain-balanced quantum cascade lasers. Inside the active region, the
modulus squared of the electron wavefunction is displayed. Arrows indicate electron current. The strain-balanced design offers a higher
conduction band offset for the heterostructure and, therefore, lower electron leakage into the continuum.

level confinement energies, this limits operation to
A > 4.5 pm. In order to reduce current leakage and design
for even shorter wavelength lasers, strain-balancing must
be employed. This technique, while demonstrated in the
laboratory, has not yet been fully explored in terms of laser
performance and durability.

The key to a successful strain-balanced design is to in-
corporate strained heterostructures which intrinsically have
higher conduction band offsets (AE,). However, in order to
avoid unwanted misfit dislocations, the net strain should be
zero. This is accomplished by proper selection of materials
and accurate control over layer composition. For the
Ga,In;_As/AlyIn;_yAs QCL, x and y are chosen such that
compressive strain of the GayIn;_,As quantum wells are
balanced throughout the entire device with an equal and
opposite tensile strain due to AlyIn;_yAs quantum barriers.
The AE,. can be calculated using a method such as model
solid theory [4]. Using this technique, the conduction band
offset can be increased at least 50% with near zero net
strain.
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4. Material growth, characterization and laser
fabrication

One benefit of gas-source molecular beam epitaxy
(GasMBE) is the ability to grow a wide range of As- and
P-containing materials in a single epitaxial run. This means
that we can choose the best materials for the active layers
and waveguide, regardless of the composition. AsH; and
PH; are precursors for As and P respectively, and are
cracked at 900°C. Elemental effusion cells are used to pro-
vide Ga, In, and Al. Si is used as the n-type dopant.
Structural quality, layer thickness, and interface
smoothness are very important to QCL device perfor-
mance. Typical x-ray diffraction for lattice-matched and
strain-compensated laser structures (Fig. 3) exhibit clear
satellite peaks over 4 degrees. X-ray simulation shows ex-
cellent agreement between the ideal and as-grown diffrac-
tion spectra. Surface quality is confirmed with atomic force
microscopy (AFM). Typical strain-compensated laser
structures exhibit an rms roughness of less than 0.2 nm
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Fig. 3. Typical omega/2 theta x-ray diffraction for (a) lattice-matched and (b) strain-balanced quantum cascade lasers. Simulated
diffraction plotted along with experimental data shows the excellent epitaxial control and material quality.
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over a 50 pm square area. Excellent uniformity has been
demonstrated in-house for a two-inch wafer.

Doping was accurately controlled, and was measured
using electrochemical capacitance-voltage (ECV) profiling.
The doping profile for a laser structure is shown in Fig. 4.
While not accurate enough to measure the modulation dop-
ing in the injector, a good average doping can be recorded
for the active layers as a whole.
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Fig. 4. Electrochemical capacitance-voltage measurements for a

quantum cascade laser structure. Although the active layers are

modulation doped during growth, the observed data for the core is

an average donor concentration, limited by the resolution of the
profiler.

After characterization of the wafers, they are processed
into lasers as double-channel ridge waveguides, for effi-
cient optical and electrical confinement. Definition of the
ridge along the [110] direction is performed using photo-
lithography and wet chemical etching in
HBr:HCI:H,0,:H,O (10:5:1:50). Current is injected only
through the opening in the top of the centre ridge, which is

14-JAN-02

laterally insulated with a dielectric such as SiO,. An exam-
ple is given in Fig. 5.

5. Long wavelength (8-16 pm) quantum cascade
lasers

The first uncooled demonstration of an 8.5 pm QCL was in
1997 by Sirtori et al. [5]. Since then there have many re-
ports, including many high power results [6] and reduced
threshold current density at room temperature [7]. Re-
cently, by employing a buried ridge structure, combined
with epilayer-down mounting and mirror coating, room
temperature continuous operation was demonstrated at
9 pm [8].

Recent efforts have focused on increasing the peak and
average output power of our QCLs at high temperatures.
By scaling the number of periods in a superlattice-based
design, power scaling has indeed been demonstrated, as
shown in Fig. 6. No clear saturation is observed at 9 pm,
but the power does depend somewhat on wavelength-
-dependent loss in the waveguide.

