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Abstract: We report the demonstration of quantum cascade lasers (QCLs) with improved
efficiency emitting at a wavelength of 4.9 um in pulsed and continuous-wave (CW) operation.
Based on an established design and guided by simulation, the number of QCL-emitting stages is
increased in order to realize a 29.3% wall plug efficiency (WPE) in pulsed operation at room
temperature. With proper fabrication and packaging, a 5-mm-long, 8-um-wide QCL with a
buried ridge waveguide is capable of 22% CW WPE and 5.6 W CW output power at room
temperature. This corresponds to an extremely high optical density at the output facet of ~35
MW/cm?, without any damage.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The quantum cascade laser (QCL) is a semiconductor device based on intersubband transitions
[1]. After more than twenty-five years of development, it has become the most important coherent
source of light in mid-infrared and terahertz (THz) ranges [2-8]. The wall-plug efficiency
(WPE) of a QCL represents the energy conversion efficiency from electrical power input to
optical power output. Optimizing the WPE can not only efficiently take advantage of electrical
energy, but also can minimize the waste heat produced within a laser, which can significantly
improve the reliability of lasers, especially for QCLs under continuous-wave (CW) operation.
Unlike traditional semiconductor lasers whose WPE is capable of exceeding ~70% at room
temperature [9], it has proven to be challenging to improve the WPE of a QCL since a minimum
voltage (typically above 10 V) is required to align the cascade structures before any gain behavior.
Besides, lower quantum efficiency and stronger carrier thermalization during electron transport
in minibands also prevent the increase of QCL WPE. In 2011, a high performance QCL with
~21% WPE in CW operation and ~27% WPE in pulsed operation was demonstrated at room
temperature by Bai ef al. [10]. This laser, based on the shallow-well design [11], consists of
40 QCL-stages and is featured by a high characteristic temperature Ty ~ 240 K. Since then, no
improvement of the CW WPE of QCLs has been reported. Although a newly designed QCL with
~28% pulsed WPE was demonstrated a few years ago, its CW performance is far below 21% due
to a significantly lower characteristic temperature of To ~ 140 K [12].

In fact, without modifying the band structure of a QCL, its pulsed WPE can be also improved
by increasing the thickness of the laser core (proportional to the number of QCL stages, N;) as it
can raise the waveguide optical confinement factor (I'), reduce the waveguide loss (a.,), and lower
the threshold current density (J;;). Lower waveguide loss permits increasing the WPE (1ype)
by lifting the optical efficiency (1) since Nwpe="o - Ni - Ny - Ne and Mo = tn/(0m+0Ly), Where 1);,
Ny, Me> O is the internal quantum efficiency, voltage efficiency, electrical efficiency and mirror
loss, respectively [2]. A higher confinement factor enables WPE improvement by decreasing
the threshold current density, because less gain (g) is required to for lasing (g = (0 +0w)/T).
However, increasing N, will also increase the temperature of the laser core in CW operation,

#394916 https://doi.org/10.1364/OE.394916
Journal © 2020 Received 10 Apr 2020; revised 11 May 2020; accepted 12 May 2020; published 27 May 2020


https://orcid.org/0000-0003-0327-0332
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.394916&amp;domain=pdf&amp;date_stamp=2020-05-27

Research Article Vol. 28, No. 12/8 June 2020/ Optics Express 17533 |
Optics EXPRESS b Ny \

which will strongly degrade the performance. Thus, in order to achieve higher CW WPE, a
compromise between the thickness increase and thermal accumulation is required.

In this paper, we firstly study the feasibility of increasing the CW WPE of mid-infrared QCLs
using optical and thermal simulations. Then, we take the design with the current state-of-the-art
performance as a Ref. [10]. By increasing the QCL-stages from 40 to 45 and improving the
quality of processing, we demonstrate a QCL, emitting at ~4.9 um, which demonstrates the
highest room temperature, pulsed WPE to date (29.3%). This design is also shown to be capable
of delivering 5.6 W optical power in CW operation from a single facet with an unprecedented
WPE of 22%. An extremely high optical power density of ~35 MW/cm? has been achieved at
room temperature without damaging the outcoupling facet. This result achieves an important
milestone in CW QCL efficiency and output power and demonstrates the reproducibility of
material growth and device fabrication quality.

