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We describe temporally and spectrally resolved measurements of the material differential gain,
differential refractive index, and linewidth enhancement factor for a multilayer superlattice intended
for use in midwave-infrared semiconductor lasers. We find good agreement between measured
quantities and theoretical predictions based on a superléttipeformalism. The superlattice was
designed for suppression of Auger recombination and intersubband absorption, and we find that the
strategies employed in this process result in other characteristics that are desirable in a
semiconductor laser gain medium. Specifically, for carrier densities and wavelengths appropriate to
threshold in an optimized cavity configuration, this structure has a differential gain of approximately
1.5x 10 cn?, a value comparable to that reported for near-infrared strained quantum wells. The
peak gain and peak differential gain are nearly spectrally coincident, leading to a small value for the
differential index. The large differential gain and small differential index result in a linewidth
enhancement factor of less than one. This indicates that filamentation in high-power lasers based on
this superlattice should be suppressed and that this structure is attractive for use in midwave-infrared
lasers designed for spectrally pure operation. 1899 American Institute of Physics.
[S0021-897€09)02114-3

I. INTRODUCTION a parameter that indicates the susceptibility of high-power

i i . ) lasers to filamentation and limits the spectral purity of single-
Midwave-infrared MWIR, 2—5 um) diode and optically  nage |asers. In Eq(d), n is the refractive indexy is the

pumped semiconductor laséisave significant potential ap- - material gainN is the carrier density, andis the free-space
plications in the areas of remote sensing, medical diagnosyayelength. Filamentation, which is a result of self-focusing

tics, and infrared countermeasures. This has driven imens&ising from a combination of gain saturation and the
research efforts focused on these devices, which have led {fnqjty-dependent refractive index, is substantially reduced

continuing improvements in MWIR laser performance. Stillj, sty ctures with linewidth enhancement factors less than
these lasers remain an immature technology, and demands g6 sjince filamentation may result in poor beam quality,
performance will continue to rise as attempts are made 9,0, ilization of the available gain, and facet damage, re-
implement these devices in practical optical systems. duction or elimination of this effect is highly desirable in

_ Todate, much of the emphasis on improved operation ofjgh_nower lasers. A small linewidth enhancement factor is
interbandMWIR lasers has focused on the achievement ofy g fayorable for spectrally pure laser operation, since the

room-temperature, continuous-wave operation through thg,awidth of a single-mode semiconductor lasér is
suppression of Auger recombination and intersubband ab-

sorption(ISBA).? A significant subset of this work has been ~ Av=Avg(1+a?), 2)
directed toward electronic structure engineering in type-Ii
InAs/GalnSb superlattices and related structdréswhile
this effort has met with some success, other fundament%

where Avgr is the Schawlow—Townes linewidth. Since a
ariety of potential MWIR diode laser applications could
enefit from spectrally pure operation, a smay), is highly

properties of these laser materials, such as the differenti .
eneficial.

gain and differential refractive index, have received consid- S | method ist f ing the li idth
erably less attention. These parameters relate to another im- cveral methods exist Tor measuring the inewiath en-

portant fundamental laser property, the linewidth enhance-a.ncement factor' of a laser. T.hls can b.e achieved, e.g., by
ment factor using the small signal modulation technifue by measur-

ing the net mode gain using the Hakki—Paoli technique and

the density dependence of the index from the emission wave-
—4m dn/dN length shift with injection currert.The method used here is
"N dy/dN’ @ imilar to that used by Henry and co-worké?sTheir tech-

nique relies on the extraction of the gain and absorption
dAlso with: Department of Electrical & Computer Engineering, University spectra from measurements of spontaneous emssmn spectra
of lowa. supplemented by measurements of the laser line energy and
YElectronic mail: thomas-boggess@uiowa.edu the differential quantum efficiency to determine the carrier

A=
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density. A Kramers—Kronig transformation is then used to Kinplane  Kgrowtn
extract the density dependence of the real part of the refrac-

tive index, thus leading to the linewidth enhancement factor. 10 (;)
Here, we obtain the differential gain spectra for known car- c
rier densities directly from time-resolved differential trans- ] 3 |
mission measurements. 05 é 8 g )

In this article, we describe measurements and calcula-__ | ¢ = g T = 300K | o
tions of the differential gain, differential refractive index, and 3 = 2 e !
the linewidth enhancement factor in a type-Il, InAs/GalnSb- & | 9_(2'961'3“) l
based superlattice designed as the active region of a MWIR2 0.0 | HH1
laser. The structure is specifically configured for suppressecLu N I / i
Auger recombinationt! The strategies that result in small LH | HH2 ]
Auger rates and weak intersubband absorption at the bant A R 'FJ
edge involve the use of electronic structure engineerihy: 05 TT1E 2 ] ﬂ
to balance the conduction and valence band edge density o b trwt g —

i 1 40 -20 0 20 40 -0.08  -0.04 :

states through strain and quantum confinem@nstrategy Position (A) Wavevector (A1)

similar to that used for near-infrarétR) semiconductons?
and (2) to arrange superlattice mini-gaps to eliminate finalgig. 1. (@) Conduction(solid), heavy-hole(dashey] and light-hole(dotted
states for Auger and intersubband transitions. These sanbend edges for one period of the four-layer superlattioeight-band su-
strategies result in a |arge differential gadhy/dN and perlatticeK -p band structure for both the in-plane and growth directions.

. . ’ ... _One band-gap energy below the valence band and one band-gap energy
therefor_e a Sm"’?”, linewidth gnhancement faCtorj In addltlonabove the conduction band are indicated by the horizontal lines.
for carrier densities appropriate to laser operation, the peak
of the gain is spectrally located near the peak differential
gain. This tends to minimize the differential refractive index

dn/dN at the anticipated lasing wavelength, thereby also reg internary layers provides the potential for electrical carrier

ducing the linewidth enhancement factor. We demonstrate giaction. In addition, it adds flexibility in the suppression of

material linewidth enhancement factor of less than one in th?\uger recombination and intersubband absorption and for
MWIR structure discussed here. This may be compared i@ engineering of the differential gain, differential index,
values of 2-5 that are typical of strained near-IR multiple-5 4 jinewidth enhancement factor.

quantum-well lasers. The band structure for this superlattice, shown in Fig.
1(b), was calculated using an eight-band superlatfce
Il. DETAILS OF THE SUPERLATTICE model that has been_generalized to _accoun_t for an arbitrary
number of layers in a superlattice unit cllinput

The sample was grown by molecular beam epitaxyparameters to the calculation are limited to energy levels,
(MBE) on a nominally undoped GaSh substrate and consistsiatrix elements, and effective masses of bulk constituents,
of (in order of growth a 3000 A GaSb buffer layer, a 1000 A and valence band offsets between layers. The recombination
Al 3@Ga 4dNg 26ASy 2.5k 73 carrier-confinement layer, 40 propertie$'!® of this same four-layer superlattice and the
periods of a 4-layer superlattice, another 1000 Aoptical properties of related type-Il superlattice structtires
Al 3dGay 4dNg 2dASy 7Sk 73 carrier-confinement layer, and a have been calculated using this superlatice formalism
100 A Gasb cap. A single period of the superlattice, which isand are found to be in excellent agreement with measured
shown schematically in Fig.(4), is comprised of 16.5 A of results. The four-layer superlattice was designed to have an
InAs, 25.9 A of Gg gdng 3:Sb, 16.5 A of InAs, and 38.7 A of isolated uppermost heavy-hole valence subbigitdl) with
Al 27Gay.4dNg 25ASp 425k 57. The room-temperature photo- a light in-plane mass at the band edgey(;;=0.064m)
luminescence for this structure is peaked at u84 Fitting  resulting in a disparity of only a factor of approximately 2 in
of the photoluminescence spectrum vyields a roomithe conduction and valence band-edge density of states. The
temperature band gap of approximatelyrh. The structural next highest valence subband is more than 250 meV below
properties of the superlattio@lloy compositions and layer HH1. These factors ensure that the electron and hole quasi-
thicknesseswere determined using a self-consistent analysid=ermi levels both move rapidly toward their respective band
of the photoluminescence spectrum, x-ray diffraction, andedges as carriers are injected, thereby leading to low trans-
the MBE fluxes. parency densities and high differential gain. In addition, an