For a 75 period device operating at room temperature,
the total device peak power is over 7 W at 3.26 A, with a
threshold current density of 1.4 kA/cm? and slope effi-
ciency of 4.4 W/A, as shown in Fig. 6(b). In terms of total
optical efficiency this translates to 32 emitted photons per
injected electron. At the maximum power, and an operating
voltage of 22 V, the power conversion efficiency is ~9%.
All of these results are the best reported to date for a
mid-infrared semiconductor laser. The same device is able
to operate up to 425 K (limit of testing setup) with 2.4 W
peak output. In terms of beam quality, the results are fairly
typical for state-of-the-art QCLs. Even with such a thick
core, this laser shows a single lobe elliptical far-field pat-
tern with angular width (for half-maximum intensity) of
63° and 30° in the perpendicular and parallel directions re-
spectively. These results are indicative of a low-loss wave-

GalnAs n* cap 1um
InP cladding 2 um
GalnAs 0.3 pm
75 period
5 =Qgé)me 5.473 pm
GalnAs 0.3 um
InP substrate 100 pm

Fig. 5. Oblique scanning electron microscope image of a 75 QCL double-channel ridge waveguide. The waveguide structure is shown
schematically on the right.
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Fig.6. Peak power as a function of the number of stages for a series of 9-10 pm SLQCLs (a) and P-I behaviour of an 75-period QCL at
A =9 um (b).

guide, excellent material quality and careful processing of
devices.

Figure 7 shows the average power per facet for a 30 and
75 period QCL as a function of duty cycle. Even though the
30 period device operates up to higher duty cycles, the
75 period device can still achieve higher average power
thanks to its higher power slope efficiency. This data is un-
corrected for a collection efficiency of ~85%. Over
300 mW was observed at 6% duty cycle for the 75 period
device, which was the highest 300 K average power re-
ported for a QCL at the time [9]. It should be noted that this
ridge laser measurement was done with epilayer-up bond-
ing of the laser to a copper heatsink.

6. Strain-balanced laser results

The minimum wavelengths demonstrated with
Ga,In;_As/AlyIn,_yAs QCL technology has been 3.4 pm
[10]. At slightly longer wavelength (3.54 pm), room tem-
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perature emission was reported with a threshold current
density of only 1.2 kA/cm? but only a few mW of peak
power [11]. Much more work has been done near A = 5 pm,
with threshold current densities as low as 1.7 kA/cm? and
peak output power up to 1 W per facet [12,13].

More recently, a A ~6 pm QCL was grown and fabri-
cated using a Gag4Ing s9As/Alj 57Ing 43As basis. The test-
ing results are very impressive, as shown in Fig. 8(a). For
only 30 periods, the maximum average power for a 3 mm
by 21 pum cavity at room temperature is ~250 mW per 2
facets at a 10.5% duty cycle.

In order to more efficiently utilize the power emitted
from the laser, a high reflectivity coating is required for the
back mirror facet. Lasers were also cleaved into 1.5 mm
cavities and coated with a Y,03/Ti/Au (650 nm/20 nm/80
nm) to act as a high reflectivity mirror. This cavity length
was used in order to benefit from the same threshold cur-
rent density and total power conversion efficiency as dem-
onstrated by the 3 mm laser, which was later confirmed
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T=3800K
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£
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Fig. 7. Average power as a function of duty cycle for 30 and 75 period, 9 pm QCLs. The fit curve is used to calculate the thermal resistance
and is based on pulsed device characteristics as a function of temperature.
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Fig. 8. Average power as a function of duty cycle for the same laser (a) and Average power per facet for epilayer-up and epilayer-down,
1.5 mm QCLs with the back facet HR coated (b).

during testing. In other words, the mirror reflectivity is  epilayer-down device delivers 225 mW of average power
very good (~98%), and this material is uniformly applica-  out the uncoated facet at 17% duty cycle. At 45% duty cy-
ble as a coating for any laser in the 3—12 ym wavelength re-  cle the average power is still 8§ mW. As expected, the
gion. epilayer down configuration gives significantly more aver-

This process also makes the laser a better candidate for ~ age power and operates at a higher duty cycle, thanks to a
epilayer-down bonding, thanks to the protected back facet.  lower device thermal resistance. Further, the maximum av-
As shown in Fig. 8(b), average power measurements as a  erage power from one facet is higher even than the best
function of duty cycle were made for the coated 1.5 mm  9-um result above, indicating that strain-balanced lasers
cavities in both the epilayer-up and epilayer-down configu-  can perform as well, or better, than their lattice-matched
rations. The heat sink temperature was kept at 300 K. The  counterparts.

