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Abstract. We consider the use of strained quantum cascade (QC)
laser designs in the 7.3- to 7.8-um wavelength region to improve the
cw operating characteristics of these lasers at room temperature. We
compare the performance of a QC laser with a strain-balanced ac-
tive region with that of two similarly designed QC lasers with lattice-
matched active-region layers, and we show that the strain-balanced
design significantly outperforms the unstrained-layer designs in terms
of threshold-current density, power slope efficiency, and cw output
power at room temperature. A epi-side-down-mounted, double-channel
ridge-geometry laser that was fabricated from the strained design with
a ridge width of 13 um and a cavity length of 3 mm produced cw out-
put power in excess of 500 mW at room temperature. The characteristic
temperature Ty for the strained-layer design as determined from pulsed
measurements between 25 and 80°C is 221.5 K, compared with a value
of 194.0 K for one of the unstrained designs. © 2010 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.3498758]
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1 Introduction

The demonstration of the first quantum cascade (QC) laser in
1994 (Ref. 1) and the subsequent realization of continuous-
wave (cw), room-temperature operation of QC lasers in 2004
(Ref. 2) have enabled many civilian and military applica-
tions for these devices in the areas of chemical sensing,
free-space communications, IR countermeasures, explosive
detection, and industrial process control that had previously
been considered impractical because of the lack of compact
high-powered optical sources in the mid-IR spectral region.
Since those seminal publications, efforts have been made
to improve the performance of QC lasers at several differ-
ent wavelengths, and stable single-mode operation has been
achieved both by the use of external cavities® and by fabri-
cating distributed-feedback (DFB) lasers.*

The group at Northwestern University has demonstrated
state-of-the-art performance of ridge-geometry QC lasers at
wavelengths near 4.6 um. Yu et al.> demonstrated high per-
formance of QC lasers with 4-mm cavity lengths, 10-um
ridge widths, and emission wavelengths of ~4.6 um. For
epi-up-mounted lasers with uncoated front facets and high-
reflectance (HR) coated rear facets, an average output power
of 633 mW in pulsed operation at 65% duty cycle and a cw
output power of 469 mW were observed at room tempera-
ture. HR-coated lasers that were mounted epi-side down onto
AIN submounts emitted 590 mW cw at room temperature.
The Northwestern group also demonstrated® single-facet cw
output power as high as 1.25 W in an uncoated ridge QC
laser mounted epi-down on a diamond heat sink, with a cor-
responding wall plug efficiency (WPE) of 12.5%, as well as
1.8 W of room-temperature, cw power and 11% WPE from a
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laser fabricated from the same wafer with an HR-coated rear
facet. In terms of output power, significant progress has also
been made in the development of QC lasers with the buried-
heterostructure (BH) geometry. A collaboration’ between re-
searchers at Pranalytica and Harvard reported a 4.6-um BH
QC laser (5 mm cavity length, 11.6 um ridge width, HR-
coated rear facet) mounted epi-side down onto a diamond
submount with a cw output power of 3 W at 293 K. The
Northwestern group® produced 2.6 W of cw output power
with 17% WPE at room-temperature from a 4.6-um BH QC
laser (with a 5-mm cavity length, a 6.2-um ridge width, and
an HR-coated rear facet) mounted onto a diamond submount.

Unfortunately, the state of the art for longer wavelength
QC lasers has not kept up with that of QC lasers at wave-
lengths below 6 wm, for which the best results have been
achieved using strained-layer active-region designs. Even at
6 um, to our knowledge the best result achieved to date pro-
duced 372 mW in a BH geometry,” with a threshold current
density Ji, of 2.35 kA/cm? and a characteristic temperature
To = 162 K. Longer wavelength lasers typically use
unstrained designs; for example, Diehl et al.'% demonstrated
acw output power of 204 mW at 8.4 ym at room temperature
in a BH laser, with Jy, = 1.39 kA/cm? and T, = 162 K. Pfliigl
et al.'' reported an uncoated BH laser at a wavelength of
9.5 pm that produced 180 mW per facet at 295 K, with
Jin = 1.54 kA/cm?. At a wavelength of 8.8 um, Yu et al.'?
demonstrated 294 mW of output power in a ridge laser operat-
ing cw at room temperature, with Ji, = 1.29 kA/cm? and a Ty
value of about 200 K. The only recent exception to this trend,
to our knowledge, is a recent report from the Northwestern
group'? of 620 mW being achieved in cw, room-temperature
operation of a 10.2-pum-wavelength BH QC laser with a ridge
width of 16.6 um and a cavity length of 5 mm.
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Fig. 1 Schematic energy-level/wave-function diagram for the
strained QC laser design of wafer M738. Important active-section
levels are indicated by thick lines. The optical transition is indicated
by the red arrow. The light-green- and light-blue-colored levels near
the upper right of the diagram are levels belonging to the excited
injector miniband. The electric field is 40.4 kV/cm.

