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We have optimized the design of the broadband quantum cascade laser for cw operation. The
improved design leads to a gain ripple of only about 4 ¢rover more than a 0.mn spectral

range. Simultaneous cw emission at several wavelengths spanning the range between 6.7 and 7.4
um has been achieved in a temperature interval from 20 to 77 K0@3 American Institute of
Physics. [DOI: 10.1063/1.1588374

A broadband quantum casca@d®C) laser emitting in  core. The top cladding consists of two luB3- and 800-nm-
pulsed mode from 6 to 8um has recently been thick, low-doped (5<10'® cm 2 and 1x 10'” cm™3, respec-
demonstrated.The mid-infrared broadband QC laser is ex- tively) AllnAs layers, followed by a 500-nm-thick highly
pected to be scientifically and technologically important fordoped (5¥ 10 cm™3) InGaAs layer, which provides the so-
applications such as chemical and biological sendige to  called “plasmon enhanced” optical confinement.
its broad spectrum, it has potential for the generation of ul-  All active regions were chosen to be of the so-called
trashort pulses by mode-lockifigSelf-mode-locking of QC  “three-well vertical transition” typé [Fig. 1(a)]. Optical ra-
lasers based on the optical Kerr effect has recently beefliation is generated by electrons undergoing intersubband
observed. The pulse width in this experiment was estimatedtransitions between levels 3 and 2. The wavelength can be
to be of several picoseconds. Pulse generation with broad/aried by changing the thickness of the active region’s quan-
band QC lasers is expected to shorten the pulse width codum wells and was designed to decrease monotonically from
siderably, to below 1 ps. th_e bottom to the top, spanning the range from 6.9 toufr®

The previously demonstrated broadband QC laser corlFig- 1(b)]. _
sists of 36 stages with active regions centered at different [N our first wafer(D2807), we chose the number of ac-
emitting wavelengths.The stages of active regions and in- Ve regions centered at any wavelength to be three, except
jectors were calculated and designed to compensate togetH8f the “first” and “last” wavelengths, where four stages
for the wavelength dependent losses and to achieve flat nd{ere grown[Fig. 1(c)]. As we will discuss later in more

gain over the desired wavelength region. Discrepancies b letail, lasers fabricated from D2807 wafers still exhibited
tween calculations and experiments were significant anaignificant variations of modal gain across the desired spec-

caused considerable variations of the net modal gain acroérsal. range. One way to compensate for the obsgrveq gain
riations would be to redesign the cascade by adjusting the

: Y
the spectrum that prevented broadband cw operation of the?é:ckness of all quantum wells according to the results of the

lasers. . .
. .measurements. However, such an approach is time-
Here, we present a straightforward method for the opti- P

o ) . consuming and inefficient due to the difficulties in relating
mization of the b[(iadbgnd QC laser design. We achieve g, joyeq shape of the observed gain spectrum to the thick-
small (about 4 cm~) gain ripple across our target wave-

: . ness of the wells and barriers. We have demonstrated an-
length region and demonstrate the broadband cw operatlo&her, much simpler method, which allowed us to achieve a

of QC lasers. These lasers simultaneously emit many modegticiently flat gain without additional elaborate efforts to
between 6.7 and 7.4m at temperature range from 20 {0 o qesign the cascades. In this approach, we have changed the
77 K. _number of emitting active regions at each wavelength ac-
The lasers were grown by molecular-beam epitaxyeording to the measured gain envelope. Explicitly, we have
(MBE) using InsGasAs and AbsdnosAs lattice  increased the number of the emitting stages at the wave-
matched to InP substrate. The bottom waveguide cladding iFengths with low gain and have decreased the number of the
formed by the lown-type doped i~2x 10" cm™®) INP  gtages at the spectral regions with high dfain the resulting
substrate. A 600-nm-thick-doped (3<10'° cm™®) InGaAs  design(wafer D2813, the number of stages is modified from
layer followed by 35 injector-active regions designed forthree to two or four, as shown in Figs(bl and Xc).
emission at 11 different wavelengthsnd another 400-nm- The lasers were processed as etched ridges about 10 to
thick (3x10°cm™3) InGaAs layer form the waveguide 14 um wide and were cleaved to lengths of 3 to 4 mm. The
lasers were mounted inside a helium flow cryostat and all
aE|ectronic mail: hsasha@lucent.com measurements were performed at cryogenic temperaiure (
PElectronic mail: capasso@deas.harvard.edu ~20K) under an applied dc bias. The optical spectra were
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20% tol=0.85 A results in the appearance of several addi-

