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The quantum cascade Luer seemod an unlikely vonteider at
first. Alehough it lud dee advantages of being manubfeianshle

wsing InP-based or Gads-based 1=V macerials, which are widely

wied in optoclectronics, and of belng able 1o cover a widk fre
guericy rangy wsig the same heterostrucoune magerial, the ugper
seate lifetime wan limited |'|:r the optical ]1|'|r|1'|un emeskiong it wan
1 fraction of a pleosscond ar ram emperamre—uwhich wold
seem o fimit o rnge af operation to cryogenlc remperanires,

The seluticin tas thin problens was ned o fid a2 way w
increase the upper stuie liferime, but rather 1o mitgare irs
negative effects. A fiess mep was m use new active region
architectures 1o malntain a population inversion oven at high
renperatures arnd woder sorong opoical Gebde. Archiceciures
hnsd to b fournel char could mabnemin 4 very shore lower smee
lifetime, and therefare a very high dlecrron extraction efficlency,
even ar high empenitures,

T accomplish this, Hofsteuer and colleagues ininnduced
v srates peparnted each by an aprical phonon energy below
the lower stare of the bser rransivion. This double resonance
stronghy reduced the bawer state population. as was shown
quantitatively in tapsport susulagons, Anodser soluto we o
reprlace the Lichder of two sires h:.' n miniband (see Faive or al
Hi01), These so-culled lmplmnm\ or bownd-to-cantinum
approaches are the hasis of mose af wday’s high-performance
devices

M second step was 10 reduce the waveguide losees by Fabaicat-

ing buried heterostrscoure, Ina bnned hevensarcne device,

the active region is literally “bursed™ by 2 non-conducting layer
of [l cresting a low-loss laserul w.n'n-pud.c. Thiese innevatbans
led 1o the firr demonseeaion of continmaus wave aperation o
room temperansre a1 the wavelongeh of 9 pm in 2002 (sce Beck
ot al,, 2002).

In onder o resch shorter wavelengths, one must fisse preven:
carrier keakage above the barrier and therefone find 3 material
wlth a larger band discontinuity than Landoe-marched InGata!
AllnAs, Oire very succesalial approasch wis 1o we strain=om-
pensated InCiadsfAllnAs, where the compressive srain in the
Inf3aAs is compensaned by the rensile strain in the AllnAs. This
allows for an increase of the band discontinuity brom abour
5200 oo oo e than 710 meV in | percent comprossive! ter-
sile strained materin] (see Hoboretter et al., 20400 and Faise eral.,
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2008, Y and colleagues also achieved a room-tempe
iie L‘HII'IiJIIJIH.I'u WL ‘III.II (1] “'“\'H!I'I.L}Hlli Jlld very lJI_I:E
oyt posvers by rediscing the doping in the active region and
ridge width. Most promising is the achievement of 3 maximum
operating temperature of M0 C by Evans and colleagues ar

Morthwestern Undversity as well us Yu et ul's develupimvent of i

dauous wave at @ wavelengrh of 4 pm, which was deserib

v a 2006 T pplied PMhysicr Lettens.
T achicve the single Frequency regquired by chemical semifing

applicatlons, one must use 3 rechnobogy very eimilar to the

ane |.Iw|J 13} I:!:n.u||||Iu|.|n|1..|lu||| I.lu'ls\.. it w]lln.h & pratufg e

erched in the norive reghor, Ihese sn-calbed dissritnaresd feslhadk

[hese so-called distributed feedback guanturm cascade lasers were first developed in
Bell Laboratories. They can now operate In single mode in continuous wave at room
temperature with an optical power slightly below that achleved by Fabry-Perot devices
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DOptical power versus injactad currant

Because of their narrow linewidth (a few

meqgahertz) and large optical powers, of a continuous wave DF-QCL |
continuous wave DFB-QCLs are extremely Current dansity (KA /em]

well adapted to gas spectroscopy

applications.

queanium cascide lasers {DFB-CHCLS) were fiest developed in
Bell Laberatories by Gmach! and coworkers, They can now
operate in single mode in continuous wave at room temperature
with an optical priwer slighrly below thar achieved by Fabry-
Perot devices.

One can abrain L[ 80 50 mW ol HIIE'{ mile n|}||1_.|.| ot
—mure than enough for the vast majority of sensing applica-
tons, The frequency range of operation (phout 1400 cm?) i 0 01 02 03 04 05 06 0F
well adapred m NO specrmoscopy. Frequency runing B achicved DG current [A]
by varying the active reghon remperature. At this wavelength,
the wning coefficient is 0,12 em™/K. masly due to the change
ol refractive index with emperature, This manshaes inw a
runing range of abour & cm'! if the temperature of the Pelder is Wavalangth [mm]
LI!JHh'flj djn:\r.'l!l}r berween 300 C and 200 C, or about 2 eme i 15‘-29 E28 5237 526 525 b2d
the current is changed ar a fixed operating temperature.