In this paper, we consider the use of strained QC laser
designs in the 7.3- to 7.8-um wavelength region. We
compare the performance of a QC laser with a strain-
balanced active region with that of two similarly designed
QC lasers with lattice-matched active-region layers, and we
show that the strain-balanced design significantly outper-
forms the unstrained-layer designs in terms of threshold-
current density, power slope efficiency, and cw output power
at room temperature. A epi-side-down-mounted, double-
channel ridge-geometry laser that was fabricated from the
strained design with a ridge width of 13 um and a cav-
ity length of 3 mm produced cw output power in excess of
500 mW at room temperature. The Ty value for the strained
design in pulsed operation is 221.5 K between 25 and 80°C,
compared with 204.4 K for one of the unstrained designs
over the same temperature range.

2 Design Considerations

For this work, we designed and grew a QC laser struc-
ture, wafer M738, with a strained active region. We also
designed and grew two lasers, wafers M731 and M733,
with unstrained active regions and with target wavelengths
separated by ~0.15 um. All three of the lasers were de-
signed using a common quantum design algorithm (see the
following).

Figure 1 shows a plot of the conduction band edge for
a section of the active region of the strained design, M738,
which consists of a single four-quantum-well active section
with an eight-quantum-well injector section on either side
of it, at an electric field of 40.4 kV/cm. Also shown in the
figure are the moduli squared of the calculated wave func-
tions for the bound and quasibound states supported by the
structure, with the upper laser level (with energy E,), the
lower laser level (with energy E;), and the active-section
level lying immediately above the upper laser level in en-
ergy (with energy E, ) indicated by bold lines. In this design,
the well material is Ing 5734Gag4266As and the barrier mate-
rial is Ing 4476 Alg 5504 As; consequently, the conduction-band
offset AE, between barrier and well materials is 655 meV.
In contrast, the unstrained designs use the lattice-matched
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compositions Ings319Gag 41 As and IngsyosAly4775As for
the wells and barriers, respectively, with the corresponding
AE. =520 meV.

The design constraints for both the strained and
unstrained laser designs are (1) that the energy separation
A, =E| — E, is ~60 meV and (2) that the energy sep-
aration A between the lower laser level and the ground
state of the next downstream injector (i.e., the “reservoir”
energy) is ~140 meV at the field at which the ground in-
jector level and the upper laser level come into resonance.
The same design philosophy was followed for both the un-
strained and the strained laser designs. The injection bar-
rier separating a given injector section from the following
(downstream) active section was chosen to give a width of
~4 meV for the anticrossing between the injector ground
level and the upper laser level, and the exit barrier separating
a given active section from the following (downstream) in-
jector section was chosen to give a width of ~6 meV for the
anticrossing between the active ground level and the clos-
est (in energy) level of the next downstream injector. The
corresponding tunneling lifetimes (given by t,; = h/2A;,
where A; are the anticrossing widths) are 0.52 and 0.35 ps,
respectively.

