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Differential gain, differential index, and linewidth enhancement factor
for a 4 mm superlattice laser active layer

S. A. Anson,a) J. T. Olesberg, Michael E. Flatté, T. C. Hasenberg,
and Thomas F. Boggessa),b)

Department of Physics and Astronomy, Optical Science and Technology Center, University of Iowa,
Iowa City, Iowa 52242

~Received 11 January 1999; accepted for publication 8 April 1999!

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 superlatticeK–p formalism. 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
1.5310215cm2, 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. ©1999 American Institute of Physics.
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I. INTRODUCTION

Midwave-infrared~MWIR, 2–5mm! diode and optically
pumped semiconductor lasers1 have significant potential ap
plications in the areas of remote sensing, medical diagn
tics, and infrared countermeasures. This has driven inte
research efforts focused on these devices, which have le
continuing improvements in MWIR laser performance. S
these lasers remain an immature technology, and demand
performance will continue to rise as attempts are made
implement these devices in practical optical systems.

To date, much of the emphasis on improved operation
interbandMWIR lasers has focused on the achievement
room-temperature, continuous-wave operation through
suppression of Auger recombination and intersubband
sorption~ISBA!.2 A significant subset of this work has bee
directed toward electronic structure engineering in type
InAs/GalnSb superlattices and related structures.3–5 While
this effort has met with some success, other fundame
properties of these laser materials, such as the differe
gain and differential refractive index, have received cons
erably less attention. These parameters relate to anothe
portant fundamental laser property, the linewidth enhan
ment factor,

a lw5
24p

l

dn/dN

dg/dN
, ~1!
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a parameter that indicates the susceptibility of high-pow
lasers to filamentation and limits the spectral purity of sing
mode lasers. In Eq.~1!, n is the refractive index,g is the
material gain,N is the carrier density, andl is the free-space
wavelength. Filamentation, which is a result of self-focusi
arising from a combination of gain saturation and t
density-dependent refractive index, is substantially redu
in structures with linewidth enhancement factors less th
0.4.6 Since filamentation may result in poor beam quali
poor utilization of the available gain, and facet damage,
duction or elimination of this effect is highly desirable
high-power lasers. A small linewidth enhancement facto
also favorable for spectrally pure laser operation, since
linewidth of a single-mode semiconductor laser is7

Dn5DnST~11alw
2 ), ~2!

where DnST is the Schawlow–Townes linewidth. Since
variety of potential MWIR diode laser applications cou
benefit from spectrally pure operation, a smalla lw is highly
beneficial.

Several methods exist for measuring the linewidth e
hancement factor of a laser. This can be achieved, e.g.
using the small signal modulation technique8 or by measur-
ing the net mode gain using the Hakki–Paoli technique a
the density dependence of the index from the emission wa
length shift with injection current.9 The method used here i
similar to that used by Henry and co-workers.10 Their tech-
nique relies on the extraction of the gain and absorpt
spectra from measurements of spontaneous emission sp
supplemented by measurements of the laser line energy
the differential quantum efficiency to determine the carr
© 1999 American Institute of Physics
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density. A Kramers–Kronig transformation is then used
extract the density dependence of the real part of the ref
tive index, thus leading to the linewidth enhancement fac
Here, we obtain the differential gain spectra for known c
rier densities directly from time-resolved differential tran
mission measurements.