Through variations in only the layer thickness, the band-energy gap throughout the growth direction of the Brillouin
gap energy of this superlattice can be varied widely. Superzone was placed near one band-gap energy below the HH1
lattices similar to that described here have been incorporateghlence subband for the suppression of both hole Auger tran-
into diode lasers operating at 2ufm and optically pumped sitions and ISBA. This gap is evident in the theoretical ISBA
lasers operating at 3,Zm up to room temperature and at 5.2 spectra shown in Fig.(8). The theoretical gain spectra are
um at temperatures up to 185R These structures are simi- shown in Fig. 2b) for a comparison. We note that the sup-
lar to the optically pumped “W lasers” studied by research- pression of ISBA is not optimized in this structure as it was
ers at the Naval Research Laboratories and the University afesigned specifically for the minimization of Auger recom-
Houston>*In the present structure, however, the use of thebination. Still, at carrier densities that would be typical of
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FIG. 2. (a) Intersubband absorptiolSBA) spectra andb) gain spectra
determined theoretically for the four-layer superlattice shown for the follow- I (b) T
ing carrier densities: @solid), 1.3 (long dashey 2.7 (short dashed 5.3 -5000 L L S L L L L
(dash-doy, 10.6 (dash-dot-dgt and 15.9 (dottek 10" cm3. 31 32 33 34 35 36 37 38 39 40

Wavelength (um)

- 8 73 . .pe
laser operation £ 10'®cm™3), the ISBA does not signifi- FIG. 3. (a) Experimental carrier-induced change in absorption spectra for

cantly reduce the peak gain for this structure. the following carrier densities: 1.illed circles, 2.7 (open circle§ 5.3
(filled squares 10.6 (open squargs and 15.9 (filled diamonds
11l. EXPERIMENT %10 cm~2 and(b) theoretical carrier-induced change in absorption spectra

) . . L for the following carrier densities: 1.&olid), 2.7 (dashegl 5.3 (dash-do,
Time-resolved differential transmission was used to 0b-10.6 (dash-dot-dgt and 15.9 (dottek 1047 cm3.

tain spectra of the density-dependent change in absorption.
The experimental configuration is similar to that described
previously”*® Measurements were performed at room tem-readily provide the carrier recombination rate, which is de-
perature using 140 fs pump pulses from a mode-locked Tiscribed in detail for this structure elsewhété® Alterna-
sapphire laser operating at 843 nm and 170 fs probe pulsdively, the probe delay can be set longer than the carrier
from a synchronously pumped optical parametric oscillatorcooling time but shorter than the time required for recombi-
(OPO?° tunable between 2.6 and 4u¢n. The pump pulses nation, and the transmission can be measured as a function of
were focused to a radiu@ ' of peak intensity of 75 um,  probe wavelength. This allows the probe transmission spec-
and the probe pulses were focused on the center of the ekum to be analyzed for a fixed and well-defined carrier den-
cited region of the sample with a radius of @th. The pump  sity, and by varying the pump excitation level the density
and probe were separately chopped, and the transmittetependence of the transmission spectrum can be determined.
probe was sent through a monochromator for added spectral
resolution (~20 nm and detected With_ a liquid-nitrogen- |\, RESULTS
cooled InSb detector. The output of this detector was pro-
cessed through a pair of parallel lock-in amplifiers separately ~ The tunability of the OPO allows us to explore the
tuned to the probe chopping frequency and the sum of théensity-dependent optical properties of the superlattice over
pump and probe chopping frequencies. The former allowe@ broad spectral range. In Fig(aB we show the results of
for corrections of long-term drift in the output power of the measurements of the change in absorptienas a function
OPO, while the latter provided a signal proportional to theof probing wavelength in the range of 3.1—4 for carrier
pump-induced change in the probe transmission. densities ranging from 1.3 to 15¢20'7 cm™3. These results