In the simplest approximation, the QC laser’s gain is pro-
portional to the quantity:

R = (2)*t,( — 1/t), (1

where (z) is the optical matrix element for the transition
between the upper (1) and lower (/) levels, 7; is the lifetime of
level j [= u (for upper) or I (for lower)], and 7,_,; is the inverse
of the scattering rate between the upper and lower laser levels.
Itis assumed in calculating these quantities that the dominant
scattering mechanism is LO (longitudinal optical) phonon
scattering. The centers of the injector sections in each of the
QC laser designs are doped to a level such that the average
(3-D) dopant concentration of the active region is
2.2x10' cm~3. Table 1 provides a summary of the critical
design parameters pertinent to each of the three designs.
As we can see from the table, the design parameters for the
strained and unstrained designs are very similar, with the
exception of the value of AE,.

3 Laser Growth and Fabrication

We used conventional solid-source molecular-beam epitaxy
(MBE) to grow the active regions of each of the strained and
unstrained QC lasers on low-doped, n-type InP substrates. On
either side of each active region, we grew 3500-A-thick sep-
arate confinement (SC) layers comprised of lattice-matched
(In,Ga)As to increase the optical confinement factor of the
QC laser waveguide. The MBE-grown active regions were
characterized using high-resolution x-ray diffraction (XRD).
Figure 2 shows the XRD spectrum ([004] reflection) for
wafer M738, the strained-active-region design. The spectrum
shows the expected sequence of satellite peaks correspond-
ing to the periodicity of the active region; from the peak
separations, we extracted an active-region period that is only
0.8% larger than the design period, 603.3 A. Furthermore,
comparison of the measured spectrum with a dynamical sim-
ulation shows that the separation between the central satellite
peak and the peak corresponding to the InP substrate is only
19.4 arcsec. Perfect lattice matching is achieved when the
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Table 1 Key design parameters for the unstrained and strained QC laser designs.

M731 M733 M738
Quantity Description (unstrained) (unstrained) (strained)
X In mole fraction in (In,Ga)As 0.5319 0.5319 0.5734
y In mole fraction in (In,Al)As 0.5225 0.5225 0.4476
ex Strain in (In,Ga)As 0 0 —0.00286
ey Strain in (In,Al)As 0 0 0.00509
AE; (meV) Conduction-band offset 520 520 654.8
Ay (MeV) Energy separation between upper laser level and next 60.4 60.6 60.1

higher energy active level

(Z)ul (A) Optical matrix element 24.03 23.62 24.29
Ty (PS) Upper laser level lifetime 0.914 0.932 0.909
77 (pS) Lower laser level lifetime 0.0999 0.1005 0.0997
Tu—1(PS) Inverse of phonon scattering rate from level uto level / 2.565 2.627 2.510
Nop (cm—2) Sheet dopant concentration per period 1.30 x 10" 1.30 x 10" 1.33 x 10"
nsp (cm~3) Average active-region dopant concentration 2.20x 1016 2.20x 106 2.20x 1016

free-standing in-plane lattice constant of the strained struc-
ture, given by

Gy = Y [G‘”L(f)]/z [G(.nL(j)/a(()j)] ’ @)
j j

is equal to the InP substrate’s lattice constant. In Eq. (2) GV,
LY, and af are, respectively, the shear modulus, the thick-
ness, and the unstrained lattice constant of layer j, and the
sum extends over all the layers within a single period of
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Fig. 2 XRD spectrum ([004] reflection) of wafer M738 with strain-
balanced active region. The active-region period extracted from
the XRD measurements is only 0.8% larger than the design value
of the period, and the angular separation between the zero-order
peak corresponding to the active region and the substrate peak is
—19.4 arcsec.
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the active region. According to Eq. (2), the predicted sepa-
ration for the present perfectly strain-balanced structure be-
tween the central satellite peak and the InP substrate peak is
58.8 arcsec.

Similarly encouraging XRD results were obtained for the
two unstrained active-region designs, verifying that the de-
sign values of the active periods (589.3 and 590.2 A, for M731
and M733, respectively) were reproduced within an error of
<2% and that both structures were properly lattice matched
to their InP substrates. Following XRD characterization of
the MBE-grown active regions, we sent the wafers to an ex-
ternal vendor for growth of the lasers’ InP top cladding and
plasma confinement layers.