In this article, we describe measurements and calc
tions of the differential gain, differential refractive index, an
the linewidth enhancement factor in a type-II, InAs/GaInS
based superlattice designed as the active region of a MW
laser. The structure is specifically configured for suppres
Auger recombination.11 The strategies that result in sma
Auger rates and weak intersubband absorption at the b
edge involve the use of electronic structure engineering:~1!
to balance the conduction and valence band edge densi
states through strain and quantum confinement~a strategy
similar to that used for near-infrared~IR! semiconductors!12

and ~2! to arrange superlattice mini-gaps to eliminate fin
states for Auger and intersubband transitions. These s
strategies result in a large differential gaindg/dN, and
therefore a small linewidth enhancement factor. In additi
for carrier densities appropriate to laser operation, the p
of the gain is spectrally located near the peak differen
gain. This tends to minimize the differential refractive ind
dn/dN at the anticipated lasing wavelength, thereby also
ducing the linewidth enhancement factor. We demonstra
material linewidth enhancement factor of less than one in
MWIR structure discussed here. This may be compared
values of 2–5 that are typical of strained near-IR multip
quantum-well lasers.

II. DETAILS OF THE SUPERLATTICE

The sample was grown by molecular beam epita
~MBE! on a nominally undoped GaSb substrate and cons
of ~in order of growth! a 3000 Å GaSb buffer layer, a 1000
Al0.30Ga0.42In0.28As0.27Sb0.73 carrier-confinement layer, 40
periods of a 4-layer superlattice, another 1000
Al0.30Ga0.42In0.28As0.27Sb0.73 carrier-confinement layer, and
100 Å GaSb cap. A single period of the superlattice, which
shown schematically in Fig. 1~a!, is comprised of 16.5 Å of
InAs, 25.9 Å of Ga0.65In0.35Sb, 16.5 Å of InAs, and 38.7 Å o
Al0.27Ga0.48In0.25As0.43Sb0.57. The room-temperature photo
luminescence for this structure is peaked at 3.84mm. Fitting
of the photoluminescence spectrum yields a roo
temperature band gap of approximately 4mm. The structural
properties of the superlattice~alloy compositions and laye
thicknesses! were determined using a self-consistent analy
of the photoluminescence spectrum, x-ray diffraction, a
the MBE fluxes.

Through variations in only the layer thickness, the ban
gap energy of this superlattice can be varied widely. Sup
lattices similar to that described here have been incorpor
into diode lasers operating at 2.7mm and optically pumped
lasers operating at 3.7mm up to room temperature and at 5
mm at temperatures up to 185 K.13 These structures are sim
lar to the optically pumped ‘‘W lasers’’ studied by researc
ers at the Naval Research Laboratories and the Universit
Houston.5,14 In the present structure, however, the use of
o
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quinternary layers provides the potential for electrical carr
injection. In addition, it adds flexibility in the suppression
Auger recombination and intersubband absorption and
the engineering of the differential gain, differential inde
and linewidth enhancement factor.

The band structure for this superlattice, shown in F
1~b!, was calculated using an eight-band superlatticeK–p
model that has been generalized to account for an arbit
number of layers in a superlattice unit cell.3 Input
parameters15 to the calculation are limited to energy level
matrix elements, and effective masses of bulk constitue
and valence band offsets between layers. The recombina
properties11,16 of this same four-layer superlattice and th
optical properties of related type-II superlattice structure17

have been calculated using this superlatticeK–p formalism
and are found to be in excellent agreement with measu
results. The four-layer superlattice was designed to have
isolated uppermost heavy-hole valence subband~HH1! with
a light in-plane mass at the band edge (mHH150.064m0)
resulting in a disparity of only a factor of approximately 2
the conduction and valence band-edge density of states.
next highest valence subband is more than 250 meV be
HH1. These factors ensure that the electron and hole qu
Fermi levels both move rapidly toward their respective ba
edges as carriers are injected, thereby leading to low tra
parency densities and high differential gain. In addition,
energy gap throughout the growth direction of the Brillou
zone was placed near one band-gap energy below the
valence subband for the suppression of both hole Auger t
sitions and ISBA. This gap is evident in the theoretical ISB
spectra shown in Fig. 2~a!. The theoretical gain spectra ar
shown in Fig. 2~b! for a comparison. We note that the su
pression of ISBA is not optimized in this structure as it w
designed specifically for the minimization of Auger recom
bination. Still, at carrier densities that would be typical

FIG. 1. ~a! Conduction~solid!, heavy-hole~dashed!, and light-hole~dotted!
band edges for one period of the four-layer superlattice.~b! eight-band su-
perlatticeK–p band structure for both the in-plane and growth directio
One band-gap energy below the valence band and one band-gap e
above the conduction band are indicated by the horizontal lines.
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laser operation (;1018cm23), the ISBA does not signifi-
cantly reduce the peak gain for this structure.