407 T=300K 75 periods
3.5
3.0 ]
2.5 1
2.0 1
1.5 1
1.0 1
0.5 1
0.0 1

Peak power (W per facet)

Threshold current densit

|
o
[¢)]

996 1998 2000 2002 '1 996 1998 2000 2002
Year Year

(a) (b)

250 1 T=300K

200 A B Center For Quantum Devices
@ Bell Laboratories
4 A Univ. of Neuchatel

150 75 periods

100 -

50 1 cw

Average power (mW/facet)

0 B
1996 1998 2000 2002
Year

(©

Fig. 9. Timeline of progress for A > 4 pm quantum cascade laser technology with regards to room temperature threshold current density,
peak output power, and average output power.
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7. Timeline of progress

Single element performance has come a long way over the
past few years. Two important parameters are charted in
the figure below. Even at today’s performance levels, with
the proper packaging, QCL arrays should be capable of
generating substantial peak powers at reasonable (> 5%)
power conversion efficiency.

High duty cycle operation with high average power at
most wavelengths still remains a challenge. Further, while
pulsed mode operation at high duty cycle can be useful,
a continuous wave source will enable the widest range of
applications. For this reason, we must continue to refine
both the material growth and packaging techniques.

This goal does involve some thermal management is-
sues. Compared to near-infrared laser diodes, even the best
uncooled QCLs operate with 5-10% power conversion ef-
ficiency. This is approximately 5—10 times less than com-
parable 808 nm pump lasers. Epilayer-down bonding and
buried-ridge structures are the best hope in the short term
for dealing with these issues.

The final answer to improving device efficiency lies
ahead. The demonstration of the QCL is based on
one-dimensional quantum confinement. The remaining two
degrees of freedom impose limits on the carrier lifetime
due to polar optical phonon scattering between subbands. It
is this nonradiative process which limits the overall effi-
ciency of the QCL. By implementing quantum wire and/or
dot structures, it is theoretically possible to decrease the
threshold requirements significantly. Demonstrating such a
device is a lofty goal, but one well worth the effort.

8. Conclusions

In conclusion, the key technologies for demonstrating high
power quantum cascade lasers have been explored. It is
shown that, for strict control of material and fabrication
technology, peak power in excess of 7 W is possible from a
single 20 ym wide aperture. While lattice-matched layers
can be used at longer wavelengths, strain-balancing has
been shown to be a viable technique for realizing shorter
wavelength QCLs. The high conduction band offset de-
creases thermal leakage and allows for higher duty cycle
operation. The most straightforward example of this is an
average power of 250 mW from a A = 6 pm laser. Also, ad-
vances in mirror coating and epilayer-down die bonding
are demonstrated, leading to even better device perfor-

Opto-Electron. Rev., 11, no. 2, 2003
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mance. Lastly, the current state of quantum cascade laser
technology is discussed and some possible future research
efforts are mentioned.
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Conference will cover topics such as:

1.
2.

3.

4.
5.

6.
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Macroscopic and microscopic properties — molecular
dynamic.

Phase structure and phase transitions.

Electro- and thermo-optical effects: display devices
and applications.

Polymer liquid crystals and composite structures.

7. Theory and molecular modeling.
Conference and hotel costs
Conference fee 500 PLN (125 EUR)
Conference fee
for students 300 PLN (75 EUR)
Conference fee for
accompanying person 300 PLN (75 EUR)
Hotel (for 5 days with full board)
Single room 1000 PLN (250 EUR)
Bed in double room 800 PLN (200 EUR)

Full board for participants, get together party, excursion, and banquet
are included into conference fee and hotel cost.

Hotel reservation will be possible after prepaying.

A limited number of grants for students and young scientists partly
covering the cost of the fee are available. Preference will be given to
those presenting a paper.

Payments should be made in Polish currency, USD or Euro. For for-
eign participants cash payment at the conference desk without an ad-
ditional charge will be possible after earlier organizers’ approval.
The following possibilities are offered:

bank draft to:

Wojskowa Akademia Techniczna
00-908 WARSZAWA 49
P.B.H. Powszechny Bank Kredytowy S.A.
V Oddziat Warszawa
11102018-422010001273
XV CLC - 2003
check to:
XV CLC - 2003
Wojskowa Akademia Techniczna
ul. Kaliskiego 2
00-908 WARSZAWA, POLAND
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