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We report calculations of the linewidth enhancement factor for five midinfrared active region
materials. The linewidth enhancement factors for two type-I quantum wells based on InAsSb are 2.5
and 5.4, which represent a reduction of up to a factor of 2.6 with respect to bull §i8%5 oo
However, active region materials based on the type-Il, InAs/GalnSb system have linewidth
enhancement factors near 1.0, which is a factor of 2—5 reduction compared to the type-I quantum
wells. The reduction of the linewidth enhancement factor is associated with both a reduction of the
mismatch between the conduction and valence band densities of states and the presence of
conduction band dispersion. We describe an additional optimization that is possible in the type-li
materials: Carefully placed intersubband absorption features can be used to further reduce the
linewidth enhancement factor. We show that linewidth enhancement values as low as 0.3 can be
obtained in the type-Il superlattices when fabricated into a distributed feedback structug00®
American Institute of Physic§S0021-897@0)07009-7

I. INTRODUCTION the presence of intersubband absorption, which can be sig-
. o o _ nificant in midinfrared materials. Becaud@/dN can be re-
Many of the potential applications for midinfrared semi- |5ta4 to the differential gain spectrum by a Kramers-rigo
conductor lasers, in particular those involving m°|eC“|artransformation, the linewidth enhancement factor can be

spectroscopy andl remote sensing, rquire cohgrent SOUrCEiitten entirely in terms of the differential gain spectrum
with narrow linewidths. Spectral purity in a semiconductor

laser is degraded by the coupling between phase and ampli-

, : o [ dypef @' )/dN
tude noise such that the linewidth is broadened beyond the f (ﬁ)dw’
Schawlow—Townes limit accordingto _2wJol| o o

alwe(w)_ - d 1(a))/dN ’ (3)
Av=Avy(1+ aﬁve), (2) Tre

whereAv is the Schawlow—Townes linewidth ang,,, is ~ Or, equivalently,
the linewidth enhancement factor. The linewidth enhance-
ment factor is also a measure of the likelihood of formation dypef @' )/dN
of optical filaments. At high powers, optical flamentation 20 (*| dyne(®)/dN
can lead to catastrophic facet damage in the localized optical a|we(w)=7 f 0 de'- (4)

fields. Devices with small linewidth enhancement factors
have the capability of producing larger output powers with-
out facet damage.

The linewidth enhancement factog(,.) is defined as
the ratio of the density derivative of the rea,§ and imagi-

The quantity in square braces in E@) is the differential
gain spectrunrelative to the magnitude of the differential
gain at the lasing wavelength. When written in this form, the

- linewidth enhancement factor is a function only of the shape
nary (x;) parts of the complex susceptibility. However, when . . . .
. : : L of the relative differential gain spectrum. Thus, we can com-
the fractional change in the index of refraction is small com-

pared to the fractional change of the absorption coefficient?2 <. matgrlal sy_stemg of comparable band gaps using their
. : . : elative differential gain spectra.
the linewidth enhancement factor can be written in terms oF

the density derivatives of the index of refractigr and the L/Vf}eLeasF:fn/dN .(de. hence ajye) vamshﬁ s near the f
net gain f,e). peak of the differential gain spectrum due to the symmetry o

the Kramers—Kroig transform, lasers typically operate at
dx,(w)/dN 47 dn(w)/dN the frequency of the peak of the gain spectrum. In interband
e @) = dxi(@)/dN~ N dypefw)/dN’ (2 semiconductor lasers, as contrasted with atomic-like lasers,
the peak of the differential gain is shifted away from the
peak of the gain due to the opposite curvature of the conduc-
tion and valence bands. This shift is increased by any imbal-
ance between conduction and valence band densities of
dElectronic mail: michael-flatte@uiowa.edu states® Because of this, semiconductor lasers typically have

whereN is the carrier density and is the lasing frequency.
The net gain,y,e, differs from the fundamental gain due to
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linewidth enhancement factors significantly different fromtion of these materials as active regions for either spectrally
zero. Typical values for near-infrared semiconductor laserpure or high-power applications.
range from 2 to 6:°

Three primary strategies have been employed for reduai. THEORY
ing the linewidth enhancement factor in near-infrared lasers. _ . :
The first is to reduce the imbalance between the conduction . The optical properties of _the matenals were calculated
and valence band densities of states through the use of strafy"d @ superlattic&-p formalism with a 14 bulk band ba-

and quantum confinemehf. Reducing the density of states S'S'.Th'S method is an extensmn of the eight-bing for- .
. . ! . . : malism that has been used previously to calculate the optical
imbalance increases the differential gain at the lasing ene

rg . . . .
and decreases the width of the differential gain spectrume.{ roperties of a variety of midinfrared mater!éf‘sExceIIent .
The second strateav is 1 dope the active reaion. which agreement has been seen between a variety of theoretical
helps 1o offset th gg ttp fpt tes imbal Fré%Th,' g calculations and experimental measuremé&h@ain and in-
€Ips 10 ofiset the densily of stales Imbalance. 1ird, & = o hihand absorption spectra were calculated for transverse
distributed feedback gratingdFB) can be used to detune the

lasi f h k of th . ds th K lectric polarization as a function of carrier density using the
asing energy from the peak of the gain towards the pea ighly nonparabolic band structure and momentum-

the differential gair’:” The amount of detuning that can be_dependent matrix elements. A Kramers--Kigptransforma-

used is limited by the range of energies over which there igjq, of the change in absorption spectra for each density was
positive gain. When the peak of the differential gain specyerformed to obtain the nonlinear change in the index of

trum lies in the region of positive gain, it is possible to re- refraction. The density dependence of these calculations pro-

duce the linewidth enhancement factor to near zero. vide the differential gain and differential index. The line-
~ The situation is more challenging in the midinfrared yidth enhancement factor was then calculated from (2.
since the conduction band effective maska bulk material Strictly, the Kramers—Kioig transformation should be

decreases roughly proportionally with the band gap, increasgpplied over the entire energy spectrum, whereas we use a
ing the density of states imbalance. In additipmjoping the  finite energy rangéransition energies up t¢0.8 eV). How-
active region aggravates existing problems with Auger reever, calculating thehangein index from thechangein
combination. Thus, producing semiconductor lasers withabsorption spectrum is a very different problem than calcu-
small linewidth enhancement factors requires careful attentating theindex of refractionfrom the absorptionspectrum.
tion to the problem of density of states mismatch. There hav&he index of refraction is dominated by the magnitude of the
been relatively few reports of linewidth enhancement valuesabsorption spectrum at Van Hove singularities away from
for wavelengths beyond 1.56m. Meyeret al. report calcu- zone center, but the change in absorption spectra is only
lated values of 1.7 and 4.2 for early midinfrared type-ll nonzero where the nonequilibrium carriers drear zone
quantum wells and superlattices at 308 Murgaftman and  center for the direct gap materials discussed héAée can
Meyer have reported a calculated value of 1.1 for the type-liapproximate the effect of using a finite energy range in our
quantum well of Ref. 8 at a temperature of 108 Recently,  calculations by repeating the calculations using a substan-
Anson et al. reported measurements of small linewidth en-tially larger energy range. From this procedure, we estimate
hancement factor6<1.0) in a 4 um type-ll superlattice at the error introduced by the use of a finite energy range in the
room temperaturé’ Intersubband quantum cascade lasersalculation of the change in index spectrum at the expected
are expected to have ultralow linewidth enhancement factor®sing energy to be less than 10%.
(<0.1) due to the extremely narrow joint density of states
characteristic of atomic-like systerfis. [ll. LINEWIDTH ENHANCEMENT FACTORS FOR

Here we report calculations of the linewidth enhance-MIDINFRARED MATERIALS
ment factor at room temperature in a selection of midinfrared g resyits of our calculations of linewidth enhancement
active region materials. The linewidth enhancement factor i$5.tors are listed in Table I. In order to facilitate the com-

correlated with three features of the electronic structure'parison of different material systems, we focus on the rela-
Conduction and valence band density of states balancingy,e differential gain spectrum of E@4). Plots of the gain,
conduction band dispersion, and judiciously placed intersubre|ative differential gain, and linewidth enhancement factor
band absorption features. Calculations were performed on gre shown in Fig. 1 as a function of transition energy for four
4.2 pm strained 150 A InAsSb/300 A AllnAsSb quantum of the five systems consideréthe curves for system IV are
well structurel,2 a 44/.Lm strained 80 A INAsSh/80 A InAsP similar to those of system )\/These parameters are calcu-
quantum well structur& a 4.0 um 15 A InAs/25A  |ated for the carrier density at which the linewidth enhance-
Gay dno.acSb/15 A InAs/39 A Ap 3fGay 4dno 2ehSos0Sthso  ment factor at the peak of the gain spectrum takes on its
superlatticé*®> and a 4.1 um 21 A InAs/31 A minimum value. By examining Fig. 1 we can track the
Gay7dnosSb/21A InAs/43 A AISb superlatticE. Bulk  change of behavior from systenfiffig. 1(a)], which is a bulk
INAsg 91Shy o (lattice matched to Ga$lis included as a ref-  system, through system [Fig. 1(b)] and system IlI[Fig.
erence. Although the linewidth enhancement factor of a real(c)], which are quantum wells with increasing levels of con-
device is affected by the optical cavity the value is domi-  finement, to system VFig. 1(d)], which is a type-Il super-
nated by the inherent linewidth enhancement factor of theattice with very large band offsets.