III. EXPERIMENT

Time-resolved differential transmission was used to
tain spectra of the density-dependent change in absorp
The experimental configuration is similar to that describ
previously.17,18 Measurements were performed at room te
perature using 140 fs pump pulses from a mode-locked
sapphire laser operating at 843 nm and 170 fs probe pu
from a synchronously pumped optical parametric oscilla
~OPO!19 tunable between 2.6 and 4.4mm. The pump pulses
were focused to a radius~e21 of peak intensity! of 75 mm,
and the probe pulses were focused on the center of the
cited region of the sample with a radius of 32mm. The pump
and probe were separately chopped, and the transm
probe was sent through a monochromator for added spe
resolution ~;20 nm! and detected with a liquid-nitrogen
cooled InSb detector. The output of this detector was p
cessed through a pair of parallel lock-in amplifiers separa
tuned to the probe chopping frequency and the sum of
pump and probe chopping frequencies. The former allow
for corrections of long-term drift in the output power of th
OPO, while the latter provided a signal proportional to t
pump-induced change in the probe transmission.

The pump pulses generate a dense and initially very
electron–hole population that is observed to cool to n
lattice temperature within approximately 10 ps. On a mu
longer time scale the carriers recombine primarily by Aug
and Shockley–Read–Hall recombination. By measuring
transmission of the probe as a function of time delay a
wavelength near the band edge, the evolution of the b
edge population may be extracted. Such measurem

FIG. 2. ~a! Intersubband absorption~ISBA! spectra and~b! gain spectra
determined theoretically for the four-layer superlattice shown for the follo
ing carrier densities: 0~solid!, 1.3 ~long dashed!, 2.7 ~short dashed!, 5.3
~dash-dot!, 10.6 ~dash-dot-dot!, and 15.9 (dotted!31017 cm23.
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readily provide the carrier recombination rate, which is d
scribed in detail for this structure elsewhere.11,16 Alterna-
tively, the probe delay can be set longer than the car
cooling time but shorter than the time required for recom
nation, and the transmission can be measured as a functio
probe wavelength. This allows the probe transmission sp
trum to be analyzed for a fixed and well-defined carrier d
sity, and by varying the pump excitation level the dens
dependence of the transmission spectrum can be determ

IV. RESULTS

The tunability of the OPO allows us to explore th
density-dependent optical properties of the superlattice o
a broad spectral range. In Fig. 3~a! we show the results o
measurements of the change in absorptionDa as a function
of probing wavelength in the range of 3.1–4.0mm for carrier
densities ranging from 1.3 to 15.931017cm23. These results
are obtained directly from the differential transmission d
using

Da5
21

L
lnS 11

DT

T D , ~3!

whereL is the superlattice thickness andDT/T is the frac-
tional change in the probe transmission. The carrier den
for these measurements has been calibrated by compa

-

FIG. 3. ~a! Experimental carrier-induced change in absorption spectra
the following carrier densities: 1.3~filled circles!, 2.7 ~open circles!, 5.3
~filled squares!, 10.6 ~open squares!, and 15.9 (filled diamonds!
31017 cm23 and~b! theoretical carrier-induced change in absorption spec
for the following carrier densities: 1.3~solid!, 2.7 ~dashed!, 5.3 ~dash-dot!,
10.6 ~dash-dot-dot!, and 15.9 (dotted!31017 cm23.
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measured and calculated time-resolved photoluminesc
spectra, as described elsewhere,16 and is consistent with the
photon density in the pump pulses.

