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Comparison of linewidth enhancement factors in midinfrared active
region materials

J. T. Olesberg, Michael E. Flatté,a) and Thomas F. Boggess
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The University of Iowa, Iowa City, Iowa 52242

~Received 21 January 2000; accepted for publication 28 January 2000!

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 bulk InAs0.91Sb0.09.
However, active region materials based on the type-II, InAs/GaInSb 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-II
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-II superlattices when fabricated into a distributed feedback structure. ©2000
American Institute of Physics.@S0021-8979~00!07009-2#
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I. INTRODUCTION

Many of the potential applications for midinfrared sem
conductor lasers, in particular those involving molecu
spectroscopy and remote sensing, require coherent sou
with narrow linewidths. Spectral purity in a semiconduct
laser is degraded by the coupling between phase and am
tude noise such that the linewidth is broadened beyond
Schawlow–Townes limit according to1

Dv5Dv0~11a lwe
2 !, ~1!

whereDv0 is the Schawlow–Townes linewidth anda lwe is
the linewidth enhancement factor. The linewidth enhan
ment factor is also a measure of the likelihood of format
of optical filaments. At high powers, optical filamentatio
can lead to catastrophic facet damage in the localized op
fields. Devices with small linewidth enhancement facto
have the capability of producing larger output powers wi
out facet damage.

The linewidth enhancement factor (a lwe) is defined as
the ratio of the density derivative of the real (x r) and imagi-
nary (x i) parts of the complex susceptibility. However, wh
the fractional change in the index of refraction is small co
pared to the fractional change of the absorption coefficie
the linewidth enhancement factor can be written in terms
the density derivatives of the index of refraction~n! and the
net gain (gnet),

a lwe~v!5
dx r~v!/dN

dx i~v!/dN
'2

4p

l

dn~v!/dN

dgnet~v!/dN
, ~2!

whereN is the carrier density andv is the lasing frequency
The net gain,gnet, differs from the fundamental gain due t

a!Electronic mail: michael-flatte@uiowa.edu
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the presence of intersubband absorption, which can be
nificant in midinfrared materials. Becausedn/dN can be re-
lated to the differential gain spectrum by a Kramers–Kro¨nig
transformation, the linewidth enhancement factor can
written entirely in terms of the differential gain spectrum

a lwe~v!5
2v

p

E
0

`S dgnet~v8!/dN

v822v2 Ddv8

dgnet~v!/dN
, ~3!

or, equivalently,

a lwe~v!5
2v

p E
0

` Fdgnet~v8!/dN

dgnet~v!/dN G
v822v2 dv8. ~4!

The quantity in square braces in Eq.~4! is the differential
gain spectrumrelative to the magnitude of the differentia
gain at the lasing wavelength. When written in this form, t
linewidth enhancement factor is a function only of the sha
of the relative differential gain spectrum. Thus, we can co
pare material systems of comparable band gaps using
relative differential gain spectra.

Whereasdn/dN ~and hence,a lwe! vanishes near the
peak of the differential gain spectrum due to the symmetry
the Kramers–Kro¨nig transform, lasers typically operate
the frequency of the peak of the gain spectrum. In interba
semiconductor lasers, as contrasted with atomic-like las
the peak of the differential gain is shifted away from t
peak of the gain due to the opposite curvature of the cond
tion and valence bands. This shift is increased by any imb
ance between conduction and valence band densitie
states.2,3 Because of this, semiconductor lasers typically ha
4 © 2000 American Institute of Physics
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linewidth enhancement factors significantly different fro
zero. Typical values for near-infrared semiconductor las
range from 2 to 6.4,5

Three primary strategies have been employed for red
ing the linewidth enhancement factor in near-infrared las
The first is to reduce the imbalance between the conduc
and valence band densities of states through the use of s
and quantum confinement.2,6 Reducing the density of state
imbalance increases the differential gain at the lasing ene
and decreases the width of the differential gain spectr
The second strategy is top dope the active region, which
helps to offset the density of states imbalance.2,3,6 Third, a
distributed feedback grating~DFB! can be used to detune th
lasing energy from the peak of the gain towards the pea
the differential gain.3,7 The amount of detuning that can b
used is limited by the range of energies over which ther
positive gain. When the peak of the differential gain sp
trum lies in the region of positive gain, it is possible to r
duce the linewidth enhancement factor to near zero.

