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We report on the realization of InGaAs/InAlAs quantum-cascade lasers grown by metalorganic
vapor phase epitaxy operating in continuous wave with low-threshold current densities at
temperatures as high as 188 K. Threshold current densities of 950%Adiechoutput powers of

125 mW are measured at 80 K, while 3 mW of continuous output power are measured at 180 K,
with a threshold of 2.5 kA/cf In pulsed mode, peak output powers of more than 0.4 W were
obtained at 80 K and of 160 mW at 300 K with thresholds of 700 A¥@nd 2.75 kA/cr,
respectively. ©2004 American Institute of PhysidDOI: 10.1063/1.1834715

Quantum cascad@C) laserd” have been grown so far InGaAs separate confinement heterostrugiurenethylalu-
preferentially by molecular beam epitax¥IBE), a growth ~ minum, arsine, phosphine, and disila@01% in H) for
technique that has brought very promising results for then-type doping. The samples were grown at a temperature of
applications of these mid- to far-infrared sources. Room temé50 ° C (calibrated by the eutectic temperature of Al)-8n
perature(RT), cw operation has been achiefeahd recent (001)-oriented InP:3n=3x 1018 cm3) substrates. To avoid
improvements have demonstrated high powers and lowxcessive free-carrier loss associated with the high doping in
thresholds for RT operatio‘hHowever, an important step in the substrate, a relatively thick3 um) low-doped n-type
the development of quantum cascade laser technology is thap:Si (n=2x 10" cm™3) cladding layer was grown before
capability to grow high-quality material by metalorganic va- the 0.45um-thick, n=5x 10* cm™ doped, InGaAs wave-
por phase epitaxyMOVPE), enabling low cost and high guide core layers that enclose the quantum cascade active
yield production of lasers working at room temperature Withregion. Likewise, the InP upper cladding layer is similarly
high powers. MOVPE-grown quantum cascade lasers havgick, to minimize the loss arising from the top layer, highly
been operated in pulsed mode and had high thresholds ag@ped for plasmon-enhanced confinement of the laser mode
low powers at RT:° This letter presents the cw operation of (500 nm InP:Si withn=5x 10 cm3), and from the top
MOVPE-grown quantum-cascade lasers up to temperaturgeta| contact. The ability to grow such thick InP cladding
as high as 188 K and d_ellverlng more than 125 mW .of OUlyayers is a primary advantage of MOVPE. The quantum-
put power at 80K, with threshold current densities of cascade active region is nominally identical to that reported
750 A/cn?. RT (T=300 K) operation is also demonstrated py Gmachlet al To reduce the series resistance, the inter-
in pulsed mode, with peak powers of 160 mW and thresholdgaces between the InGaAs waveguide core layers and the InP
of 2.75 kA/cn?, while peak powers of 0.45 W are obtained cladding layers comprise 30 nm step-graded InGaAsP.
at 80 K. The measured004) double-crystal x-ray diffraction

We have grown a 30-stage AllnAs/GalnAs QC lasergpecirum of the QC laser wafer is shown in Figa)lin
struct_ure lattice matched t70 the InP supstrate, similar to thaéomparison to the simulated spectrgnottom). Satellite re-
described by Gmacthgt al,” by conventional, low-pressure fiections are clearly visible, indicating the presence of a pe-
(76 Torn MOVPE. This laser design provides state-of-the-jogic structure. The spacing of the satellites indicates a pe-
art performance and has been used in many sensinggicity of about 42 nm, corresponding to the thickness of
applications: Our Thomas Swan reactor incorporates aeach QC stage. This is slightly thinner than the designed
purged and pressure-balanced switching manifold and giage thickness of 44.3 nm. This difference could be an in-
close-spaced showerhegd injector. Similar to the conditiongication of a systematic error, where each layer forming the
employed by Greeet al,” the growth rate for the quantum- ¢ stack is about 5% too thin. To further investigate the
cascade active region was set very Il nm/s, and 5S  jnterface quality, we performed transmission electron mi-
growth stops were employed at all interfaces. The rema'ndeéroscopy(TEM) of the active region as shown in Fig(hl.
of the structure was grown at approximately five times thiscrgss-section samples were prepared for TEM examination
rate. Precursors include trimethylindium, triethylgalligfar by standard mechanical polishing, dimpling, and final ion-
the slow-grown QC structure onlytrimethylgallium(for the  peam milling to perforation. Observations were made with a
JEM-4000EX high-resolution electron microscope operated
¥Electronic mail: troccoli@deas.harvard.edu at 400 keV. Samples were viewed in bright-field mode at or
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FIG. 1. (a) Double-crystal x-ray diffraction spectrgmeasured-top, 0 R e e I |
simulated-bottomof the measured QC laser wafer aitgl TEM bright-field 0 1 2 3
image of a section of the active region. Gang ssAs layers are dark and (b) Current (A)