FIG. 1. (a) Conduction band diagram of two active regions designed for thetjgnal modeg As the current is further increased, additional

emission at 7.2%m (right) and 7.40um (left) and the intermediate injector. : ; _
The layer thickness in nm from right to left starting from the injection modes appear across the entire gain spectre—At2 A, the

barrier (indicated by an arrow 4.21.9/.36.31.44.92.0331.93 2.9 ~ 1aser emits 6 modes between 6.7 and im.
3.12.0/3.02.1/3.02.2/3.0/4.2/2.0/..3/6.3/1.3/5.02.0. AllnAs layers are in In contrast, D2807 starts to emit multiple modes only

bold. The moduli square of the wave functions involved in the laser emis\yhen the current is increased by almost 50% to 1.3 A. How-

sion are shown(b) Calculated peak wavelength versus active region index. . . . .
(c) The number of active regions centered at each design wavelength versia €1, Even at higher current, the lasing modes exist only in

wavelength. The design central wavelengths of the corresponding activBart of the gain spectrum. This fact can be clearly seen at
regions are the same for D2807 and D2813 and are offset for clarity. =1.35A(D2807 andl=1.2 A(D2813 in Fig. 3, where the

gain is shown in overlap with the laser spectra. In D2807
lasing modes exist only at long wavelengths, while in D2813
lasing modes exist across the entire gain spectrum.

D2813 laser emits broadband up to a maximal tempera-
¢ ture aboufl=77 K, as shown in Fig. 4. In D2813 the spec-

measured with a Nicolet fast Fourier transform infrared spec
trometer and a cooled HgCdTMCT) detector and deuter-
ated triglycine sulfatéDTGS) detector when the laser outpu
power was high.

The inset in Fig. 2 shows subthreshold electrolumines- | -50A 120A
cence spectra of lasers D2807 and D2813 operating in cw | J %
The Fabry—Perot fringes are not resolved and appear as darg 120A =
bands, only interrupted by water vapor absorption lines. Theg | I 1024 4
net modal gain can be calculated from the fringe amplitude | \ | | [ I :
using the method developed by Hakki and P&dfigure 2 8 1135A ST 089l S
shows the net modal gain of both lasers calculated from theg | .~ - } ' 5
luminescence spectra at a dc bias current close to the threstg l ) 1 §
old. The optimized D2813 wafer has a smoother and more§ E]
uniformly distributed gain across the targeted spectral region & 1304 ‘ l 085A §
The gain ripple is about 4 cit in D2813, while the gain : L
ripple is more than 6.5 cit in D2807. The small wave- 0904 072A
length shift between the lasers results from unavoidable [D2807 D2813 ’
variations between MBE growth cycles. 68 70 T2 724 675 700 755 750

The advantages of the more uniform gain of D2813 are Wavelength (um)
explicitly seen in laser operation above threshold. Figure 3
shows the optical spectra of both lasers operating in cw &flG. 3. Laser spectra of D28Qfeft) and D2813(right) operating cw aff

; ; 20 K at different bias currents. The corresponding gain curves are shown
different values of operating current. Just above threshold; |=1.35 A (D2807 and I=1.2 A (D2813. The latter were calculated

both lasers are sin_gle mode at the position of peak gain. Iﬁom the luminescence spectra near thresholti=a0.6 andl =0.8 A, re-
D2813, a smaller increase of the current by approximatelgpectively.
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used in conjunction with an external gratitfiSuch a source

7K is of particular interest for chemical sensihg.
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