Double-channel ridge lasers were fabricated from the
grown material using dry etching to form the laser ridges
with vertical sidewalls. After etching the channels on either
side of the ridge, we deposited a SizNy insulating dielectric
layer over the entire surface using plasma-enhanced chemi-
cal vapor deposition (PECVD). Then a window was opened
in the dielectric at the top of the ridge and a sequence of metal
layers forming the ohmic contact to the semiconductor struc-
ture was deposited. Next, a two-step electroplating process
was used to deposit a planarized gold blanket over the en-
tire structure for improved thermal management. The thick-
ness of the electroplated gold above the top of the ridge is
~4 pm. The wafer substrate was then lapped and pol-
ished, and a backside metallization sequence was deposited
and anncaled to reduce contact resistance. Finally, individ-
ual laser bars were cleaved from the processed material,
and the rear facet on each of the bars was coated with a
HR coating.

Individual lasers were diced from the cleaved and coated
laser bars and mounted epi-side down onto AIN submounts
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Fig. 3 (a) Output power as a function of current for lasers with similar
ridge widths and 3-mm cavity lengths from each of the wafers under
cw conditions. The heat-sink temperature is 25°C. All of the lasers
have HR-coated rear facets. The laser (M738B) with the strained
active region produces considerably more power than the other two.
(b) Spectra (offset vertically for clarity) measured under the same
conditions as in (a) at the indicated current values.

using AuSn solder. Laser/submount assemblies with 3-mm
cavity lengths and with several different values of ridge width
from each of the wafers were then mounted onto Cu blocks
and wire bonded for testing.

4 Results of Laser Testing

The fabricated and mounted lasers were tested in cw mode
near room temperature; for some of the lasers, we also mea-
sured the light-output-current-voltage (L-I-V) characteristics
under short-pulse conditions (200 ns pulse width, 100 kHz
pulse repetition rate, 2% duty cycle) at several tempera-
tures to determine 7. Laser spectra were recorded in both
cw and pulsed modes using a Fourier transform infrared
spectrometer.

Figure 3(a) shows the measured cw light-output/current
(L-I) characteristics for typical lasers with cavity lengths
of 3 mm and ridge widths of ~12 um from each of the
three wafers at a temperature of 25°C. Laser M738B, with
a strained active region, produced a maximum of 444 mW
of cw optical power at this temperature, whereas the two
unstrained lasers, M731C and M733D, produced only 190
and 293 mW, respectively. The measured values of Jy
and power slope efficiency S for each of the three lasers
are, respectively, 1.77 kA/cm? and 0.388 W/A for M731C,
1.61 kA/cm? and 0.564 W/A for M733D, and 1.59 kA/cm?
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Fig. 4 Continuous-wave L-I-V characteristics of laser M738E, with a
ridge width of 13.0 um and a cavity length of 3 mm, at 25°C. Over
500 mW of optical power is produced.

and 0.738 W/A for M738B. Especially with respect to the val-
ues of S, the laser with the strained active region, M738B, is
clearly superior to the other two. Figure 3(b) shows the mea-
sured multimode spectra of the three lasers, indicating that
the emission wavelengths corresponding to M731 and M738
are in roughly the same spectral region, whereas M733 emits
at somewhat shorter wavelengths (shifted from the M731
operating wavelength band by ~0.15 pum, as intended).

Another laser from wafer M738, with a 3-mm cavity
length and a 13.0-pum ridge width, produced over 500 mW
of cw optical power at 25°C (see Fig. 4). For this laser, the
cw value of Jy, is 1.59 kA/cm?, and the corresponding value
of §is 0.757 W/A. To our knowledge, the results from this
laser represent the highest cw output power obtained from
any QC laser in the 7- to 8-;um spectral region that has been
reported to date.