Beeause of their nareow linewideh (a few megaherr)

Single mode amission of the device

and Laree optical powers, continoous wave DFB-0CLs are
t‘lill‘r:mi‘l_i' wiell JL|J|!|I!L1.1 1 s spoctfoscapy Jr-|'r1||.:|!i|::|m, The
patential of this wechnology was recognived very euly by
SPECITOSCOPIs who i kl}' ild.luplﬂll the sensing vechnigues
used with ather lasers sources o the quanoum cascade laser,
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Mommalized intensity

Scienrists have demonsrared chemical sensars wsing cavity ring-

down spectroscopy [Kosterev et al ), irl:cgr.\rn{ ...',wi.l:].' ourpase

=]
g

SpeCEfoscapy (Bakhirkin et al.), ||.lrrH |11'|||I!iil:|n cells (Melsan

16508

et al.), photoacoustic detection (Magele er al,) and Faraday T 1004 1900 1904 1812

detection (see Ganser exall). In some mees, sensitivitics were Wanvenumbars [cm']

reached in the range of 2 few pare per billon, Emission for vanous temparatures and currents, The oparation
In these systems, the advantges of the quanium cascade frequency (1900 crm') s well adapted 1o spectrscopy of NO.

laser are fos very low amplitude nobse and high optical power st ouleny o Disharm B wd Lubsn Haixdama

its long-term srabilicy and i ability w0 be frequency modulared e R

upe ter aboue 100 MMz, An n..:lnplr of such a chemical sen ﬁnr:_ Fa—

experiment is shawn in the figure on the right. Continuous monitoring of the outside NG concentration
Thar CXpriment, whieh wan conducied I'!:. ﬂ.|:|:|:3-|.|.}'1:||:' Car- =

poration, was i long-term monioring of MO on the mofop of 250 Rl

the company premises (locared close to a major highway) over | 00 PResohstior 0.1 pebV (30

25 days of unattended operation. Researchers used a DFB-CHCL

o
thar was operated in 4 continuous wave in conjunction with a = | f
o 4 ; iV 100
76 m multipass absorption cell wned o a strong line of NG, (2 Ll
The data demonsrrare the Hucuation of the MO concentration e | l \
a L b I“-‘.—I"J ;

an a function of time as tratfic and wind patterns change. A sen-

sitivity below (L ppb over a | s integration time was estimited 122605 123NS 1/6/06 Rl
for this experiment. Manittaring Lsing a set-up based on TEC coolod lasers and de-
The wining range of a DFB-CUCL covers one or mwo absorp- tactors by Asmodyne ovar more than 25 days contineously, with-

rion lines of 3 gas. However, some applications call for the spec- out operator intervention. The accuracy was 0.1 ppb over 30 5

troscopy af mult-component gas or solids that require 2 much
larger mining range, Forunately, the intersubband tanxitons

Dt ety of M Fafoines, Aswmchn fessarch 1o fsmss s oo |
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Continuous wave wining of a guanium
cascade laser over 175 cm’’
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Tha external cavity configuration is of the Littrow typa, as

shown in the inget. The same device was tuned over 150 om™*

with a sidarmods SUppressan ratio larger than 30 48

Frurs masgstod i Wauir m

can be tilored to enable the dl’.‘HHIi of wetive regions with vEry
|Jr5|: F,lin bandwidth.

Crne possihilicy is o have active regions muned o differ-
ent transithons cosxksting in the mme waveguide structure, a
demonsirated in 2002 by Gmachl et al. However, the selec-
thon of the single I'|r|.|||rr|4,:|.' by an external cavity is casier if the
boroad gaim is achieved wsing a b - tes-conginuum transition
that offers an cs-u:nli.JJl}' IIi."I:IIiJHL'HEl:IIJ'\I |.l|:u.1l]l.'|1i|||.: ol the pain
spectrium

Usamg such an approach. Mauling and colleagues have

achieved runing of a quantum cascade Laser aperating in a
continues wave over @ record frequency span of 175 cm™’

gt ol "CREwiuan Cascocks Lasemn,” Soience 264, 553 [195:)
k=34 | cusarhuin caschile ser
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iion,”™ Appl Phys, Leti. 78, 147 2001)
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The next important challenge is to develop
gystems that are expressly dedicated to the
quantum cascade [aser, rather than having
to adapt optical systems that were anginally

devaelope

1 for other laser sources.

around a center frequency of 1850 cm ", In this ouning range,
the contimous power was lager chan 10 mW, Coarse tuning is

achi

ed by rowacing the grating: fine rning involves chang-
Ing 1|'|I.' Y |'|?' II:'I.'I!:III .'ll‘l.l. IJ‘-‘:'E \'hiFI li'llll.ﬁl.'llll".". ]EH-\. nmarrosw
linewidth, broadly pumable source is espacially well suivwsd for
SPeCLIoRCOpY, l'_lrl.:.' experiments |1r'r|'1|||r|n|: bw Frank Tieel at
Rice University confirmed this potential by performing the
spectroscopy al N} on |1"|.'|r|.!.' g lines,

The next imporam: challenge is w develop systems that are
nprn&t_-. dedicated 1o the quantum cascade laser, rather than
having o .11JJpr oprical systems that were nrip‘in.\llj.' developed
for other laser sources, In this way, the ultimate }:IJ.I.I of achiev-
il'lz.'. lovw-coise, "Ii!_[h-'ﬂ'll.\”i.\'il!.' sensors could be reached, A Frlﬂd
omen may come from the heavens: The Jer Propulsion Labara-
oy juest chose 3 DFB-CHCL <based sepsar in the 2009 Mars
Science Laboratory mission, w participate in the quest for
determining whether Mars was ever habitable, &
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