2. Optical simulation

Firstly, we numerically studied the influence of N; on a,, and I. The buried ridge waveguide
QCL with a ridge with of 8 um is modeled as Fig. 1(a). From bottom to top, it is the substrate
(InP), buffer layer (n- InP), laser core (GalnAs/AllnAs), cladding layer (n- InP), cap layer (n+
InP), isolation layer (SiO;) and top contact (Au), respectively. Their thickness from buffer to
top contact are set to be 1 pm, 0.44*N; um, 3 um, 1 pm, 0.5 pm and 3 pm, respectively, and
the window opening is chosen to be 2 um. On either side of the laser core is a semi-insulating
InP layer, which is regrown during the laser fabrication. Although there is a bottom contact
layer (Ge/Au, Ni, Au) in a real QCL device below the substrate, its effect on the optical mode is
negligible since the thickness of InP-based substrate is more than 100 um. So, the bottom contact
is not taken into account in the optical modelling.
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Fig. 1. (a) The optical modal simulation of a buried ridge QCL. (b) The imaginary part of
the effective refractive index (proportional to waveguide loss) and the confinement factor of
the buried QCL as a function of the numbers of QCL stages.

Based on the model, we calculated a,, and I for the fundamental mode (TMyg) and high order
transverse mode (TMy; ) of the buried ridge QCL as a function of Ny from 20 to 70. As shown in
Fig. 1(b), between N, =20-45, the waveguide loss and confinement factor change rapidly with
the increase of QCL stages, while between Ny =45-70, both curves start to converge towards
a constant. If N is increased from 40 to 45, the waveguide loss will decrease by more than
27% for both TMyp and TMy; modes. For a 5-mm-long mid-infrared QCL, the mirror loss is
o = In(1/R-Ry)/2L ~ 2.6 cm™'. Taking the estimated a,, ~ 0.5 cm™! from Ref. [10], the stage
change will lead to an improvement of optical efficiency from ~84% to ~88%.
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where J;, is the transparency current density and g is the material differential gain. Both are
assumed to be constant with respect to Ns. From cavity-length dependent testing of the laser
from Ref. [10], J,- and g,I" are estimated to be 0.72 kA/cm? and 4.7 cr/kA, respectively. As
shown in Fig. 1(b), when increasing N; from 40 to 45, the confinement factor is increased from
~0.75 to ~0.80 for the TMy mode and increased from ~0.71 to ~0.76 for the TM; mode. This
results in a decrease of threshold current density by 4.9%.

A simplified expression for the WPE can be written as:
(= Jm) _ hwNj (J = Jm)

Nwpe = Ms TV = C]V NiMlo i
where 1) is the slope efficiency, J is the operating current density, V is the applied voltage, and
hw is the photon energy. It is assumed that V roughly scales proportionally to N;, which simplifies
analysis. From Ref. [10], the maximum WPE occurred for J =4.25 kA/cm?. Based on estimates
for the m, and Jy;, given above, increasing N; from 40 to 45 should increase the WPE to ~28.9%.

@)

3. Thermal simulation

Although the WPE increases with Ny owing to the improvement of waveguide loss and confinement
factor, the temperature of the laser core for the same input power density also increases rapidly.
This heating is significant for CW operation lasers and will drag back the WPE due to enhanced
non-radiative relaxation and reduced transport efficiency [14]. As such, the thickness increase of
the laser core cannot guarantee the increase of CW WPE and the thermal issues have to be taken
into account.

The buried ridge epi-down bonded mid-infrared QCL under CW operation is modelled as
Fig. 2(a). Similar to the optical modeling, from bottom to top in order, it is InP substrate, highly
doped buffer layer, InGaAs/AlInAs laser core, InP cladding and cap layer, SiO, isolation layer,
top contact (gold). In addition, an indium layer and a diamond heat spreader are added on the top
contact for efficient heat removal under CW operation. As a boundary condition, the temperature
of the top surface of the diamond heat spreader is set to be kept as constant (300 K). Heat transfer
in QCL is described using Eq. (3) [15]:

V- k(x,y, T)VT(x,y, )] + S(x,y,) =0 3)

where T{(x,y) is the temperature distribution, & is the thermal conductivity of materials under
consideration, and S is the power density of heat source. In this model, the laser core is supposed
to be the only heat source. As shown in Fig. 2(b), the maximum (75,,,) and average (Tyyerage)
temperature of laser core under CW operation are simulated as a function of N; for a constant
power density (S=2.3x10'* W/m?). Above 30 stages, the increase is approximately linear.
From 40 to 45, T}, is increased by 20 °C from 394 K to 414 K and T, is increased by 10°C
from 355 K to 365 K.