The situation is more challenging in the midinfrare
since the conduction band effective mass~of a bulk material!
decreases roughly proportionally with the band gap, incre
ing the density of states imbalance. In addition,p doping the
active region aggravates existing problems with Auger
combination. Thus, producing semiconductor lasers w
small linewidth enhancement factors requires careful at
tion to the problem of density of states mismatch. There h
been relatively few reports of linewidth enhancement val
for wavelengths beyond 1.55mm. Meyeret al. report calcu-
lated values of 1.7 and 4.2 for early midinfrared type
quantum wells and superlattices at 300 K.8 Vurgaftman and
Meyer have reported a calculated value of 1.1 for the typ
quantum well of Ref. 8 at a temperature of 100 K.9 Recently,
Anson et al. reported measurements of small linewidth e
hancement factors~,1.0! in a 4 mm type-II superlattice at
room temperature.10 Intersubband quantum cascade las
are expected to have ultralow linewidth enhancement fac
~,0.1! due to the extremely narrow joint density of stat
characteristic of atomic-like systems.11

Here we report calculations of the linewidth enhanc
ment factor at room temperature in a selection of midinfra
active region materials. The linewidth enhancement facto
correlated with three features of the electronic structu
Conduction and valence band density of states balanc
conduction band dispersion, and judiciously placed inters
band absorption features. Calculations were performed o
4.2 mm strained 150 Å InAsSb/300 Å AlInAsSb quantu
well structure,12 a 4.4mm strained 80 Å InAsSb/80 Å InAsP
quantum well structure,13 a 4.0 mm 15 Å InAs/25Å
Ga0.60In0.40Sb/15 Å InAs/39 Å Al0.30Ga0.42In0.28As0.50Sb0.50

superlattice,14,15 and a 4.1 mm 21 Å InAs/31 Å
Ga0.75In0.25Sb/21 Å InAs/43 Å AlSb superlattice.16 Bulk
InAs0.91Sb0.09 ~lattice matched to GaSb! is included as a ref-
erence. Although the linewidth enhancement factor of a r
device is affected by the optical cavity,4,17 the value is domi-
nated by the inherent linewidth enhancement factor of
active region material. Comparison of the linewidth enhan
ment factor of the different materials allows for the evalu
rs
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tion of these materials as active regions for either spectr
pure or high-power applications.

II. THEORY

The optical properties of the materials were calcula
using a superlatticeK "p formalism with a 14 bulk band ba
sis. This method is an extension of the eight-bandK "p for-
malism that has been used previously to calculate the op
properties of a variety of midinfrared materials.14 Excellent
agreement has been seen between a variety of theore
calculations and experimental measurements.18 Gain and in-
tersubband absorption spectra were calculated for transv
electric polarization as a function of carrier density using
highly nonparabolic band structure and momentu
dependent matrix elements. A Kramers–Kro¨nig transforma-
tion of the change in absorption spectra for each density
performed to obtain the nonlinear change in the index
refraction. The density dependence of these calculations
vide the differential gain and differential index. The line
width enhancement factor was then calculated from Eq.~2!.

Strictly, the Kramers–Kro¨nig transformation should be
applied over the entire energy spectrum, whereas we u
finite energy range~transition energies up to;0.8 eV!. How-
ever, calculating thechange in index from thechange in
absorption spectrum is a very different problem than cal
lating theindex of refractionfrom theabsorptionspectrum.
The index of refraction is dominated by the magnitude of
absorption spectrum at Van Hove singularities away fr
zone center, but the change in absorption spectra is o
nonzero where the nonequilibrium carriers are~near zone
center for the direct gap materials discussed here!. We can
approximate the effect of using a finite energy range in
calculations by repeating the calculations using a subs
tially larger energy range. From this procedure, we estim
the error introduced by the use of a finite energy range in
calculation of the change in index spectrum at the expec
lasing energy to be less than 10%.

III. LINEWIDTH ENHANCEMENT FACTORS FOR
MIDINFRARED MATERIALS

The results of our calculations of linewidth enhancem
factors are listed in Table I. In order to facilitate the com
parison of different material systems, we focus on the re
tive differential gain spectrum of Eq.~4!. Plots of the gain,
relative differential gain, and linewidth enhancement fac
are shown in Fig. 1 as a function of transition energy for fo
of the five systems considered~the curves for system IV are
similar to those of system V!. These parameters are calc
lated for the carrier density at which the linewidth enhan
ment factor at the peak of the gain spectrum takes on
minimum value. By examining Fig. 1 we can track th
change of behavior from system I@Fig. 1~a!#, which is a bulk
system, through system II@Fig. 1~b!# and system III@Fig.
1~c!#, which are quantum wells with increasing levels of co
finement, to system V@Fig. 1~d!#, which is a type-II super-
lattice with very large band offsets.

Bulk InAsSb has the largest linewidth enhancement f
tor of all of the systems considered. The large linewidth e
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TABLE I. Calculated values of the linewidth enhancement factor for five midinfrared active region materi
room temperature.Eg is the band gap,a lwe is the linewidth enhancement factor,rv /rc is a measure of the ratio
of the valence to conduction band densities of states,dgnet/dN is the differential gain at the peak of the ga
spectrum, andDECB is the miniband width of the lowest conduction subband.

System
Eg

~mm!
a lwe

atgnet
max

a lwe

gnet.50 cm21 rv /rc

dg/dN
(310216 cm2)

DECB

~meV!

Bulk materials
I InAs0.91Sb0.09 4.2 6.5 1.8 25.7 3.5 bulk

Type-I quantum wells
II InAsSb/AllnAsSb 4.2 5.4 2.0 9.9 4.8 0.3
III InAsSb/InAsP 4.4 2.5 1.7 7.6 13.9 21.2

Type-II superlattices
IV InAs/GaInSb/InAs/AlSb 4.1 1.1 0.4 2.0 33.6 2.5
V InAs/GaInSb/InAs/

AlGaInAsSb
4.0 0.9 0.3 2.3 27.0 36.2
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hancement factor is fundamentally a consequence of the
nificant imbalance between the conduction and valence b
densities of states. Density of states mismatch leads
large linewidth enhancement factor through two proces
First, significant imbalance between the densities of sta
reduces the differential gain near the band edge by decr
ing the hole occupation function at the valence band ed
Second, density of states imbalance broadens the differe
gain spectrum. The peak of the differential gain spectr
will occur roughly at a transition energy ofEg1EFc, where
Eg is the band gap andEFc is the conduction band Ferm
energy measured from the conduction band minima.3 When
the density of states of the valence band is significan
larger than that of the conduction band,EFc becomes increas
ingly large.

The imbalance between the conduction and valence d
sities of states can be quantified using the ratio of the vale
ig-
nd
a

s.
es
as-
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and conduction band-edge Fermi occupation functions a
density where the sum of the Fermi functions is 1.0~which is
a minimal condition for gain!.19 This quantity is a measure o
the contribution to inversion from the valence and cond
tion bands. A system with ideal balancing of the densities
states would have a ratio of 1.0. Using this measure,
density of states imbalance for bulk InAsSb is 25.7. Cal
lated values are shown in Table I for all of the materials.

System II is a compressively strained quantum well w
small band offsets for both the electrons~90 meV! and holes
~72 meV!. The quantum confinement and compressive str
reduce the density of states imbalance to 9.9 by splitting
heavy and light valence subbands. However, the band off
are not large enough to significantly improve the different
gain, so the linewidth enhancement factor is only sligh
smaller than that of bulk InAsSb.
em
d line
FIG. 1. Gain, relative differential gain, and linewidth enhancement factor as a function of transition energy for~a! system I, bulk InAs0.91Sb0.09, ~b! system
II, an InAsSb/AlInAsSb quantum well,~c! system III, an InAsSb/InAsP quantum well, and~d! system V, a type-II superlattice. The curves for each syst
are calculated for the carrier density at which the linewidth enhancement factor at the peak of the gain spectrum is a minimum. The vertical dashes are
the energy of the peak of the gain spectrum.
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System III is a multiple quantum well structure with
narrower well, twice the electron and hole confinement, a
twice the compressive strain of system II. Because of t
the differential gain at the peak of the gain spectrum (1
310216cm2) is significantly larger than either systems I
II. Thus, the overall magnitude of the relative different
gain at high energies is smaller, reducing the linewidth
hancement factor.

One of the main advantages of the type-II InAs/GaIn
material system is the large band offsets~.0.5 eV! possible
in both the conduction and valence bands. In addition,
cause the valence band well is typically very thin~;20–30
Å!, it is possible to incorporate much larger strains~;2.5%!
than in the thicker type-I quantum wells. The addition
strain and quantum confinement make it possible to de
materials with a density of states mismatch that is more t
a factor of three smaller than either of the type-I quant
wells. It is this same improvement in the balancing of t
density of states that makes the type-II superlattices att
tive for low threshold operation.14 For system V, the differ-
ential gain (27310216cm2) is more than twice that of sys
tem III. In addition, the relative differential gain spectrum
significantly narrower than the bulk and type-I systems.

Within each type of structure~type I or type II!, those
with larger conduction band dispersion~listed in Table I!
have smaller linewidth enhancement factors. The presenc
dispersion in the conduction band shifts the peak of the g
spectrum~and hence, the lasing energy! from the band edge
to an energy roughly the miniband width above the ba
edge. The region of positive differential gain between
band edge and the gain spectrum peak reduces the de
dependence of the index of refraction and the value of
linewidth enhancement factor at the peak of the gain sp
trum. The impact of dispersion in the conduction band on
threshold carrier density of a laser is not substantial, ho
ever, if the miniband width is comparable to or smaller th
the thermal energy (kBT).

The advantage of conduction band dispersion can
seen in a comparison of systems IV and V. Because sys

FIG. 2. ~a! Gain, ~b! relative differential gain, and~c! linewidth enhance-
ment factor spectra for systems IV~dashed line! and V ~solid line! as a
function of the energy from the peak of the gain spectrum~vertical dashed
line!.
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V uses a quinternary alloy as the superlattice barrier la
rather than the much wider band gap AlSb, there is a sli
coupling between adjacent periods of the superlattice, wh
results in 36 meV of dispersion in the conduction band. T
impact on the gain, relative differential gain spectrum, a
the linewidth enhancement factor can be seen in Fig. 2 a
function of energy from the peak of the gain spectrum. T
gain spectrum of system V~solid line! is significantly
broader than that of system IV~dashed line! because of the
dispersion in the conduction band. The broadening of
gain spectrum at energies below the peak of the gain s
trum results in a broadening of the relative differential ga
spectrum. The region of positive differential gain below t
peak gain energy reduces the resulting linewidth enhan
ment factor, in spite of the fact that the differential ga
spectrum for system V is broader at energies above the p
gain.

An additional optimization can be used to reduce t
linewidth enhancement factor in the type-II superlattices.
tersubband absorption features in these superlattices are
tively sharp due to the highly structured nature of the vale
subbands. It is possible to adjust the energy of the subba
by modifying the layer thicknesses and alloy compositions
such a way as to place a large absorptive feature above
peak of the gain spectrum. The presence of this la
density-dependent absorption feature just above the la
energy will reduce the density dependence of the index
refraction at the lasing energy without reducing the differe
tial gain, thereby reducing the linewidth enhancement fac
An example of this is shown in Fig. 3 for two 4.5mm type-II

FIG. 3. Placement of intersubband absorption features can be used to re
the linewidth enhancement factor in type-II superlattices.~a! Intersubband
absorption,~b! gain, and~c! relative differential gain, and~d! linewidth
enhancement factor spectra for an optimized~solid! and a deoptim-
ized ~dashed! four-layer superlattice. The optimized superlattice
30 Å Ga0.55In0.45Sb/18 Å InAs/65 Å Al0.30Ga0.42In0.28As0.50Sb0.50;
the deoptimized structure is 38 Å Ga0.75In0.25Sb/20 Å InAs/65 Å
Al0.30Ga0.42In0.28As0.50Sb0.50. The vertical dashed line is the energy of th
peak of the gain spectrum for both structures.
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superlattices. The placement of the resonance at 305 m
in one structure rather than 255 meV in the other leads
a 34% reduction of the linewidth enhancement factor
the peak of the gain spectrum. For both systems,
curves shown represent the density at which the linew
enhancement factor is a minimum. A similar use of inters
band absorption resonances has been used to tailor the
of refraction in a material for the purpose of pha
matching.20

The discussion to this point has focused on the linewi
enhancement factor at the peak of the gain spectrum. We
estimate the minimum linewidth enhancement factor that
be obtained through detuning of the lasing frequency wit
DFB structure by calculating the minimum linewidth e
hancement factor over the energy range where the ga
greater than some minimum value. The results for a m
mum gain value of 50 cm21 are shown as a function o
carrier density in Fig. 4 for systems I, II, and V; the min
mum value for each of these curves is listed in Table I. I
possible to obtain linewidth enhancement values as low
0.3 with the type-II superlattices. This represents a very
tractive value for spectrally pure or high power laser ope
tion.

IV. CONCLUSIONS

Linewidth enhancement factors have been calculated
a variety of midinfrared materials. The origin of the smal
linewidth enhancement factors in type-I systems versus b

FIG. 4. Minimum linewidth enhancement factor at any energy with grea
than 50 cm21 of gain for bulk InAsSb~system I, solid line!, a type-I quan-
tum well ~system II, dashed line!, and a type-II superlattice~system V,
dash–dot line!. These curves represent an estimate of the minimum l
width enhancement factor attainable with a DFB structure.
eV
to
t
e
h
-

dex

h
an
n
a

is
i-

s
s

t-
-

or
r
lk

systems and in type-II systems versus type-I systems h
been identified as better balance between the conduction
valence densities of states and larger conduction minib
dispersion. A new strategy has also been proposed of u
intersubband absorption features to tailor the shape of
differential gain spectrum and thus reduce the linewidth
hancement factor.
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