APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 25 19 JUNE 2000

IV—VI compound midinfrared high-reflectivity mirrors and vertical-cavity
surface-emitting lasers grown by molecular-beam epitaxy
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Midinfrared broadband high-reflectivity Pb,Sr.Se/Bak distributed Bragg reflectors and
vertical-cavity surface-emitting lasef¥CSEL9 with PbSe as the active material were grown by
molecular-beam epitaxy. Because of an extremely high index contrast, mirrors with only three
quarter-wave layer pairs had reflectivities exceeding 99%. For pulsed optical pumping, a lead salt
VCSEL emitting at the cavity wavelength of 4.5—46n operated nearly to room temperat(289

K). © 2000 American Institute of PhysidsS0003-695(00)04425-9

Due to a variety of important applications, recent yearsmagnitude smalléf"!! than those in type-Il QWs, which are
have seen a world-wide increase in mid-IR semiconductoin turn significantly suppressed relative to other 1l1-V and
laser research. Much of that interest derives from the prosi—VI semiconductors with the same energy gaps.
pects for ultrahigh-sensitivity chemical detectiarsing in- We point out in this letter that lead salt vertical-cavity
expensive and portable spectroscopy instruments. Perfosurface-emitting laser§VCSELS may overcome many of
mance requirements that are not yet available includehe main limitations of IV-VI edge-emitters, and once opti-
continuous waveécw) operation at room temperatufer at  mized should provide an attractive high-temperature, single-
least the thermoelectric cooler rangeTof 240 K), spectral  mode, cw source for spectroscopy and other mid-IR applica-
purity, and reasonable output powedes1 mW) with good tions. First, the short vertical cavity, when combined with a
beam quality. Currently, IV=VI lead salfs;’ quantum cas- small lateral dimension on the order of one to three wave-
cade(QC)>® and type-Il quantum wellQW) diode laserS®  |engths, should produce a temporally stable single-mode out-
are the leading approaches being pursued to meet these guit of high spectral purity. Second, since no cleaving is re-
plication needs. All have demonstrated above roomquired the laser structures may be grown @il) BaF,
temperature operation in pulsed mode. However, highsubstrates, which for many years have been used routinely to
temperature continuous wavew) lasing has been reported fabricate high-quality nonlaser IV-VI structursBesides
only for optically pumped type-Il QW device@ip to 290 taking advantage of a factor of 5 enhancement of the room-
K).2 The highest ¢y, obtained with electrical pumping temperature thermal conductivity in BaBver that in PbSe,
was 223 K for a lead salt lasér. this configuration will allow the growth of QW VCSELSs in

For a number of years lead salt diodes have been th@hich the degeneracy of the L valleys is lifted. The reduction
only commercially available semiconductor mid-IR lasers.of the threshold carrier concentration by up to a factor of
Their performance remains far from that desired, howeverfour should make room-temperature cw operation quite fea-
because of the low operating temperatures and low efficiensible. The efficiency may also be enhanced significantly, not
cies(single-mode output powers are typicaiyl mW even  only because free carrier absorption losses are reduced but
at 77 K. There is also a tendency toward multimode operaz|so because the much shorter effective cavity length in a
tion and mode hopping. Lasing thresholds are significantify/CSEL will allow a larger fraction of the mid-IR light to be
increased by the fourfold degeneracy of the L-valley conducemitted before it is reabsorbed. The thermal properties may
tion and valence band extrema. Quantum confinement dogsenefit further from our planned application of the diamond
not lift the degeneracy in edge-emitting QW devices, Sincebressure bond heat sinking technidue.
the four valleys remain symmetric for ti@00) growth that The optical cavity in a VCSEL is created by surrounding
must be employed to allow for the cleaving of laser cavitiesihe active region with two distributed Bragg reflectors
This prevents the full exploitation of what is perhaps thepgRr) mirrors. Since in our case the desired center wave-
greatest advantage of IV-VI laser materials for high'length is beyond 4um and the thickness of each period in
temperature and long-wavelength operation, namely théhe quarter-wave stack scales withconstraints on the total
threshold reduction that results from a low nonradiative r€epitaxial thickness limit the number of periods that are prac-
combination rate. Auger coefficients are typically an order ofiic5) to grow by molecular-beam epitaxiIBE). It is there-
fore critical to choose high- and low-index stacking materials
¥Electronic mail: shi@ou.edu that have as large a contrast ratio as possible. In addition,
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TABLE I. Some relevant material parameters at room temperature, vahsrine thermal expansion coefficient
andE, is the energy gap.