In Fig. 3~b! we show calculated spectra ofDa for the
same set of carrier densities used to obtain the data in
3~a!. The theoretical results were obtained using the ca
lated band structure and momentum-dependent matrix
ments with no adjustable parameters. ISBA is also includ
but many-body effects are ignored. We find good agreem
between the measured and calculated spectral and de
dependencies forDa. There are, however, notable minor di
crepancies. Specifically a 12 meV mismatch exists betw
the measured and calculated peakDa, apparently as a con
sequence of a theoretical overestimation of the width of
first miniband, and the peak magnitudes of the theoret
and experimental results differ by a factor of 1.8. The orig
of such deviations are not known with certainty, but may
a result of remaining uncertainties in individual layer thic
nesses and alloy compositions for the structure, uncertain
in material parameters such as the band offsets~particularly
those associated with the quinternary layers!, and/or interface
roughness. Many-body effects could also contribute to d
crepancies. For example, it is clear from Fig. 3 that the
perimental high-density data display evidence of band-
renormalization, which is not included in the theory. St
the overall agreement between theory and experimen
quite reasonable, indicating that the theoretical results ca
used with reasonable confidence for predicting the opt
properties of these superlattices. This ability is extraordin
ily valuable for engineering the electronic and optical pro
erties of superlattices for high-performance lasers and o
device applications. On the other hand, the experimenta
sults provide a direct measure of the actual optical proper
including those associated with many-body effects.

The differential gaindg/dN can be extracted readily b
first fitting smooth functions through the curves in Fig. 3
various wavelengths to obtain the density dependence ofDa
at each of these wavelengths and then using

dg

dN
5

d~2Da!

dN
. ~4!

The results are shown in Fig. 4. Near the optimal thresh
density20 of 1.0631018cm23, the theoretical peak gain oc
curs near 3.58mm, where the differential gain is approx
mately 1.5310215cm2. The value of the differential gain is
quite high, comparable to values reported for strained qu
tum wells designed for near-IR lasers.21,22 Again, the rela-
tively large differential gain arises primarily from the lo
valence band-edge effective mass and the resulting bal
between the conduction and valence band density of sta

A second quantity required in determining the linewid
enhancement factor is the differential indexdn/dN. This can
also be extracted from the data of Fig. 3 through a Krame
Kronig transformation, which provides spectra of the chan
in index Dn for the various carrier densities. The results
such a calculation forDn are shown in Figs. 5~a! and 5~b!
for the experimental and theoretical data, respectively.
experimental curve was arrived at by first fitting smoo
curves through the data in Fig. 3 and then performing
ce
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Kramers–Kronig transformation on the smoothed curv
Again, reasonable agreement between theory and experim
is observed, with the discrepancies being traced directly
the discrepancies in theDa spectra. In particular, the magn
tudes of the experimental and theoretical spectra ofDn agree
well, but the zero crossings differ, primarily as a cons
quence of the differences in the spectral locations of
peaks in the theoretical and experimental spectra ofDa.

The Kramers–Kronig transformations provide only es
mates of the density dependent refractive index. That is,
Kramers–Kronig transformation requires an integration o
all frequencies, yet the available data extend only from 3.1
4 mm. Hence, the impact of the limited spectral range of
Da data must be carefully considered in evaluatingDn. To
examine these effects, we havecalculated the density-
dependent absorption spectra over the range from 1.2
23.3mm and have performed the Kramers–Kronig transf
mation of these spectra. This process, which leads to
spectra shown in Fig. 5~c!, differs from that leading to the
results in Fig. 5~b! in two important ways:~1! the range of
integration in the Kramers–Kronig transformation is grea
extended in this case so that, within the range of the exp
mental data, the influence of the end points are less p
nounced, and~2! the transformation includes spectral regio
that exhibit strong intersubband absorption features
present in the more limited range used for Figs. 5~a! and

