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Single Mode Operation of Short-Cavity Quantum Cascade Lasers”
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Abdiract : Single mode operation of strain-compensated Ini- x GaxAs/ Ini- yAlyAs quantum cascade lasers emitting
atA= 5 4 and 8 m is realized by shortening the Fabry-Perot cavity length. Accurate control of growth parameters
and strain balance results in a perfect lattice match and thus in excellent material quality. Single mode emission
with a side mode suppression ratio greater than 20dB f or uncoated lasers is realized. Record low threshold currents
of 50 and 80mA and record short cavity lengths of 145 and 17QM m are achieved forA= 5 4 m andA= 7. 84/ m de-

vices,respectively ,in pulsed mode.
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1 Introduction

Recent work on midrinfrared quantum cascade
lasers (QCL s) has produced a variety of powerf ul
coherent emitters* *'. Steady improvement in the
past years has enabled continuous-wave and room-
temperature operation. This has made QCL s more
appealing for real world applications, such as free
gpace communications and remote chemical sens
ing,which demand cheap monolithic mid-infrared
sources. Most of these applications require stable,
sngle mode emisson of QCLs. Distributed feed-
back and micro cavity resonators have been em-
ployed to produce such required emisson. These
techniques ,however ,result in inevitably complicat-
ed and prolonged fabrication processes.

Sgnificant achievementsin vertical-cavity sur-
face-emitting lasers have helped us hit on a new i-
dea. Sngle mode operation can be easly demon-
strated for vertical-cavity surface-emitting lasers u-
sng Fabry-Perot microcavities with highly reflec-
tive Bragg-mirrors. Recognizing that the QCL
wavelengths are in the mid-infrared range ,stable sn-
ge longitudnal mode operation can be achieved in
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QCL s by shortening the cavity length. The gpadng of
Fabry- Perot modes increases with the decrease of cavi-
ty length. Thus, the number of alowed osdllation
modes is reduced. When the secondary modes besde
the master mode pass over the range of gain band
width ,only the master mode acquires suffident gain to
reach its threshold. Thus a short Fabry- Perot cavity
provides a very elegant and Smple route to achieving
the required sngle mode operation. In this paper ,we
demongtrate Sngle mode QCL s with short cavities.

2 Fabrication and measurement

The designs presented here forA= 5 4(sample
G064) and 8¢ m (sample G044) employ a double
phonon resonant desgn sSmilar to one previousy
published” ® . Thisfour quantum-well design hasa
high injection efficiency due to the first thin well
and a short lifetime in the lower lasng state. The
thick wells als0 decrease scattering due to the in-
terfacial roughness ,and the relatively high barrier ,
made by strain-compensated InGaAd INAlAS, -
fectively decreases the electron tunneling probabili-
ty from the upper state to the continuum. L aser
wafers were grown by solid-source molecular beam
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epitaxy on nrdoped InP (S,2 x 10 cm™®) sub-
strates. The growth process started with the lower
waveguide layers (InGaAs,3,(6 8) x10°cm™®,0 3

0 4 min thickness) ,continued with the thirty stage
of strarnrcompensated Ini- x GaxAd Ini- yAlyAS active
layers and the upper waveguide layers (InGaAs,9 ,(6

8) x10°cm™®,03 0 4 min thickness) ,and was
finished with thicker upper waveguide cladding and cap
layers (InP, 9,1 x 107 5x10%cm ®,2 3im in
thickness) . The active regions of QCL s are desgned as
partialy strain-compensated ,while the remaining strain
is compensated in the dadding layers. The net stranin
the complete structure tends to zero.

X-ray diffraction spectra of the laser wafers
are shown in Fig. 1. The excellent periodicity and
narrow linewidths of the satellite peaks indicate
extremely good material quality ,especially goodin-
terfaces between the layers. The zero-order super-
lattice diffraction peaks show a perfect lattice
match to the InP substrate,indicating extremely
good material quality. Thisindicates that the laser
waf ers incorporating strained InAlAsand InGaAs,
have been properly strain-balanced to give a net
strain of zero.

Fg. 1 X-ray diffractions of
Ini- xGaxAd Ini- yAlyAs QCL s
= 7.84m

Devices fabricated from the sample wafers

strain-compensated
(a) A= 5 4 m:;(b)A

were processed into ridge mesas with various
widths (10 3@ m) with photolithography and wet
chemical etchingin HBr HNOs H:0 solution.
A SINxOy layer with a coverage thickness of 350nm
was deposited around the mesa for electrical isoler
tion. AuGeNi/ Au was used for top and bottom
contacts. No annealing of the contacts was per-
formed. The lasers were cleaved into cavities with
various lengths,with the facets Ieft uncoated for
testing. All devices were tested with the epitaxial-
layer-sde-down bonded to Cu heat snksin a tem-
perature controlled (77 400K) liquid nitrogen
cooled Dewar with BaF: windows. The devices
were driven with a 1 s pulse at a 5kHz repetition
rate.

