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Distributed feedback quantum cascade lasers operating in continuous-wave mode

at A ~ 7.6 pm*
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Abstract: Distributed feedback (DFB) quantum cascade lasers (QCLs) in continuous-wave (CW) mode emitting at
A & 7.6 um are presented. Holographic lithography was used to fabricate the first-order distributed feedback grat-
ing. For a high-reflectivity-coated QCL with 14.5-pum-wide and 3-mm-long cavity, CW output powers of 300 mW
at 85 K and still 10 mW at 270 K are obtained. Single-mode emission with a side-mode suppression ratio (SMSR)
of about 30 dB and a wide tuning range of ~300 nm in the temperature range from 85 to 280 K is observed.
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1. Introduction

The quantum cascade laser (QCL) is currently one of the
most flexible and powerful light sources for many chemical
sensing applications in the mid-infrared region of the spec-
trum such as gas sensing, military countermeasures, medical
diagnosis and free space communication!! =>!. The realization
of these applications is fulfilled only with the employment
of distributed feedback (DFB) QCLs operating in CW mode
which have a single-mode, very narrow spectral linewidth and
wide tuning range. However, the gratings of these devices
are usually fabricated by electron-beam lithography, which is
particularly expensive and time-consuming. As the commer-
cial significance of QCLs increases, the production of reliable
and potentially low cost devices becomes increasingly impor-
tant. Thus, holographic lithography technique for its high ef-
ficiency and low cost has been demonstrated to realize CW
operation, single-mode QCLs[®~8]. Unfortunately, the emitting
wavelength of DFB-QCLs are mainly concentrated on the first
atmospheric window (3—5 pum) due to the lack of good CW
Fabry—Pérot (F—P) QCLs in the range of wavelength A > 7 um.
At present, there are very few groups who can achieve room
temperature CW operation of DFB-QCLs in this wavelength
range® 11! and electron-beam lithography seems indispens-
able for the fabrication of gratings. For practical reasons, the
use of holographic lithography technique to pattern the grating
should be remarkable. In this letter, we applied the holographic
lithography technique to the fabrication of DFB-QCLs at A =
7.6 um. This QCL wavelength is rather attractive because it
targets the common industrial pollutant molecules, such as SO,
and CHy4. Single-mode emission with a high side-mode sup-
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pression ratio (SMSR) and a wide tuning range is achieved up
to a temperature of 280 K.

2. Device structure and fabrication

The quantum cascade laser structure was grown by solid-
source molecular beam epitaxy on an n-InP (Si, 3 x 107 cm™3)
substrate in a single epitaxial run. A 1.55 pum active region was
sandwiched between two 300-nm-thick InGaAs layers. The
first-order DFB grating of periodicity A = 1.192 um (duty
cycle of ~ 65%) was designed on the upper 300 nm-thick In-
GaAs layer using the holographic lithography technique and
subsequently etched to a depth of about 90 nm by wet chemi-
cal etching. Then 3 um thick low-doped (2.4 x 10! cm™3) InP
layer and a 0.5 um thick high-doped (5 x 10'8 cm™3) InP layer
were grown in sequence as the upper cladding by metal-organic
chemical-vapor deposition (MOCVD). A target wavelength of
A = 7.58 um is chosen based on the emission spectra of the
F-P lasers. The scanning electron microscope (SEM) image of
the cross section of DFB-QCL structure is shown in Fig. 1.

Following implementation of the grating pattern and re-
growth, the epi-wafer was etched into double-channel wave-
guide laser with an average ridge width of 14.5 um. The ridge
structures were passivated with insulating layers of SiO, with
thickness around 350 nm deposited by chemical vapor depo-
sition. The devices were then fabricated with e-beam evapo-
rated Ti/Au layer, followed by a 5.5-um-thick electroplated
gold layer, and thinned down to about 120 um total thickness.
Ge/Au/Ni/Au metal was used as substrate contact layer and the
processed wafer were cleaved to a length of 3-mm bars and a
high-reflectivity coating consisting of Al,O3/Ti/Au/Ti/Al,O3
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Fig. 1. SEM image of the cross-sectional view of DFB-QCL structure.
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Fig. 2. Output power versus current of a 3-mm-long and 14.5-pum-
wide DFB laser operated in CW mode at different heat sink temper-
atures between 85 K and 270 K along with VV—I curves at 85 K and
270 K.

(200/10/100/10/120 nm) was deposited on the back facet.

The lasers were mounted epilayer-side down on copper
heat sinks with indium solder and then wire bonded to an ex-
ternal contact pad. For low temperature testing, the lasers were
mounted inside a liquid nitrogen cooled cryostat. The emitted
optical power from the facet of lasers was measured with a cal-
ibrated thermopile detector placed directly in front of the laser
facet.