The temperature dependence of WPE can be obtained from Eq. (2) by substituting J,;, =Jp -
exp(T/Ty) and Mg =My - exp(-T/T} ), where T is the average core temperature, Ty ~ 220 - 250 K is
the characteristic temperature for threshold, Jy is the extrapolated Jy; at 0 K, 77 = 400 - 500 K is
the characteristic temperature for slope efficiency, and 10 is the extrapolated 1 at 0 K. Based on
the thermal simulation values for the 40 stage core and the pulsed WPE (27%) from Ref. [10],
the CW WPE is estimated to drop to ~21%, which matches very well to the CW testing results in
the same reference. As N increases to 45, Jy, increases by another 4.2% and v drops by 2.3%,
which from Eq. (2) leads to a CW WPE estimate of 21.7% for the same waveguide geometry and
power density.
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Fig. 2. (a) The model and temperature distribution of a buried ridge QCL epi-down bonded
on a diamond heat spreader for CW operation. (b) The maximum (7},4,) and average
(Taverage) core temperature of the buried ridge QCL under CW operation as a function of

QCL stages.

4. Experiments

Based on the shallow-well design in Refs. [10,11], the new QCL wafer was grown in a gas-source
molecular beam epitaxy (GSMBE) reactor on n-InP substrate. As shown in Fig. 3(a), it consists
of 45 QCL stages and ends with a 3-um low doped (2 x 10'® - 2 x 10!7 cm™) InP cladding layer
and a 1-um highly doped (1 x 10'® cm~3) InP cap layer. The laser core doping concentration
is nominally the same as the laser from Ref. [10]. A dark field optical microscope image of
the wafer surface is shown in the lower part of Fig. 3(a) which indicates the wafer has a defect
density below 1.1 x 10° cm™2. Figure 3(b) shows the photoluminescence of the new and reference
wafers at room temperature. The peak of the spectrum is centered at A = 1434 nm with a full
width at half max (FWHM) of ~34 meV. Compared with the wafer in Ref. [10], they are almost
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Fig. 3. (a) The QCL wafer grown structure (upper) and the dark field of the wafer surface
after growth (lower). (b) The photoluminescence of the wafer and comparison with the
reference wafer. (c) The SEM images of the cross section of buried ridge QCL device with a
wide ridge width for pulsed operation. (d) The SEM images of the cross section of buried
ridge QCL device with a narrow ridge width for CW operation.
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overlapped, which shows that material composition, thickness, and quality for the two wafers are
comparable and highlights the reproducibility of the active material growth.

We firstly processed this wafer as a buried ridge waveguide with a wide ridge width of ~17 pm
as shown in Fig. 3(c). This wide ridge width gives better uniformity across the processed wafer
and allows for an accurate estimation on the important parameters of the material and device such
as Jy, gal’, oy, and n;. To improve the reliability of QCLs, an improved device geometry was
developed, based on the flattest possible regrowth surface as shown in Figs. 3(c) and (d). This
improved device fabrication process provides the most consistent performance and facilitates
void-free epi-layer-down bonding for CW operation.

Figure 4(a) shows the power-current-voltage (LIV) characteristics and extracted WPE of a 5
mm, uncoated laser. The measurement was conducted in pulsed mode with a pulse width of 500
ns and a duty cycle of 2% on a stage held at 293 K. The threshold current density is 1.22 kA/cm?,
with a maximum output power and WPE of 9 W and 29.3%, respectively. This is close to the
predicted WPE of 28.9%. The WPE is maximized at a current density of ~4 kA/cm?, which
is a little lower than that of the laser from Ref. [10] (4.25 kA/cm?). This is an indication that
the laser core doping is ~6% lower than the reference wafer. Some of this is reflected in the Jy;,
value, which is 11.6% lower than the reference. The residual decrease is explained fairly well by
the lower waveguide loss and increased confinement factor, which was estimated to drop J;;, by
~4.9%. The inset of Fig. 4(a) shows the spectrum of a QCL with this design at a current density
of 2.5 kA/em?.
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Fig. 4. (a) The LIV curves and extracted WPE for a 5 mm long, 17 um wide laser. Inset: the
spectrum of the laser emission at 2.5 kA/cm? (b) The mirror loss dependent slope efficiency
and (c) total loss dependent threshold current density. These measurements were conducted
in pulsed mode with a pulse width of 500 ns and a duty cycle of 2% at 293 K.