Thermal
Lattice Refractive conductivity
Material constant(A) a (10°8K™ indices(at 4.7 um) (W/em K) E, (eV)
PbSe 6.124 19.4 5.0 0.018 0.265
Pl 751 0:5€ 6.125 NA 47 NA 0.413
Phy g:Sy 1:Se 6.128 NA 3.7 NA 0.826
BaF, 6.20 19.8 1.46 0.1 10.4

both components of the mirror should be lattice and thermalVCSEL structure shown in Fig.(8). The\ cavity consisted
expansion-matched to the underlying substrate. In all osimply of a 1.03um layer of PbSe. This cavity thickness was
these regards Rb,SrSe, which has been used as the con-chosen so that the maximum overlap of the cavity mode with
finement layer in PbSe-based diode lasérs,and Bak  the gain peak would occur at an intermediate temperature.
form an excellent DBR pair. Table | shows that while the The reflectivity spectrum for this structure is given in
lattice constant and thermal expansion coefficient for PbS€&ig. 2(b). The central plateau is seen to contain a distinct dip
nearly match those of BaFthe contrast in refractive indices corresponding to the cavity mode. The design of the top
is very large, where the refractive indices of ;PbSr,Se  DBR mirror was intended to place the pump wavelength of
were determined by the transmission measurement. Cons2:098 um in a low-ripple region of the reflectivity interfer-
quently, a three-pair quarter-wave BaPh, o:Srp025€ mir-  ence fringes. However, due to some 3% error in the growth
ror can provide more than 99% peak reflectivity, as is apparthickness, the spectrum shifted such that at normal incidence
ent from the experimental spectrum illustrated in Fig. 1. Thethe pump wavelength actually fell in a region with a rela-
high-reflectivity plateau is seen to be quite broad, which wid-tively high reflectivity of ~75%, as indicated in Fig.(B).
ens the temperature range over which the VCSEL can b®ur model projects 50% reflectivity at that wavelength for
tuned. Moreover, the continuous, broadband cavity resothe 37° pump angle that was employed in the experiments, so
nance eliminates mode hopping, which can severely complilowering of this reflectivity could increase the power conver-
cate the use of Fabry—Perot mid-IR lasers in spectroscopsion efficiencies and reduce the threshold pump intensities
applications. The maximum reflectivity is comparable andreported below. We also note that the energy gap of the
the bandwidth much broader than for a recently reportedPhy gsSr 1s5€ in the top DBR is larger than the pump photon
mid-IR Phy oEUg o1T€/PRy 9E U 0sT€DBR, which had 32 pe- energy.
riods but a much lower contrast of the refractive indit&s
this work, PR ¢7S1p.025€ and P§gsSty 155€ were used for the
bottom and top mirrors, respectively. As is shown in Table I, ‘
high Sr composition increases the energy band gap and keeps ! S b
the top mirror transparent at the optical pumping_wavelength. 1.03 um PbSe acti",e
A full VCSEL structure was grown by MBE in an Inte- laver
vac Modular Gen Il system. Cells for Sr, PbSe, Badénd a 2 G
Se valve cracker were used as sources. The background pres- g gt
sure was approximately>510™°Torr before growth and 1 . —
X 1078 Torr during growth. Freshly cleaved B#E11) sub- BaF; (111) substrate
strates were baked at 500 °C for 10 min prior to growth and (a)
kept at 360 °C during growth. The growth rates were 0.8
pum/h for PbSe and 0.eum/h for BaF, respectively. A P T e T
0.6umBaF, buffer layer was grown first, followed by the COE Pymp Wavelength (2.098 um) T
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FIG. 2. Layering sequend@) and reflectivity(b) of the VCSEL structure.
FIG. 1. Measured and simulated transmission spectra for a three-paifhe dip in the middle of the reflectivity plateau provides a clear signature

Phy 751 g5€/BakDBR. for the wavelength of the cavity mode.
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temperatures because the overlap of the gain peak with the
cavity wavelength is optimized foF~ 260 K, and that over-
lap becomes poorer at both lower and higle€Comparison
with thresholds and efficiencies for the longest-wavelength
NI-V VCSELY (A=2.9-3.0um) shows that the present
lead salt results are slightly better at alt>240K, despite
the longer wavelength\(=4.5—4.6um). The maximum op-
erating temperature and power conversion efficiencies are
also much better than for a recent HgCdTe-based VCSEL
which emitted at 2.6um.*®

While the preliminary vertical-cavity lasing results re-
ported here are quite encouraging, substantial improvements
should be possible. Especially promising are the prospects
for PbSe-based QW VCSELs, which are projected to have
not only superior gain and differential gain properties due to
the two-dimensional density of states, but also much lower

FIG. 3. Peak VCSEL output power vs peak pump intensity at four temperathresholds and internal losses due to lifting of the valley

tures, for a 9umXx 60 um pump spot.

degeneracy. At the same time, improvements in the device
fabrication quality will be required before lead salt VCSELSs

With optical pumping by 100 n@-switched pulses from can fully realize their potential. Ultimately, electrical injec-

a Ho: yttrium—aluminum—garngYAG) laser(2.098 um) at

tion and single-mode cw emission at thermoelectric cooler

an angle of 37°, the as-grown device displayed verticaltemperatures are envisioned.
cavity lasing at temperatures between 199 and 289 K. For a

pump-spot dimension of 96mXx60um (multiple lateral
modes, the spectral linewidth was relatively brode50
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