FIG. 4. ~a! Experimental differential gain spectra for the following carri
densities: 1.3~filled circles!, 2.7 ~open circles!, 5.3 ~filled squares!, 10.6
~open squares!, and 15.9 (filled diamonds!31017 cm23 and ~b! theoretical
differential gain spectra for the following carrier densities: 1.3~solid!, 2.7
~dashed!, 5.3 ~dash-dot!, 10.6~dash-dot-dot!, and 15.9 (dotted!31017cm23.
The differential gain at the wavelength corresponding to the peak theore
gain at threshold (1.06310218 cm23) is indicated by the open diamond.
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5~b!. The relative importance of these two effects can
determined readily by simply neglecting ISBA in the theo
This process reveals that the differences in the spectra sh
in Figs. 5~b! and 5~c! are primarily a consequence of th
endpoints rather than the ISBA features. We emphas
however, that the discrepancies between the experime
and theoretical index spectra are relatively minor in the
gion near the peak gain.

The results shown in Fig. 5 can be used to extract
theoretical and experimental differential indexdn/dN, as
shown in Fig. 6. Again, for the calculated threshold dens
of 1.0631018cm23, the theoretical peak gain occurs ne
3.58 mm, where the differential index is approximately
310220cm3. This value is slightly larger than the values
(1 – 3)310220cm3 typical in near-IR lasers.21,23

Oncedn/dN and dg/dN are known, the linewidth en
hancement factora lw can be determined from Eq.~1!. The
experimental and calculated spectra ofa lw are shown in Fig.
7. In both cases we find that, for carrier densities and wa
lengths that would be appropriate to laser operation, the l
width enhancement factor is less than one. This can be c
pared to typical values of 2–5 reported for near-IR strain
quantum-well lasers.22–25

FIG. 5. Carrier-induced change in refractive index, for the carrier densi
1.3 ~solid!, 2.7 ~dashed!, 5.3 ~dash-dot!, 10.6 ~dash-dot-dot!, and
15.9 (dotted!31017 cm23, obtain~a! by using the experimentalDa(N), ~b!
by truncating the theoreticalDa(N) to the experimental spectral rang
~3.1–4.0mm!, ~c! by using the full theoretically determinedDa(N) from
1.24 to 23.3mm ~996–53.2 meV!.
e
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FIG. 6. The experimental~a! and theoretical~b! differential index for the
carrier densities: 1.3~solid!, 2.7 ~dashed!, 5.3 ~dash-dot!, 10.6 ~dash-dot-
dot!, and 15.9 (dotted!31017 cm23. The diamond indicates the predicte
lasing wavelength at the optimal carrier density.

FIG. 7. The experimental~a! and theoretical~b! linewidth enhancement
factors for the carrier densities: 1.3~solid!, 2.7~dashed!, 5.3~dash-dot!, 10.6
~dash-dot-dot!, and 15.9 (dotted!31017 cm23. The linewidth enhancemen
factor and wavelength of the peak theoretical gain at threshold (1
310218 cm23) is indicated by the open diamond.
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V. SUMMARY AND CONCLUSIONS

We have used time-resolved differential transmission
measure the carrier-induced change in absorption, diffe
tial gain, differential index, and the linewidth enhanceme
factor for a four-layer superlattice designed for use as
active region in mid-infrared semiconductor lasers. T
structure has a differential material gain comparable to
measured in near-IR strained quantum-well lasers. We h
found good agreement between measured results and c
lations based on an eight-band superlatticeK–p formalism. A
Kramers–Kronig transformation of these results was use
evaluate the differential material refractive index, which
slightly larger than that measured in near-IR lasers. The la
differential gain results in a small linewidth enhanceme
factor, which is less than one at wavelengths and car
densities appropriate to laser operation. The small linew
enhancement factor will reduce the effects of filamentation
high-power MWIR lasers and/or reduce the spectral li
width in single-mode MWIR lasers incorporating th
multilayer superlattice as the active region.