3 Device performance

The gpectral characteristics of the devices
were tested with a Bruker Equinox 55 Fourier
trandorminfrared spectrometer with aliquid nitro-
genrcooled HgCdTe detector. To reveal the influ-
ence of cavity length on the performance of QCL s,
devicesfabricated from wafers G044 and G064 with
different cavity lengths were cleaved. Figure 2
shows the lasng spectra of G064 QCL s with cavity
lengths of 145,290 ,and 39U m at 78K. The lasing
wavelength is about 5 4 m. The mode spacings are
29. 0,14 5,and 10. 8nm, respectively ,as expected
from the cavity lengths and the lasng wave
lengths. The QCLs with 290 and 39Q m cavity
lengths show multimode spectra. However , the
spectrum of the laser with a 1494 m cavity length
shows a distinct sngle mode and a full width at
half maximum of only 2nm. The observed sngle
mode is s0 perfect that no detectable side-modes
can be caught.

The emisson wavelength of a QCL can be
tuned over a small range by changing the tempera
ture. The dngle mode emisson gpectra for a
14% mrlong cavity QCL (G064) at heat sink tem-
peratures of 78,90,109,and 129K are shown in
Fig.3. At afixed current of 100mA ,the emisson
wavelength of the laser shiftsform 5 4 m at 78K
to 5 48 m at 129K. The sngle mode emisson is
quite stable throughout the entire temperature
range. The measured sngle mode wavelengths are
well fitted by a linear function (inset of Fig. 3)
with a wavelength-temperature tuning coefficient
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FHg.2 Lasing spectraof 221 m wide and 145,290, and
390 m long QCLs at 78K A distinct single longitudi-
nal mode is observed for QCL with a cavity length of
145 m.
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Fig.3 Sngle mode emission spectraof 221 m wide and
1439 m long QCL (G064) at different temperatures
between 78 and 129K The device operates in pulsed
mode (M s,5kHz) . Inset shows the emitted wavelength
dependence on temperature at a constant drive current
of 100mA.

dA/dT=2 93 x10 U m/ K. Due to the higher mir-
ror loss, the maximum operation temperature is
limited to about 130K.

The output power was measured from a sngle
laser facet using a Molectron EPM 1000 power me-
ter with a thermopile detector ,which was placed
3 5cmin front of the laser facet (because of the
Dewar size) . No parabolic mirror or lens was used

to focus the light between Dewar and detector. The
output power recorded from the detector was only
a portion of the true optical output of the devices
due to the absorption of the optics windows (BaF:)
and the poor collection efficiency of the detector
(which was limited by the laser far-field character
and was calculated to be no more than 60 %) . Typi-
cal values of optical power per facet versus current
behavior of the uncoated QCL s ( G064) with differ-
ent cavity lengths at 78K are shown in Fig.4. The
threshold currents are 50,300 ,and 360mA ,respec-
tively. The corresponding powers are 3 16,9 67,
and 29 56mW , respectively. The considerable re-
duction in threshold current is the result of the
shorter cavity length.But the mirror loss varies di-
rectly with inverse cavity length ,and eventually the
maximum power decreases due to the reduced e
misson volume and limited maximum current den-
sty.
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Fg.4 Optica power from a single facet as a function
of driving current forA= 5 41 m lasers with different
cavity lengths (145,290,and 394 m) measured at 78K
The inset enlarges the L-1 curve of 14% mlong QCL .

The above mentioned Sngle mode operation of a
QCL draws attention to a clever and smple routefor a
micro Fabry- Perot edge emitting QCL to redize dngle
mode operation. We a 20 investigated the cavity-length’
s efectson QCL s made with sample G044 and redized
dngle mode operation at 7. 83 m. The single mode
emisson spectrum for a 17Q nrlong short cavity
QCL (@044) at a heat sink temperature of 84K is
shown in Fig.5. The device is emitting in sngle
mode at 7. 83U m with a sde mode suppresson ra
tio of 20dB limited by the intensty dynamics of the
measurement setup. The single mode emisson is
also quite stable.



682

27

5t

g

& r

2 1

2

£ L

1.76 7.82 7.88 7.94
Wavelength/pum

Fig.5 Sngle mode emisson spectrum of QCL (G044)
221 m in width and 174 m in length at 84K

4 Conclusion

In summary, we report the fabrication and
characterization of short cavity sngle mode QCL s
atA= 5 4 mandA= 7. 84 m. The first and shor-
test operating micro QCL has a cavity length of
14%1 m which is,to our knowledge, the shortest
edge emitting QCL realized. Our work is intended
mainly to open a smple and feasble route to &
chieve the necessary sngle mode operation. On the
bass of high quality strainrcompensated InGaA ¢
InAlAs materials, this main goa is achieved by
shortening the cavity length. Record low val ues of
athreshold current of 50mA for aA= 5 4 m un-
coated device with a cavity length of 149 m, and
80mA for aA= 7. 84/ m uncoated device with

a cavity length of 17Qu m have been achieved in
pulsed mode at liquid nitrogen temperature. This
fascinating feature of QCL s may promote their po-
tential applications.
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