Alg4dNng s/As layers are light.
FIG. 2. (a) Pulsed operation emission spectra from the QC laser at tempera-
tures of 80 and 300 K and currents of 0.3 and 1.1 A, respectively. The

close to the commoiil1(]-type projection. Clearest differ- Fabry—Perot modes are clearly_ djstinguishabllﬁ.Voltage—current(l_—V)
eniaton between the vaius layers Was achieved using 2Ly i o v s s
small objective aperture. The TEM image confirms the goodsg k together with the corresponditg-1, while only theL—I characteristic
quality of the interface abruptness that can be achieved big shown for the room temperature operation for clarity reasons.
MOVPE and the shorter than expected periodicity of the
active region.

The lasers were fabricated as ridge waveguide structure§)easured with a calibrated room temperature HgCdTe pho-
wet-etched down to the lower InP layer, and with atodetector.
350-nm-thick SiN, insulating layer deposited on the lateral ~ The cw-operation data are shown in Figs. 3 and 4. The
walls of the waveguide. A TBO nm/Au(350 nm) top con-  Spectra acquired from a cw-operated Ad-wide laser close
tact and a GE.2 nm/Au(27 nm/Ag(50 nm/Au(250 nm _to threshold are ;hown in Fig(&. Lasing from 80 to _180 K
back contact were deposited and the devices were indiur§$ observed and in most cases the spectra show single mode
soldered from the substrate side onto a Ni/Au-plated coppe?Peration with almost 30 dB of side mode suppression ratio
block. The samples were then mounted in a liquigfiéw  [See Fig. 8a), inse{. Well above threshold the spectra be-
cryostat for the low-temperature measurements. come multimode, as shown in Fig(t§, where typical emis-

Figure 2a) shows the spectral measurements at 80 an§i0n spectra acquired just above threshdkd350 mA and
300 K for lasers operated in pulsed mode, with 100 ns curat about twice the threshold currefit=600 mA) are shown
rent pulses at a repetition rate of 11 kHz. A Fourier-together with the corresponding light—current characteristic
transform infrared spectrometer equipped with a deuteratedf the device measured at a heat sink temperature of 80 K.
triglycine sulfate detector was employed for these measure- The cw power—current and voltage—current characteris-
ments. The room-temperature emission is at 6, blue- tics are displayed in Fig.(d). At 80 K, threshold currents of
shifted by 6% relative to the original design at .’ This 0.3 A (950 A/cn?) and a slope efficiency of 135 mW/A
is possibly explained by the x-ray and TEM measurementhave been recorded, and cw operation is observed up to
that showed a 5% reduction in the layer thickness, whichL80 K with thresholds of 0.9 A and a maximum power of
would likely induce a shift of the emission toward higher 3 mW. By coating the back facet of this same sample, we
energies. Further calibration of the growth procedure shouldvere able to reduce the threshold current by 25% and in-
easily correct for this discrepancy. The voltage—current andrease continuous wave operation up to 188 K. From wider
output power—current characteristics for the lasers operatddser stripes(20 um wide, 2 mm long higher powers of
in pulsed mode at 80 and 300 K are also shown in Fi).2 125 mW were obtained at 80 K with a slope efficiency of
At the lowest temperature, peak powers of 0.45 W are at285 mW/A, but cw operation was observed only up to
tained, with threshold currents of 300 m&00 A/cn?), 140 K due to the larger amount of heat that must be dissi-
while at 300 K the maximum power output is of 160 mW pated[Fig. 4(b)]. The differential resistance value derived

with thresholds of 1.1 A(2.75 kA/cnf). The power was from the cw voltage—current measurements at 80 K is plotted
Downloaded 10 Dec 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 3. (8 Normalized continuous wave spectra measured from a > N ,§
14-um-wide laser stripe at temperatures(fsbm left to righ 80, 100, 120, 2 g
140, 160, 180 K and currents of 0.35, 0.36, 0.4, 0.5, 0.7, and 0.95 A, re-
spectively. Inset: Logarithmic scale plot of the 160 K spectrum, showing a oy /
side mode suppression of almost 30 d®.Comparison of typical cw emis- 0 0 0.2 0.4 0.6 08 1.0
sion spectra at currents close to threshok0.35 A, left sidg¢ and at about (b) : duﬂent (A) . :
twice the threshold currerit=0.6 A, right side, shown together with the
relative light—current characteristic for a device measured at 80 K. FIG. 4. (a) cw I-V and optical power-currentL—I) characteristics of a