Additional measurement of 3 and 4 mm long, uncoated cavities were used to study the laser
characteristics as function of mirror loss. The internal quantum efficiency and waveguide loss of
the QCL can be obtained from the cavity length dependent experiment by linear fitting on 1/ as
a function of 1/ay, in Eq. (4). |

e

Ny ni ' Nho
where e is the charge of electron, N is the numbers of QCL stage, /ww is the energy of one photon
and o, is the mirror loss. Figure 4(b) shows the reciprocal of 1, as a function of the reciprocal of
mirror loss. Fitting by Eq. (4), the internal quantum efficiency and waveguide loss are estimated
to be ~76% and ~0.37 cm™". Compared with the reference (o, ~ 0.5 cm™ 1), the waveguide loss
is reduced by ~26%, which matches quite well with the calculation (>27%) in part 2. A similar
analysis can be made by studying the change in Jy;, as a function of mirror loss in Fig. 4(c), which

(1425 )
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leads to estimates for g;I" and J;, of 5 cm/kA and 0.6 kA/cm?, respectively. With this additional
data, 1y and n for the 5-mm QCL are estimated to be ~88% and ~53%.

Another piece of the new wafer was processed to be a narrow, buried ridge QCL with a ridge
width of ~8 um and a cavity length of 5 mm as shown in Fig. 3(d). The back facet of the device
is high-reflection (HR) coated with Y,O3/Au/Ti and the front facet is anti-reflection (AR) coated
with Y,Oj3 dielectric material with the goal of reproducing the mirror loss of a 5-mm, uncoated
cavity. This mirror loss was chosen as it exhibited the highest pulsed WPE of all of the cavity
lengths experimentally tested in Fig. 4. To efficiently extract heat from the laser core under CW
operation, the QCL was epi-layer down bonded on a patterned diamond heat spreader using
indium and then mounted on a water-recycled microchannel cooler.

Figure 5 shows the LIV curve (black, dashed lines) of the QCL under CW operation with a
water temperature of ~20 °C. The threshold current density is 1.3 kA/cm?, with a maximum
output power of 5.6 W. In Ref. [10], the CW threshold current density of a similar geometry
device is 1.38 kA/cm?2. While the pulsed Jy;, difference was 11.6%, the CW Jy;, difference is only
6%, indicating that the 45-stage device has a slightly higher internal temperature, as predicted
above. Nevertheless, thanks to a higher pulsed WPE and a lower operating current density, the
new wafer still has excellent efficiency in CW operation. The extracted CW WPE is shown in
Fig. 5. The maximum WPE reaches 22% in CW operation at room temperature, exceeding the
highest previous demonstration of 21%. This is similar to the predicted value above (21.7%),
allowing for small differences in temperature and input power density.

20 T T T 7 130
Poax ~ 5.6 W _- 16 .
16| -_—-___,—’_ _ 4125 :
S ._®”' /ﬂ‘\ 1° % 120 &
12+ L’ ) ] o Q0
S |- o 4 = &)
© / & s " Nwpe ~22 % 8 +15 &
= ' g ’ 13 = o
S gl > I o)
> b S 110 2
:‘ ’ “2 a _9-
4_ ’ // (@) ©
‘0, 5 mm, HRAR coated {1 15 =
Al CW, room temperature
./
0 L L 0 40
0,0 0,5 1,0 1,5

Current (A)

Fig. 5. The LIV curves and extracted WPE of the HRAR coated, buried ridge QCL with
8-um ridge width and 5-mm cavity length in CW operation at 20 °C.

Further improvements to QCL WPE can be realized by addressing each aspect of laser
efficiency. For example, following the same trend, pulsed WPE will definitely be improved by
increasing N further. However, for better CW WPE, laser geometries with similar core thickness
and lower waveguide loss should be investigated. The largest potential impact to WPE will be
realized by targeting the laser 1, which is significantly lower than all other sub-efficiencies. As
defined in Ref. [2], this can be achieved by further reducing the laser J;; through reduction of
Jir and increase of g;. Just as important is the reduction of parasitic resistance by improving
electrical transport efficiency within the QCL active layers.

5. Conclusion

In conclusion, based on a feasibility study using optical and thermal simulations, the WPE of a
mid-infrared QCL has been successfully extended to 29.3% at room temperature by increasing
the number of emitting stages. With a narrow, buried ridge waveguide and proper packaging, 5.6
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W CW output power was demonstrated for a 5 mm long cavity, corresponding to an extremely
high optical density of ~35 MW/cm?, without damage to the facet. The resulting maximum CW
WPE has also been increased to 22%. As the new record of high WPE QCLs, this result extends
the efficiency and power capacity of intersubband semiconductor lasers for many important
high-power applications at room temperature. In addition, it also demonstrates the technical goal
of achieving reproducible material quality for the best QCL wafer design and proves that high
efficiency QCLs are a viable technology for manufacturing in future industrial applications.
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