We emphasize that the parameters~differential gain and
index, linewidth enhancement factors, etc.! extracted from
these studies are purely material properties and that the
pact of the optical cavity must be considered in an act
laser. Our approach focuses on the active region mate
itself, which for MWIR lasers is typically engineered fo
suppression of Auger recombination and intersubband
sorption. The impact of this engineering on the different
gain and index and on the linewidth enhancement factor
to this point, been largely overlooked. The technique e
ployed here allows for a convenient means of screening
gineered active regions for these important properties w
out the need for processing and fabricating working devic
This, when coupled with measurements of carrier recom
nation in the active regions, should lead to a complete pic
of the suitability of the engineered material for use in hig
performance MWIR lasers.
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13M. E. Flatté, T. C. Hasenberg, J. T. Olesberg, S. A. Anson, T. F. Bogge
C. Yan, and D. L. McDaniel, Jr., Appl. Phys. Lett.71, 3764~1997!.

14J. I. Malin, J. R. Meyers, C. L. Felix, J. R. Lindle, L. Goldberg, C. A
Hoffman, F. J. Bartoli, C.-H. Lin, P. C. Chang, S. J. Murry, R. Q. Yan
and S. S. Pei, Appl. Phys. Lett.68, 2976~1996!.

15O. Madelung, inSemiconductors, Group IV Elements and III-V Com
pounds, edited by K.-H. Helluege and O. Madelung, Landolt-Bo¨rnstein,
New Series, Group III, Vol 17, PT. A~Springer, Berlin, 1982!.

16D.-J. Jang, M. E. Flatte, C. H. Grein, J. T. Olesberg, T. C. Hasenberg,
T. F. Boggess, Phys. Rev. B58, 13047~1998!.

17J. T. Olesberg, S. A. Anson, S. W. McCahon, M. E. Flatte´, T. F. Boggess,
D. H. Chow, and T. C. Hasenberg, Appl. Phys. Lett.72, 229 ~1998!.

18S. W. McCahon, S. A. Anson, D.-J. Jang, M. E. Flatte´, T. F. Boggess, D.
H. Chow, T. C. Hasenberg, and C. H. Grein, Appl. Phys. Lett.68, 2135
~1996!.

19S. W. McCahon, S. A. Anson, D.-J. Jang, and T. F. Boggess, Opt. L
20, 2309~1995!.

20J. T. Olesberg, M. E. Flatte´, B. J. Brown, C. H. Grein, T. C. Hasenberg, S
A. Anson, and T. F. Boggess, Appl. Phys. Lett.74, 188 ~1999!.

21W. Rideout, B. Yu, J. LaCourse, P. K. York, K. J. Beernink, and J.
Coleman, Appl. Phys. Lett.56, 706 ~1990!.

22K. Kukuchi, M. Kakui, C. E. Zah, and T. P. Lee, IEEE Photonics Techn
Lett. 3, 314 ~1991!.

23C. H. Henry, R. A. Logan, and K. A. Bertness, J. Appl. Phys.52, 4457
~1981!; J. Manning, R. Olshansky, and C. B. Su, IEEE J. Quantum El
tron. 19, 1525~1983!; N. Ogasawara, R. Ito, K. Tone, and H. Nakae, Jp
J. Appl. Phys., Part 223, L518 ~1984!; K. S. Jepsen, N. Storkfelt, M. Vaa
and K. E. Stubkjaer, IEEE J. Quantum Electron.30, 635 ~1994!.

24F. Kano, Y. Yoshikuni, M. Fukuda, and J. Yoshida, IEEE Photonics Te
nol. Lett. 3, 877 ~1991!.

25N. Storkfelt, B. Mikkelsen, D. S. Olesen, M. Yamaguchi, and K. E. Stub
jaer, IEEE Photonics Technol. Lett.3, 632 ~1991!.


