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Orientation dependence of the optical properties in InAs quantum-dash
lasers on InP
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The anisotropy of the modal gain and the linewidth enhancement factor was experimentally
measured in InAs/AlGaInAs/InP semiconductor lasers with an active region composed of quantum
confined structures in the form of short wires called quantum dashes. This anisotropy is due to the
polarization dependence of the transition matrix element in these quantum nanostructures. The
spectral dependence of the gain and linewidth enhancement factor was investigated in a wavelength
range from 1540 to 1640 nm at subthreshold current densities. The largest gain and the smallest
linewidth enhancement factor were obtained when the quantum dashes were oriented perpendicular
to the axis of the laser cavity. ©2002 American Institute of Physics.@DOI: 10.1063/1.1498875#
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Semiconductor lasers based on quantum confined s
tures such as quantum wires, quantum dashes~QDashes!,
and quantum dots are of great interest because of their at
tive optoelectronic properties.1–3 For instance, a small line
width enhancement factor,4 a low threshold curren
density,5–9 and a wide tuning range10 have been demon
strated for quantum dot lasers. However, the spectral
polarization dependence of the modal gain and the linew
enhancement factor~a! have not yet been reported. Th
wavelength dependence ofa and modal gain is relevant t
the operation of tunable lasers and laser amplifiers. Kno
edge of their polarization properties establishes the opti
orientation of quantum-confined structures in a laser cav
In this letter, we report the spectral dependence of mo
gain and the linewidth enhancement factor for two differe
orientations of the quantum-confined structures ca
QDashes with respect to a diode laser cavity.

The active media of the laser was composed of lo
dimensional nanostructures in the form of short wires ca
QDashes. These wirelike nanostructures typically h
length-to-width ratios of between 6:1 and 20:1. It was
ported previously1 that such lasers showed a dependence
the threshold current density on the laser cavity orientat
Here, we extend the study of these lasers by investigating
wavelength dependence of the modal gain and the linew
enhancement factor at subthreshold current densities
dashes orientated parallel and perpendicular to the axis o
laser cavity.

The InAs QDashes were grown by molecular-beam e
taxy on an InP~001! substrate in a compressively strain
AlGaInAs quantum well which had a thickness of 7.5 nm
described in Ref. 1. The QDash lasers had five layers
QDashes and the dashes had lengths up to 500 nm, width
to 25 nm, and heights up to 5 nm. These dimensions w
measured by atomic force microscope for uncapped das
It was determined that QDashes were elongated along
@11̄0# direction.

a!Electronic mail: ukhanov@chtm.unm.edu
9810003-6951/2002/81(6)/981/3/$19.00
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Laser diodes~LDs! with dashes aligned along the axis
the laser cavity and with dashes oriented perpendicular to
cavity were investigated. The laser cavities had a 5mm
oxide-confined ridge waveguide with a cavity length of 1.
mm. Most of the optical power of these lasers was emitted
a single-transverse mode with transverse electric polar
tion. Lasers with dashes oriented along the cavity axis la
at l51578 nm and had a threshold current density ofI th

5607 A cm22. LDs with dashes perpendicular to the cavi
lased atl51600 nm and had a threshold current density
I th5473 A cm22.

The modal gain and the linewidth enhancement fac
were determined from the below-threshold amplified spon
neous emission spectra using the Hakki–Paoli technique11,4

The lasers were excited by current pulses with a duty cy
of 1% ~pulse width5200 ns! to avoid effects due to heatin
of the structure. A Fourier transform infrared spectrome
~FTIR! was used to measure the amplified spontaneous e
sion spectra. In contrast to previous work,12,13 information
about not only the gain but also the carrier induced refrac
index change was extracted from the FTIR spectra.