Figure 5 shows the measured cw values of Jy, plotted as
a function of ridge width for lasers from all three wafers
at temperatures of 15 and 25°C. Some of the lasers failed
during testing, and therefore not all the lasers shown at 25°C
were able to be tested at 15°C, and vice versa. Nevertheless,
the results obtained at the two temperatures appear to be
consistent. They show that (1) the values of Jy, over the
entire range of ridge widths for lasers fabricated from wafer
M?731 are consistently larger by a significant amount than
those fabricated from either wafer M733 or M738; (2) the
ridge-width dependence of Jy, for wafer M731, which covers
a large range of ridge widths, is fairly weak, and it can be
safely assumed that the ridge-width dependences of the other
wafers are similar; (3) the values of Jy, for wafer M738 lies
somewhat below those of wafer M733. Figure 6 shows a plot
of S extracted from cw L-I measurements as a function of
ridge width for the same set of lasers as in Fig. 5 and at the
same two temperatures. Here, we see that the S values for
lasers fabricated from wafer M738 are clearly superior to the
values for lasers fabricated from the other two wafers. It is
still not well understood why the behaviors of lasers from the
two wafers with unstrained active regions, M731 and M733,
are different from one another; yet it is clear from all the data
presented that the strained QC laser design, M738, is clearly
superior to the two unstrained designs.
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Fig. 5 Measured cw threshold current densities for different lasers
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Fig. 6 Measured cw power slope efficiencies for different lasers fab-
ricated from wafers M731, M733, and M738 as functions of laser
ridge width at temperatures of 15 (top) and 25°C (bottom).
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The weak dependences of threshold current density and
slope efficiency on ridge width illustrated in Figs. 5 and 6 are
consistent with the waveguide properties of our dry-etched
laser ridges with vertical sidewalls. To show this, we modeled
the 2-D ridge waveguide structure corresponding to M738
using the COMSOL multiphysics modeling software.!* The
waveguide model includes both the SizNy dielectric and Ti-
Au metallization layers along the ridge sidewalls, with the
Ti layer included explicitly and the Au layer modeled as
a nearly perfect metal. We calculated the laser waveguide
modal refractive index, modal absorption coefficient, and
optical confinement factor for the lowest order TM mode
as a function of ridge width using material parameters that
are appropriate for the M738 design already described, and
for comparison we also calculated the same quantities for a
1-D (slab) waveguide corresponding to the same design. The
waveguide quantities of interest in analyzing the results of
Figs. 5 and 6 are easily determined from the fundamental
expressions for the transparency current density and power
slope efficiency, which are as follows, respectively.’

th = Jtr + (am + Olw)/(gr)a (3)
hen;
§ = Gm “)
Ao, +a,

In Egs. (3) and (4), Ji; is the transparency current density,
o, is the mirror loss, «,, is the waveguide loss, g is the
material differential gain, I" is the waveguide mode’s optical
confinement factor, /4 is Planck’s constant, ¢ is the speed of
light, n; is the internal quantum efficiency of the laser, and A
is the laser wavelength.

Guided by the dependences of Jy, and S on waveguide-
related properties in Egs. (3) and (4), Fig. 7 shows the results
of the COMSOL calculation, where we have plotted as func-
tions of ridge width the calculated values of («,, + o)/
on the left axis and «,,/(«,,, + @,,) on the right axis, where in
both cases we normalized the results to the respective values
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Fig. 7 Results of simulating the ridge-width dependences of the
waveguide properties of the strained QC laser design, M738, us-
ing a 2-D implementation of the COMSOL software. Left axis and
solid curve: ratio of total loss (waveguide plus mirror) to the modal
confinement factor, normalized to the value obtained in a 1-D (slab)
calculation. Right axis and dashed line: ratio of mirror loss to total
loss, again normalized to the value obtained in a slab calculation.
The calculations are in accord with experimental results showing
only a small variation of measured laser threshold current density
and power slope efficiency with ridge width.
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Fig. 8 Results of fitting the logarithm of Ji, as a function of temper-
ature for pulsed (200 ns pulse width, 100 kHz pulse repetition rate,
2% duty cycle) operation of lasers M731C (unstrained) and M738B
(strained) as functions of temperature. Both lasers have 12-um ridge
widths and 3-mm cavity lengths. Values of Ty and Jy extracted from
the fits are shown. The data point at T= 45°C for M731, represented
by the circle, was excluded from the fit on statistical grounds.

obtained for the slab waveguide. The results clearly show
the weak dependence of these quantities on ridge width, with
the calculated values varying by only ~8 and ~5.5%, respec-
tively, for ridge widths between 7 and 15 um. Our waveguide
modeling studies also show that this variation is considerably
lower than that for waveguides with sloping sidewalls (e.g.,
those obtained in wet-etching processes). This is because
the electric field in the calculated TM mode for the vertical-
sidewall structure has a negligible tangential component at
the sidewall interfaces, even in the absence of the metal, and
therefore the sidewall absorption in structures with vertical
sidewalls is lower than in structures with sloping sidewalls.