3. Measurement and results

Figure 2 shows the CW operation power—current—voltage
(P-I-V) characteristics of the DFB device with a 14.5-pum-
wide and 3-mm-long cavity at different heat sink temperatures
(85-270 K). A high output power of 300 mW is obtained at
85 K with a threshold current density (Ji;) of 0.41 kA/cm? and
the output power decreased to 10 mW with Jy, = 3.45 kA/cm?
at 270 K. The voltage—current (V—1I) curves at both 85 and
270 K are also shown in Fig. 2. The threshold voltage (Vi)
of 7.7-9.6 V was measured over the temperature range of
85-270 K.

Figure 3 shows the normalized CW emission spectra (in
semilog scale) of the same DFB laser obtained at currents of
1.11y, for the temperature range of 85-280 K. Single-mode
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Fig. 3. Single-mode CW emission spectra of a DFB laser at currents
of 1.1/, for different heat sink temperatures of 85-280 K. The inset
shows the lasing frequency change at different driving currents at a
constant temperature of 85 K.
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Fig. 4. Threshold current as a function of heat sink temperature in CW
and pulsed modes of a 3-mm-long and 14.5-pum-wide DFB laser. The
dotted line is the fitting result using a usual exponential function Jiy
= J() exp(T/To).

emission with a SMSR about 30 dB in all tested tempera-
ture range is observed. The spectra were measured by us-
ing a Fourier transform infrared (FTIR) spectrometer with a
0.5 cm~! resolution. The peak emission was observed to shift
from 7.478 pum at 85 K to 7.778 um at 280 K corresponding
to a tuning range of 300 nm. The inset of Fig. 3 shows the nor-
malized CW emission spectra, obtained at different currents
from 0.18 to 1.38 A with a step of 0.2 A at 85 K. Single-mode
emission in the entire current range is observed.

The temperature rise of active region during CW opera-
tion is obvious though the lasers were mounted epilayer-side
down on copper heat sinks. Usually, the active region temper-
ature T, is much higher than the heat sink temperature 7,y in
CW mode. The measured the threshold current density as the
function of heat sink temperature in CW and pulsed modes is
shown in Fig. 4. In pulsed mode, a 2 us pulse width with a rep-
etition rate of 1 kHz was used. Fitting the experimental result
with the expression Jy, = Joexp(T/Ty) gives a characteristic
temperature of 7y = 137 K in pulsed mode and Ty = 100 K in
CW mode.
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Fig. 5. Subthreshold CW emission spectrum at 140 K with injection
current of 0.318 A. The inset is the lasing spectrum at the injection
current of 0.32 A.

The actual core temperature of the laser is approximately
equal to the heat sink temperature measured in pulsed mode at
low duty cycles, where heating effects are negligible. At 270 K,
the thermal resistance of the laser, which is defined as Ry, =
(Tact — Tsink)/(VinI1n), can be calculated by using the dissipated
electrical power at threshold in CW mode. At threshold, the
temperature difference between the active region T, and heat
sink temperature Ty, is about 110 K from Fig. 4. With Iy, =
1.5 A and Vi = 9.6 V in CW operation at 270 K, the val-
ues of Ry, = 7.64 K/W [corresponding to the thermal conduc-
tance (Gy, = 1/(RpA) = 300.9 W/K-cm?] is estimated using
the above equation.

The coupling coefficient (k) of the DFB grating can be
estimated from the width of the stop band, which is observed
from the CW the subthreshold spectrum at 140 K in Fig. 5.
The inset is lasing spectrum of the device at the injection cur-
rent of 0.32 A. For subthreshold current of I = 0.318 A, the
stop band width is about 10.5 nm. The effective refractive in-
dex (ng) is deduced from the Bragg wavelength Ag = 2n.A
and its value is 3.19 at 140 K. The coupling coefficient « of
the grating can also be determined from xk = Akonneff//lﬁ,
where A is the stop band width!'%!, We obtain the coupling
coefficient k = 18.2 cm™!, which in turn yields kL ~ 5.46
for a cavity length of 3 mm. This value is slightly higher than
typically expected for optimum range (1-3), which suggests
that the device is slightly overcoupled. As shown in the inset
of Fig. 3, this overcoupling is helpful to secure single-mode
operation at high operating currents.

4. Conclusion

In summary, we have demonstrated the CW performance
of single-mode DFB-QCLs operating at A ~ 7.6 um up to tem-
peratures of 280 K with SMSR about 30 dB. The holographic
lithography technique is shown to be a very effective method to
define DFB grating, which will be significant to the large-scale
fabrication of DFB-QCLs.
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