The modal gain for both dash orientations is shown
Fig. 1 for a descriptive subset of the data. Two general
servations may be made. The peak value of modal gain
2.360.3 times larger for lasers with QDashes oriented p
pendicular to the cavity axis than that for lasers with das
along the cavity axis at all experimental current densit
from 250 to 392 A cm22. The position of the peak moda
gain for dashes perpendicular to the cavity axis was shi
by ;10 nm to a longer wavelength with respect to the pe
position of modal gain for dashes parallel to the cavity ax
These results are described by the orientation dependen
the transition matrix element for the QDash active med
Modeling the QDash as a finite quantum wire, the polari
tion dependence of the transition matrix element is differ
for heavy hole~HH! and light hole~LH! states in quantum
wire structures.2,14 Because of the compressive strain in t
QDashes, the lowest-energy interband transitions are pri
rily conduction band-to-HH band, which have the large
© 2002 American Institute of Physics
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transition strength when the electric field is parallel to t
quantum wire axis. The shift in the peak modal gain sugge
an increase in the relative contribution to the gain from
conduction band–LH band transitions when the orientat
of the dashes is changed from perpendicular to parallel to
cavity axis, since conduction band-to-LH band transitio
have the largest transition strength when the electric fiel
perpendicular to the quantum wire axis.

A blueshift of the gain spectra was observed with
creasing current density due to band filling. The relativ
small numbers of the largest, lowest-energy dashes are o
pied first with the smaller, more numerous dashes occup
as the current density increases. Gain saturation occurs
marily at longer wavelengths for both orientations. Note a
that the gain spectra for both dash orientations cross at z
modal gain for the same current densities as quasiequ
rium ensures that transitions at the same energy have
same occupation probabilities.

Taking the difference in gain for consecutive current v
ues as an approximation to the differential gain, the ratio
the differential gain for dashes perpendicular and paralle
the cavity axis is presented in Fig. 2. This ratio is appro
mately equal to the ratio of dipole transition matrix eleme
if the product of the density of states, difference in occu
tion probabilities, and transition matrix element varies mo
slowly with wavelength than the line shape function. It c

FIG. 1. Wavelength dependence of the modal gain of QDash lasers
dashes oriented parallel and perpendicular to the cavity axis. Solid lines
solid symbols correspond to the modal gain of the laser with dashes orie
perpendicular to the cavity axis. Dotted lines and open symbols repre
the modal gain for the laser with dashes oriented parallel to the cavity a
Lines 1, 2, 3, 4, and 5 correspond to the current densities 250, 285, 321,
and 392 A cm22, respectively. All curves used in this and in following fig
ures are an aid to the eye.

FIG. 2. Wavelength dependence of the gain difference ratio~solid lines! and
carrier induced refractive index change ratio~dash lines! for QDash lasers
with dashes oriented perpendicular and parallel to the cavity axis. Lines
3, and 4 correspond to the differences between current densities at 285
321–285, 356–321, and 392– 356 A cm22, respectively.
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be observed from Fig. 2 that the ratio of transition mat
elements continuously increases with wavelength from
value of;1.5 at 1580 nm to 3.3 at 1620 nm. The ratio of t
carrier induced refractive index change for dashes perp
dicular and parallel to the cavity axis is shown in Fig. 2. Th
ratio is almost constant with wavelength mainly because
the experimental fact that the carrier induced refractive ind
change is almost constant with wavelength for both d
orientations. This suggests that contributions from opti
transitions outside the region studied here minimize ind
dispersion.

The variation in the orientation dependence of the diff
ential gain with wavelength is consistent with a mixing
light hole states into the HH-conduction electron transitio
with decreasing emission wavelength.15 The data also show
that this anisotropy decreases as the emission energy
creases, again, which is consistent with the suggestion
LH transitions, which have the opposite polarization prop
ties, are making increasing contributions to transitions
shorter wavelengths.

The wavelength dependence of the linewidth enhan
ment factor,a, for lasers with both dash orientations is pr
sented in Fig. 3. The spectrum of the linewidth enhancem
factor has the quantum wirelike dependence first describe
Ref. 3, indicated by the presence of a minimum ina, the
rapid increase for long wavelengths and an increase for s
wavelengths~note the logarithmic scale!. The linewidth en-
hancement factor is larger in lasers with dashes along
cavity axis than in lasers with dashes orthogonal to the ca
axis for the whole wavelength range from 1555 to 1640 n
The smallest values ofa factor at lasing wavelength wer
found to be 3.6 and 4.5 for dashes perpendicular and par
to the laser cavity, respectively. This anisotropy of linewid
enhancement factor is attributed to differences in energy
pendence of transition matrix element with orientation
quantum dash medium.