We also measured the threshold currents of the lasers
with 12-um ridge widths from the strained design (laser
M738B) and from one of the unstrained designs (M731C)
as a function of temperature under pulsed conditions
(200 ns pulse width, 100 kHz pulse repetition rate, 2%
duty cycle) to determine T, which is defined through the
relationship

Jn(T) = Joexp (T/Tp), )

where T is the active-region temperature in degrees Cel-
sius and where Jj is a constant, equal to the value of Jy, at
T = 0°C. The negligible heating under the low-duty-cycle
pulsed operating conditions used for the measurements en-
ables us to ignore any temperature differences between the
active-region and heat-sink temperatures. The measurements
were made over the temperature range between 25 and 80°C,
and values of T, and J, were determined for each set of
measurements by performing a linear least-squares fit to In
(Jin) as a function of temperature. The results are indicated
in Fig. 8. For M731, we excluded the data point at 7= 45°C
(represented by a circle in Fig. 8) from the fit because this
data point lies more than three standard deviations away from
the straight-line fit. The values of Tj extracted from the data
are 221.5 + 12.6 K for M738B and 194.0 £+ 11.7 K for
M731C. To our knowledge, the former T; value is the largest
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ever measured above room temperature for QC lasers in this
wavelength range.

5 Discussion and Conclusions

In summary, we designed, grew, and fabricated QC lasers
with strain-balanced active regions in the 7.3- to 7.8-um
wavelength region and compared their performance with that
of unstrained QC lasers with the same emission wavelengths.
One of the strained QC lasers produced more than 500 mW
of cw, room-temperature output power. The characteristic
temperature for this laser design under pulsed operation was
determined as Tp = 221.5 £+ 12.6 K between 25 and 80°C.
To our knowledge, this is the largest Ty value ever measured
above room temperature for QC lasers in this wavelength
range.

The question naturally arises whether the observed im-
provements result from changes in the electronic structure
associated with the increased conduction-band offset in the
strained material system or whether, for example, the use of
the strained-layer material system results in improved MBE
material growth, particularly improved interfaces between
the layers comprising the laser’s active region. As indirect
evidence of the former, we can cite several factors. First,
we would expect improved growth interfaces to result in re-
duced interface roughness scattering, > leading to a reduction
in the linewidth of the laser transition and therefore an en-
hancement in the gain peak, whose primary effect on the
presented results would have been lowered threshold current
density but not a large improvement in slope efficiency as
was observed. Second, the results obtained from the 7} anal-
ysis suggest that high-temperature mechanisms influence the
threshold; to the degree that the results in Fig. 8 can be extrap-
olated to lower temperatures, the two fit curves should merge
at T ~ —35°C. If our results were due to improved MBE
growth of strained structures, one would expect that the per-
formance improvement in the strained M738 design would
persist to much lower temperatures. Finally, the nature of the
electronic structures of the strained and unstrained designs
themselves suggests improved performance for the former:
excited downstream injector levels (such as those depicted
by the light green and blue lines in Fig. 1) are positioned
in a similar manner relative to the upper laser level in both
the strained and unstrained designs; however, the pathway to
the continuum from these levels in the former case involves
a much greater energy barrier than in the latter. In fact, in
comparison with the energy of the barrier’s band edge at the
center of an injector region, the energy of the lowest excited
injector level is ~110 meV below this barrier energy in the
strained design but ~45 meV above the barrier energy in the
unstrained designs! These factors suggest that the differing
band offsets in the strained versus the unstrained designs play
a significant role in explaining the performance difference;
however, further study, including measurements conducted
over a range of temperatures between cryogenic and room
temperatures, would be expected to more clearly elucidate
these issues.
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