The pump pulses generate a dense and initially very hodre obtained directly from the differential transmission data
electron—hole population that is observed to cool to neaksing
lattice temperature within approximately 10 ps. On a much -1 AT
longer time scale the carriers recombine primarily by Auger Aa= Tln( 1+ E
and Shockley—Read—Hall recombination. By measuring the
transmission of the probe as a function of time delay at avherelL is the superlattice thickness aadl'/T is the frac-
wavelength near the band edge, the evolution of the bantional change in the probe transmission. The carrier density
edge population may be extracted. Such measurementsr these measurements has been calibrated by comparing

: ()
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measured and calculated time-resolved photoluminescenct 40 T y - T - - - -
spectra, as described elsewh¥rand is consistent with the
photon density in the pump pulses.

In Fig. 3(b) we show calculated spectra &fx for the
same set of carrier densities used to obtain the data in Fig. ¢
3(a). The theoretical results were obtained using the calcu—§ 20 |
lated band structure and momentum-dependent matrix ele-
ments with no adjustable parameters. ISBA is also included, §
but many-body effects are ignored. We find good agreements 1o
between the measured and calculated spectral and densit
dependencies faka. There are, however, notable minor dis-
crepancies. Specifically a 12 meV mismatch exists between ©
the measured and calculated pe%dk, apparently as a con-
sequence of a theoretical overestimation of the width of the<
first miniband, and the peak magnitudes of the theoretical ° s
and experimental results differ by a factor of 1.8. The origins &
of such deviations are not known with certainty, but may be €
a result of remaining uncertainties in individual layer thick-
nesses and alloy compositions for the structure, uncertainties=
in material parameters such as the band offgesticularly s
those associated with the quinternary layeasd/or interface &
roughness. Many-body effects could also contribute to dis-
crepancies. For example, it is clear from Fig. 3 that the ex-
perimental high-density data display evidence of band-gap °3.1 22 33 34 35 36 37 38 39 40
renormalization, which is not included in the theory. Still,
the overall agreement between theory and experiment is
quite reasonable, indicating that the theoretical results can BéG. 4. (8 Experimental differential gain spectra for the following carrier
used with reasonable confidence for predicting the optica?oenesr']t'iszu ;r's(f!"ﬁg fg%'e?f’mig g?g;gncég'fgﬁcﬁi”f: d?g)ufhr:gr elt%;
properties of these superlattices. This ability is eXtraordinarélifrf)erent(i]al ga?n spectr.a for the following carrier densities: (s8lid), 2.7
ily valuable for engineering the electronic and optical prop-(dashed 5.3 (dash-dox, 10.6(dash-dot-ddt and 15.9 (dottedk107cm 3.
erties of Super|attices for high-performance lasers and othdme differential gain at the wavelength corresponding to the peak theoretical
device applications. On the other hand, the experimental refain at threshold (1.0610"*®cm™?) is indicated by the open diamond.
sults provide a direct measure of the actual optical properties,

including those associated with many-body effects. Kramers—Kronig transformation on the smoothed curves.
~ The differential gairdy/dN can be extracted readily by again reasonable agreement between theory and experiment
first fitting smooth functions through the curves in Fig. 3 atis ghserved, with the discrepancies being traced directly to
various wavelengths to obtain the density dependenadof e giscrepancies in thee spectra. In particular, the magni-
at each of these wavelengths and then using tudes of the experimental and theoretical spectramfgree