14-um-wide, 2-mm-long, laser stripe measured at temperatures of 80 K

. . . . . (I-V and leftmost_—I), 120, 140, 160, and 180 K, from left to right. Inset:
in the inset of Fig. 4a), and it can be noticed that at around differential resistance derived from the'V curve, where a dip is clearly
0.3 A, corresponding to the laser threshold current, there is @sible at the current corresponding to the laser threshold at 8®Kew
sudden lowering of the differential resistance. This effect id—V a”qu—'ThzeﬁSUfements for a Zﬁm-c\jmtiet, Z‘mm;'O“% 'f;ielr ﬂ”?ge

. ) . Waveguide. —I curves were measured at temperaturegroim left to
Commonly observed “T‘ MBE.grown QC lasers as We.”.and ISright): 80, 120, 140 K, while thé—V shown is the one recorded at 80 K.
due to the change in lifetime of the laser transition at

threshold’ . . .
formation of abrupt interfaces can be more challenging, a

Devices fabricated from wafers grown in different con- teristic that be i tant but not obvious!
ditions were also characterized. We compared the data sho aractenstic that may be important but not obviously re-
ted to the laser performances. The optimization of device

here with those obtained from samples grown at higher rate§ . . .
(0.5 instead of 0.1 nmjsand with samples grown at a low packaging by use of InP re-growth and thick gold plating on

rate but without growth stops at the interface between dif“fer—tr.‘c‘ia t%p contac:r::orrr]lblTeq \Q"th mlgu'ntlng thetﬁewcefepltamal-

ent materials. The performances in both cases were not gede down on the heat Sink would Improve the periormances
good as the ones presented here, with an increase of 30% fyen further and t_)rlng the lasers close to room temperature
the threshold and a decrease of 50% in the slope efficienc ntinuous oper_atlon. o _
for the samples without growth stops and a low grovvth rate, F. Capasso, R. Paiella, R. Martini, R. Colombelli, C. Gmachl, T. L. Myers,

and an increase of 60% in threshold for the sample arown atM. S. Taubman, R. M. Williams, C. G. Bethea, K. Unterrainer, H. Y.
0 pleg Hwang, D. L. Sivco, A. Y. Cho, A. M. Sergent, H. C. Liu, and E. A.

higher rate™ Whittaker, IEEE J. Quantum Electros8, 511 (2002).

In conclusion, we presented emission data from . Capasso, C. Gmachl, D. L. Sivco, and A. Y. Cho, Phys. ToB8y34
MOVPE-grown QC lasers that demonstrate performances(2002. _
that start to be competitive with state-of-the-art MBE-grown g"i'n:?’icnkd o ,\"A'gtﬁgfré;é ﬁfg%’g ;blFéizlgtéaU' Oesterle, M. llegems, E.
devices, an encouraging step toward a wider application 0f4A. E,vans, J.S. yu, J. ,David, L. Doris, K. Mi, S. Slivken, and M. Razeghi,
this technology. The most important advantages of the appli- Appl. Phys. Lett. 84, 314(2004.
cation of MOVPE technology to the growth of QC lasers *J. S. Roberts, R. P. Green, L. R. Wilson, E. A. Zibik, D. G. Revin, J. W.
reside in the possibility of growing very thick layefty/pi- Ggo‘ékbggéﬁ”i erJ-sgiriy’sAng:)-bZ?tfDLegZ és\ii(zfog- Wison E. A
cally cladding and burying layersind in the possibility to i " o antl > W, Gockburn, Appl. Phys. Le83, 1921(2003.
grow at high temperatures, thus promoting smoother SUr’c. Gmachl, A. Tredicucci, F. Capasso, A. L. Hutchinson, D. L. Sivco, J.
faces. Moreover, MOVPE is typically more stable over long N. Baillargeon, and A. Y. Cho, Appl. Phys. Letf2, 3130(1998.
growth times(typical of QC Iaser);and allows one to grow 8A. A. Kosterev and F. K. Tittel, IEEE J. Quantum Electro88, 582
continuously graded S.emicondl.JCtO.r a”OyS.' Finally, higher Q(C?Og?t.ori F. Capasso, J. Faist, A. L. Hutchinson, D. L. Sivco, and A. Y.
growth rates are possible, but it Stl||. remains to be proven Cho, \EEE J. Quantur’n Electm‘m 1722(1998, ’ '
that they are viable for the production of QC lasers. Thewy Troccoli, 0. Assayag, L. Diehl, D. Bour, S. Corzine, G. Héfler, A.
main drawback of MOVPE with respect to MBE is that the Tandon, D. Mars, and F. Capasgmpublisheql
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