active region material. Comparison of the linewidth enhance-  Bulk InAsSb has the largest linewidth enhancement fac-
ment factor of the different materials allows for the evalua-tor of all of the systems considered. The large linewidth en-
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TABLE I. Calculated values of the linewidth enhancement factor for five midinfrared active region materials at
room temperaturek is the band gapy,. is the linewidth enhancement facter, /p. is a measure of the ratio

of the valence to conduction band densities of statege/dN is the differential gain at the peak of the gain
spectrum, and\ Eg is the miniband width of the lowest conduction subband.

Eq Djye e dy/dN AEcs
System (um)  atyh'  yee>50cmt p,/p. (X107 'cn?)  (meV)
Bulk materials
| |nASO'91$b)'09 4.2 6.5 1.8 25.7 35 bulk
Type-I quantum wells
Il INAsSb/AllInAsSb 4.2 5.4 2.0 9.9 438 0.3
1 InAsSb/InAsP 4.4 25 1.7 7.6 13.9 21.2
Type-Il superlattices
\Y InAs/GalnSb/InAs/AISb 4.1 11 0.4 2.0 33.6 25
\ InAs/GalnSb/InAs/ 4.0 0.9 0.3 2.3 27.0 36.2

AlGalnAsSh

hancement factor is fundamentally a consequence of the signd conduction band-edge Fermi occupation functions at a
nificant imbalance between the conduction and valence bangensity where the sum of the Fermi functions is dvbich is
densities of states. Density of states mismatch leads to @ minimal condition for gain®® This quantity is a measure of
large linewidth enhancement factor through two processeshe contribution to inversion from the valence and conduc-
First, significant imbalance between the densities of stategyn, pands. A system with ideal balancing of the densities of
reduces the differential gain near the band edge by decreagg,ias would have a ratio of 1.0. Using this measure, the

ing the hole occupation function at the valence band edgedensity of states imbalance for bulk InAsSb is 25.7. Calcu-

Second, density of states imbalance broadens the differenti%{ted values are shown in Table | for all of the materials

gain spectrum. The peak of the differential gain spectrum System |l is a compressively strained quantum well with
will occur roughly at a transition energy &,+ Eg., where
gnty 9y Wg T Erec small band offsets for both the electrof® me\) and holes

E4 is the band gap anér. is the conduction band Fermi ) ) i
energy measured from the conduction band mirfiriaghen (72 meV). The quantum confinement and compressive strain

the density of states of the valence band is significantlyeduce the density of states imbalance to 9.9 by splitting the

larger than that of the conduction barfih, becomes increas- heavy and light valence subbands. However, the band offsets
ingly large. are not large enough to significantly improve the differential

The imbalance between the conduction and valence demgain, so the linewidth enhancement factor is only slightly
sities of states can be quantified using the ratio of the valencemaller than that of bulk InAsSb.

(a) System | (b) System Il (©) System Il (d) System V
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FIG. 1. Gain, relative differential gain, and linewidth enhancement factor as a function of transition enef@ysfimtem |, bulk InAg ¢Sk, oo (b) System

I, an InAsSb/AlinAsSb quantum wellc) system lIl, an InAsSb/InAsP quantum well, afd) system V, a type-Il superlattice. The curves for each system
are calculated for the carrier density at which the linewidth enhancement factor at the peak of the gain spectrum is a minimum. The verticalslashed line
the energy of the peak of the gain spectrum.

Downloaded 19 Jan 2005 to 128.255.34.225. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 87, No. 10, 15 May 2000 Olesberg, Flatté, and Boggess 7167

£ 73
[} ]
1.0 4
§ 'g 0.5 _E
2 00
[a] 3
-0.5 -
6 ] £1.07
(U]
g 4 2305
g 35,1
2 n:g 0.0 3
1 o
Y S e — 0.5 3
-100 0 100 200 3 7
Energy from Peak of Gain Spectrum (meV) 5]
2 1
. . . . . . ) & 3
FIG. 2. (a) Gain, (b) relative differential gain, andc) linewidth enhance- 13
ment factor spectra for systems Idashed ling and V (solid line) as a ]
function of the energy from the peak of the gain spectfuertical dashed o I == :
line). 250 300 350

Energy (meV}

: : : FIG. 3. Placement of intersubband absorption features can be used to reduce
System lll is a mUItIple quantum well structure with a he linewidth enhancement factor in type-Il superlattides.Intersubband

narrower well, twice the electron and hole confinement, an@psorption,(b) gain, and(c) relative differential gain, andd) linewidth
twice the compressive strain of system Il. Because of thisenhancement factor spectra for an optimizesblid) and a deoptim-
the differential gain at the peak of the gain spectrum (13.gzed g\dasheci four-layer ;uperlattice.AThe optimized superlatticg is
X10_16cm2) Is Signiﬁcamly. larger than eithe.r SySt.ems : .Or the deop(tair?i?ler:jo'%sst?(l](fure i?A§§5A g:i;g;g?&gqsf;i%?&
Il. Thus, the overall magnitude of the relative differential | . Ga ,in, /s sShyso The vertical dashed line is the energy of the
gain at high energies is smaller, reducing the linewidth enpeak of the gain spectrum for both structures.
hancement factor.

One of the main advantages of the type-Il InAs/GalnSb
material system is the large band offset0.5 e\) possible V uses a quinternary alloy as the superlattice barrier layer
in both the conduction and valence bands. In addition, berather than the much wider band gap AISb, there is a slight
cause the valence band well is typically very tiin20-30  coupling between adjacent periods of the superlattice, which
A), it is possible to incorporate much larger strafr2.5%  results in 36 meV of dispersion in the conduction band. The
than in the thicker type-l quantum wells. The additionalimpact on the gain, relative differential gain spectrum, and
strain and quantum confinement make it possible to desigthe linewidth enhancement factor can be seen in Fig. 2 as a
materials with a density of states mismatch that is more thafunction of energy from the peak of the gain spectrum. The
a factor of three smaller than either of the type-l quantunmgain spectrum of system \(solid line) is significantly
wells. It is this same improvement in the balancing of thebroader than that of system Iidashed ling because of the
density of states that makes the type-Il superlattices attraalispersion in the conduction band. The broadening of the
tive for low threshold operatiotf. For system V, the differ- gain spectrum at energies below the peak of the gain spec-
ential gain (2% 10 ®cn) is more than twice that of sys- trum results in a broadening of the relative differential gain
tem IIl. In addition, the relative differential gain spectrum is spectrum. The region of positive differential gain below the
significantly narrower than the bulk and type-l systems.  peak gain energy reduces the resulting linewidth enhance-

Within each type of structuréype | or type I), those ment factor, in spite of the fact that the differential gain
with larger conduction band dispersiglisted in Table ) spectrum for system V is broader at energies above the peak
have smaller linewidth enhancement factors. The presence gfin.
dispersion in the conduction band shifts the peak of the gain  An additional optimization can be used to reduce the
spectrum(and hence, the lasing enejgyom the band edge linewidth enhancement factor in the type-Il superlattices. In-
to an energy roughly the miniband width above the bandersubband absorption features in these superlattices are rela-
edge. The region of positive differential gain between thetively sharp due to the highly structured nature of the valence
band edge and the gain spectrum peak reduces the densgiybbands. It is possible to adjust the energy of the subbands
dependence of the index of refraction and the value of théy modifying the layer thicknesses and alloy compositions in
linewidth enhancement factor at the peak of the gain specsuch a way as to place a large absorptive feature above the
trum. The impact of dispersion in the conduction band on thgpeak of the gain spectrum. The presence of this large
threshold carrier density of a laser is not substantial, howédensity-dependent absorption feature just above the lasing
ever, if the miniband width is comparable to or smaller thanenergy will reduce the density dependence of the index of
the thermal energykgT). refraction at the lasing energy without reducing the differen-

The advantage of conduction band dispersion can bé&al gain, thereby reducing the linewidth enhancement factor.
seen in a comparison of systems IV and V. Because systein example of this is shown in Fig. 3 for two 4/8m type-II
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L systems and in type-ll systems versus type-l systems have
] ] been identified as better balance between the conduction and
valence densities of states and larger conduction miniband
dispersion. A new strategy has also been proposed of using
intersubband absorption features to tailor the shape of the
differential gain spectrum and thus reduce the linewidth en-
hancement factor.
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