dy d(—Ae) well, but the zero crossings differ, primarily as a conse-

aN~ dN (4)  quence of the differences in the spectral locations of the

peaks in the theoretical and experimental spectrAaf

The results are shown in Fig. 4. Near the optimal threshold The Kramers—Kronig transformations provide only esti-
density?® of 1.06<10®¥cm™3, the theoretical peak gain oc- mates of the density dependent refractive index. That is, the
curs near 3.58m, where the differential gain is approxi- Kramers—Kronig transformation requires an integration over
mately 1.5< 10 *cn?. The value of the differential gain is all frequencies, yet the available data extend only from 3.1 to
quite high, comparable to values reported for strained quard um. Hence, the impact of the limited spectral range of the
tum wells designed for near-IR laséls’? Again, the rela- Aa data must be carefully considered in evaluatisiy. To
tively large differential gain arises primarily from the low examine these effects, we hawalculated the density-
valence band-edge effective mass and the resulting balandependent absorption spectra over the range from 1.24 to
between the conduction and valence band density of state23.3 um and have performed the Kramers—Kronig transfor-

A second quantity required in determining the linewidth mation of these spectra. This process, which leads to the
enhancement factor is the differential indéw/dN. This can  spectra shown in Fig. (6), differs from that leading to the
also be extracted from the data of Fig. 3 through a Kramers+esults in Fig. B) in two important waysi1) the range of
Kronig transformation, which provides spectra of the changeéntegration in the Kramers—Kronig transformation is greatly
in index An for the various carrier densities. The results of extended in this case so that, within the range of the experi-
such a calculation foAn are shown in Figs. ®) and 5b) mental data, the influence of the end points are less pro-
for the experimental and theoretical data, respectively. Thaounced, ang2) the transformation includes spectral regions
experimental curve was arrived at by first fitting smooththat exhibit strong intersubband absorption features not
curves through the data in Fig. 3 and then performing thepresent in the more limited range used for Fig&) fand

(107" cm?)
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FIG. 5. Carrier-induced change in refractive index, for the carrier densities:
1.3 (solid), 2.7 (dashedi 5.3 (dash-dot 10.6 (dash-dot-dot and
15.9 (dottedx10'” cm™3, obtain(a) by using the experimental a(N), (b)

by truncating the theoreticah «(N) to the experimental spectral range

(3.1-4.0um), (c) by using the full theoretically determinela(N) from
1.24 to 23.3um (996-53.2 meV.

Wavelength (LLm)

5(b). The relative importance of these two effects can be
determined readily by simply neglecting ISBA in the theory. §
This process reveals that the differences in the spectra showr§
in Figs. §b) and 5c) are primarily a consequence of the
endpoints rather than the ISBA features. We emphasize,-
however, that the discrepancies between the experimental
and theoretical index spectra are relatively minor in the re-
gion near the peak gain.

The results shown in Fig. 5 can be used to extract the
theoretical and experimental differential index/dN, as
shown in Fig. 6. Again, for the calculated threshold density
of 1.06<10%cm 3, the theoretical peak gain occurs near
3.58 um, where the differential index is approximately 4
x 10" 2°cm?. This value is slightly larger than the values of
(1-3)x 10" 2°cn?® typical in near-IR lasers:?3

Oncedn/dN anddy/dN are known, the linewidth en- 2 . . . . . . s s
hancement factor,, can be determined from E@l). The 31 32 33 34 35 36 37 38 39 40
experimental and calculated spectraagf are shown in Fig.

7. In both cases we find that, for carrier densities and wave-
Iengths that would be appropriate to laser operation, the line=IG: 7. The equrimentaﬂ_a_) and th_eoretica(b) linewidth enhancement
. . . factors for the carrier densities: 1($olid), 2.7 (dashegl 5.3 (dash-do}, 10.6

width enhancement factor is less than one. This can be corg

nhancement Factor

inewi

Li

Linewidth Enhancement Factor

Wavelength (Lm)

) . dash-dot-dot and 15.9 (dottek 101" cm™2. The linewidth enhancement
pared to typical values of 2—5 reported for near-IR strain€qactor and wavelength of the peak theoretical gain at threshold (1.06

quantum-well laser&—2° %10 *cm~?) is indicated by the open diamond.
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