The variation in the anisotropy ofa with wavelength
follows directly from wavelength and orientation depe
dence of the differential index and differential gain~and,
hence, the transition matrix element!. From the inset of Fig.
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FIG. 3. Wavelength dependence of the linewidth enhancement factor~a! for
QDash lasers with dashes oriented parallel and perpendicular to the c
axis. Solid lines and solid symbols correspond toa of the laser with dashes
oriented perpendicular to the cavity axis. Dotted lines and open sym
representa for the laser with dashes oriented parallel to the cavity ax
Lines 1, 2, 3, and 4 correspond to the differences between current den
at 285–250, 321–285, 356–321, and 392– 356 A cm22, respectively. The
ratio of the linewidth enhancement factor for perpendicular and parallel d
orientations is shown in the inset.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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3, it is noted that the ratio ofa for dashes perpendicular an
parallel to the cavity axis decreases with wavelength from
value of 0.75 at 1580 nm to 0.25 at 1545 nm. This is
result of the increase of the differential gain ratio with wav
length and the relatively constant ratio of carrier induc
refractive index change described herein.

In conclusion, the spectral dependence of the linewi
enhancement factor and the modal gain was investigated
QDash laser for two different dash orientations. The
QDashes show the same polarization properties anticip
for quantum wire lasers. It was experimentally determin
that gain peak position depends on the orientation of
QDashes in the laser cavity and was about 10 nm shorte
QDashes parallel to the cavity than for QDashes perpend
lar to the cavity. The polarization dependence of the lin
width enhancement factor was experimentally measure
such quantum wirelike lasers. The observed variation of
tical anisotropy with wavelength was attributed to the ad
tion of LH contributions into the primarily HH transitions i
these quantum-confined nanostructures.

1R. H. Wang, A. Stintz, P. M. Varangis, T. C. Newell, H. Li, K. J. Mallo
and L. F. Lester, IEEE Photonics Technol. Lett.13, 767 ~2001!.
Downloaded 09 Oct 2007 to 137.201.242.130. Redistribution subject to A
a
e
-
d

h
a

e
ed
d
e
or
u-
-
in
-

-

2M. Asada, Y. Miyamoto, and Y. Suematsu, IEEE J. Quantum Electron9,
1915 ~1986!.

3Y. Miyake and M. Asada, Jpn. J. Appl. Phys., Part 128, 1280~1989!.
4T. C. Newell, D. J. Bossert, A. Stintz, B. Fuchs, K. J. Malloy, and L.
Lester, IEEE Photonics Technol. Lett.11, 1527~1999!.

5G. T. Liu, A. Stintz, H. Li, K. J. Malloy, and L. F. Lester, Electron. Let
35, 1163~1999!.

6G. Park, O. B. Shchekin, D. L. Huffaker, and D. G. Deppe, IEEE Pho
nics Technol. Lett.13, 230 ~2000!.

7X. Huang, A. Stintz, C. P. Hains, G. T. Liu, Julian Cheng, and K.
Malloy, Electron. Lett.36, 41 ~2000!.

8Y. M. Shernyakov, D. A. Bedarev, E. Yu. Kondrat’eva, P. S. Kop’ev, A.
Kovsh, N. A. Maleev, M. V. Maximov, S. S. Mikhrin, A. F. Tsatsul’nikov
V. M. Ustinov, B. V. Volovik, A. E. Zhukov, Z. I. Alferov, N. N. Le-
dentsov, and D. Bimberg, Electron. Lett.35, 898 ~1999!.

9K. Mukai, Y. Nakata, K. Otsubo, M. Sugawara, N. Yokoyama, and
Ishikawa, IEEE Photonics Technol. Lett.11, 1205~1999!.

10P. Varangis, H. Li, G. T. Liu, T. C. Newell, A. Stintz, B. Fuchs, K. J
Malloy, and L. F. Lester, Electron. Lett.36, 1544~2000!.

11B. W. Hakki and T. L. Paoli, J. Appl. Phys.44, 4113~1973!.
12D. Hofstler and R. L. Thornton, IEEE J. Quantum Electron.34, 1914

~1998!.
13D. Hofstler and J. Faist, IEEE Photonics Technol. Lett.11, 1372~1999!.
14L. A. Coldren and S. W. Corzine,Diode Lasers and Photonics Integrate

Circuits ~Wiley, New York, 1995!.
15M. Willatzen, T. Tanaka, Y. Arakawa, and J. Singh, IEEE J. Quant

Electron.30, 640 ~1994!.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp


