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Vertically polarized lasing and photoluminescence in a ridge quantum-wire laser
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We study vertically polarized lasing and spontaneous emissions in a ridge quantui@Wif®) laser. In
particular, we find that most of emissions with energies near the band edge are vertically polarized. We make
numerical calculation of oscillator strength for optical transitions between various combinations of electron and
hole states, and indeed show oscillator strength of vertically polarized transitions is stronger in our QWR
structure. We find that the different effective mass of electrons and holes, especially anisotropic effective mass
of holes causes different shapes of wave functions between electrons and holes, which results in larger
oscillator strength of vertically polarized transition.
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Polarization properties of one-dimensioaD) quantum  edges left uncoated. As shown in Fig. 1, we defihe0
wire (QWR) structures reflect valence-band-mixing of hole degrees as the growii001]) direction, andf=90 degrees
states, and demonstrate many interesting aspects peculiarae the[110] direction. The[ 111]B side-QWs are parallel to
quasi-1D nature$:® A crescent-shaped QWR structure is +35.3 degrees from the geometrical crystal orientation.
formed by growing a quantum we(QW) layer on a pat- Polarization dependence of emissions from a cleaved
terned substrate with a V groove orAaridge, where thick- edge of a ridge QWR laser was characterized by optical po-
ness variation in a curved QW makes it possible to achievéarization measurement. Optical excitation was performed by
lateral confinement to realize a QWR. The vertical confinethe second harmonics of continuous-wave mode-locked
ment in the growth direction is stronger than the lateral conyttrium-lithium fluoride (YLF) laser pulses with the wave-
finement. Thus, optical anisotropy of a crescent-shapeténgth of 526 nm, the repetition rate of 75.4 MHz, and the
QWR is expected to be similar to that of a flat QW grown onpulse duration of 50 ps. The pump laser light was incident on
a planer substrate, where low energy optical transitions arthe top of a ridge structure, and was focused via two cylin-
caused by heavy hol@iH) states and are polarized parallel drical lenses into a stripe region which covered a whole ridge
to the QW layer. Recently, however, vertically inclined po- QWR structure uniformly. Carriers are mainly excited at the
larization of lasing and vertically polarized low-energy
absorptiofi was observed in V-groove QWRs. (// [001])

In this paper, we study vertically polarized lasing and 0
spontaneous emissions in a ridge QWR laser. In particular, -45 45 _
we find that most of emissions with energies near the band 90 (//1110])
edge are vertically polarized. We make numerical calculation
of oscillator strength for optical transitions between various :
combinations of electron and hole states, and indeed show (Claddmg;’l‘ayer‘)j
oscillator strength of vertically polarized transitions is stron- Ié 46;90'2“
ger in our QWR structure. ey

A ridge QWR laser structure is formed via facet growth
on a patterned substrate by molecular beam epits$8E).2
A cross-sectional transmission electron microsc¢peM)
image of a ridge QWR laser structure is shown in Fig. 1. A
GaAs layer with a nominal vertical thickness of 5 nm is
embedded in 90 nm thick barrier layers of apAGa, gAS
digital alloy, which provide vertical confinement in th@01]
direction. The GaAs layer is slowly curved at the top of the
ridge structure, which provides lateral confinement along the
GaAs layer. As a result, the QWR is formed at the ridge
corner of the twd111]|B adjacent QWgside-QWS$. A nomi-
nal vertical thickness of the GaAs layer in a left-hand region
of the structure is slightly thicker than that in a right-hand
region. A slight misorientation of atom flux during the MBE
growth could cause an asymmetric shape of the potential. FIG. 1. Cross-sectional transmission electron microscope
The GaAs and AJ,GagAs layers are sandwiched by the (TEM) image of a ridge quantum wiréQWR) laser. QWR is
cladding layers of the Al,Ga, 6As digital alloy, thus forming  formed at the ridge corner of two adjacent Q\(¢sde-QWS3. We
an optical waveguide structure. The sample was cleaved tdefine §=0° as the growth[001]) direction andf==90° as the
form optical cavities of lengti. =300 wm with the cleaved [110] direction.
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FIG. 2. (8)—(c) PL and lasing spectra of a ridge QWR laser at
T=4.5 K for excitation powers ofa) 2 W/cn?, (b) 1.5 kWi/cn?,
and(c) 3 kWicn?. (d)—(f) Polar plots of polarization at each spec-
tral peak of a QWR in Figs.(@— 2(c) inside a cleaved edge plane.
Both PL and lasing are rather vertically polarized. Lasing is linearly  FIG. 3. Calculated results for polarization-dependent oscillator
polarized. strength for ground- and excited-state transition. The transition of

el—hl,e2—h2,e3—h3, anded4—h4 is horizontally polarized
barrier regions of a ridge QWR laser, and flow into theand the transition 0é2—h1, e3—h2, e4—h3, ande5—h4 is ver-
side-QW and QWR regions where they recombine to makdically polarized. The oscillator strength of vertically polarized tran-
spontaneous and stimulated emissions. Emissions from sition is larger, which agrees well with the experiments in Fig. 2.
cleaved edge were collected by an objective lens, passed
through a Glan-Thompson polarizer, and were led to a spegnatrix element$M(6)|? for ground- and excited-state tran-
trometer. sitions, to explain the vertically polarized spontaneous and

Figures Za)— 2(c) show excitation power dependence of stimulated emissions. We numerically calculate wave func-
emission spectra dt=4.5 K. In Fig. 2a), emission from the tions of electrons and holes for the potential shown in Fig. 1
side-QWs and the QWR is observed, whose spectral origingased on %4 Luttinger Hamiltoniart? and compute
were confirmed by photoluminescencéPL) imaging polarization-angle dependent transition matrix elements. Nu-
measurement$As the excitation power is increased in Fig. merical calculations are done to solve the Sdiger equa-
2(b), spectral peak showed blueshifts due to state filling, andions of electrons and holes by finite element method with a
finally in Fig. 2(c), lasing occurred at interband transition GaAs/Al ,Ga, gAs potential structure extracted from Fig. 1
between higher-order excited states. (see Fig. 4 with a concrete shape of the potential for the

Figures 2d)— 2(f) show the polarization dependence of calculatior). We devide the calculation region into 8720 right
emission intensity at each spectral peak energy of a QWR ifriangular elements. Concrete calculation method is written
(a)—(c). Definition of the polarization angles is shown in Fig. in a separate article.

1. All emissions are rather vertically polarized. For weak Figure 3 shows calculated results of square of normalized
excitation power in Fig. @), spontaneous emission from a polarization-angle dependent transition matrix elements
QWR is polarized to 45°. As we increase the excitation(f/myP)?|M(6)|? for ground- and excited-state transitions,
power in Fig. 2e), the emission becomes to be polarized towhereP is the Kane matrix element. Polarization axis of
20°. Stimulated emission is linearly polarized to 35° in Fig.|M(6)|? is nearly horizontal forel—h1, €2—h2, e3—h3,

2(f). ande4—h4 [e(n) —h(n)] transition, and it is nearly vertical

We next compute polarization-angle dependent transitiofior e2—hl, e3—h2, e4—h3, and e5—h4 [e(n+1)
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FIG. 4. Contour plots of calculated probability density of elec- E 60
trons (el—e6 statep and holes ((1-h6 states Quantization en- Q)
ergy of each state is also shown. Note that position of maximun™ps
probability density ofh(n) states is almost the same as that of
e(n+1) states due to the different confinement potentials for elec (g
trons and holes.

on

—h(n)] transition. The calculated results reveal that oscillator. =
strength of vertically polarized transitioje(n+1)—h(n)
transition] is much larger, which well explains our results in
Fig. 2. ’

Next, we explain why the oscillator strength efn+ 1) ®_n .
—h(n) transition is much larger than that @{n)—h(n)

90
transition in our calculation. Figure 4 shows contour plots of 1 55 1 60 1 65 1 70 1 75
square of wave functions for electrongl(e2,...) and Photon Energy (ev)

holes h1,h2,...) obtained by the numerical calculation.
Quantization energy of each state is also shown. As quantum FIG. 5. (Colon (a) PL spectrum with the excitation power of
number increases, number of nodes in wave functions in50 kW/cn? at T=4.5K. (b)(c) Polar plots of polarization-
creases one by one for both electrons and holes. Note that tigpendent PL intensity &) ground-state transition energy afw
wave functions of holes largely spread into side-QW regiondasing photon energy inside a cleaved edge plagieContour plot
compared with those of electrons with the same quanturﬁf photon-energy and polarization-angle resolved emission intensity
number. This is because effective mass of electrons is lighf @ fidge QWR laser with the excitation power of 50 kWicat
and isotropic, while that of holes is heavy and anisotropic,! —4-> K- A black line shows major polarization axis at each pho-

. : P : ton energy. Circles show calculation results for ground- and
Ef(f)ethI\;ri n\:visesreor; eilsec;‘;[]rggss Olfn erE;aAeTe(I:?r(I;?str(())pr:Ctha;mgther excited-state transitions. Numbers in every circle indicate states of
~VU. 0 o .

hand. effecti f holes in GaAs i ) . ransition (32 means e3—h2 transition. Oscillator strength
and, effective mass of holes In S IS anisotropic, an h/mOP)2|M(6)|2 is proportional to the area, and the area corre-

my . ([001])~0.34m, toward the [001] direction, and sponding to the value of 0.1 is shown in the inset.
my, ([111])~0.7m, toward the[111] direction. Thus, there
is a relation that Note that positions of maximum probability density of
h(n) states are almost the same as those(of+ 1) states

mg <y ([001])<mp, ([111]). @) due to the different confinement potentials for electrons and
Heavier effective mass of holes causes smaller difference @foles. Oscillator strengthiVi(6)|? is determined by overlap
quantization energy between the side-QWs and the QWRntegrals of envelope functions of electrons and holes. Larger
Especially for holes whemy | ([111]) in the side-QW re- oscillator strength of @-+1)-h(n) transition in our calcula-
gions is heavier thamy , ([001]) in the QWR region, the tion is derived from the same positions of maximum prob-
difference becomes much smaller. Thus the lateral confineability density of én+1) and Hn) states.
ment is much weaker for holes than that for electrons, which  We next discuss an effect of an asymmetric potential
makes the wave functions of holes largely spread into thetructure of our sample. The wave functions of holes are
side-QW regions. much influenced by an asymmetric potential and largely

izat
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spreads into left-hand side-QW regions compared with the A contour plot image in Fig. &) represents photon-
electron wave functions in Fig. 4. As a result, a position ofenergy and polarization-angle resolved emission intensity of
the maximum probability density of tHel state becomes to the ridge QWR laser with the excitation power of
be different from that of thel state, and even the oscillator 50 kW/cnf at T=4.5K. We measured polarization-
strength of the ground-stateX—h1) transition is smaller dependent emission spectra at every 10° of polarization
than that of thee(n+1)—h(n) transition in Fig. 3. Thus angle, and arranged them in rows. A black line in Figd)5
asymmetric potential structures also suppress the horizorfOWs major polarization axis at each photon energy. The
tally polarizede(n) —h(n) transition. In order to achieve a blapk _Ilne_shov!s that major polarlzat|o_r_1 axis of spontaneous
ground state lasing in a ridge QWR, it is important to realizeMiSSion is 45° at ground state transition energy, and it ap-
a symmetric potential structure to make the maximum probproaches to be vertical direction until 20° as higher transition

. - : nergy, and it is 30° at lasing photon energy.
25:|(t:)t/u<:gnsny of both e1 and h1 states at the top of the ndg(,? Calculated results of the normalized transition matrix el-

The transition ofel—h1, e2—h2, e2—h1, ande3—h2 ements for each transition are displayed as many circles in

. larized icallv in Fi his is b ik Fig. 5(d). Numbers in every circle indicate quantum numbers
is polarized asymmetrically in Fig. 3. This is becauseftie ot ajactrons and holes that involve in each interband transi-
andh2 states are located at the left-hand QWR region in Figijon (32 means the3—h2 transition. Oscillator strength is

4, andp-orbital Bloch functions of the states is almost par- proportional to the area, and we do not display transition
allel to the left-hand side of the potential layer. On the othenyith much small oscillator strength. Calculated results show
hand, the transition between the higher order excited states {gat transition ofel—h1l is polarized to 55°. For excited
polarized nearly horizontgle(n)—h(n)] or vertical[e(n  state transition, transition of(n+1)—h(n)[e2—h1, 3
+1)—h(n)] to the potential layer. This is because the wave—h2, e4—h3, ...] is nearly vertically polarized especially
functions of the higher-order excited states spread into théor larger quantum numbers, and their oscillator strength is
right-hand QWR region as well, angtorbital Bloch func- larger than that ofel—h1 transition. These results agree
tions parallel to the right-hand side of the potential also conwell with the experiment. Transition o&(n)—h(n)[e4
tribute to the polarization property of the transition. —h4,e5-h5, ...]is nearly horizontally polarized toward-
We finally perform point excitation toward a cleaved edge60° to —90°, but their oscillator strength is much smaller.
of a ridge QWR laser, to further confirm the correspondence The calculated results for transition between electrons and
between experimental polarization properties and calculalight-hole-like states of holes are also shown in Figl)%s
tions. An excitation YLF laser is focused to a cleaved edge of1—Ih1 andel—lh2. These transitions less influence the
the same ridge QWR laser that we achieve lasing in Fig. 2tendency of polarization properties of a QWR.
The excitation power is 50 kW/ctrand the temperature is In summary, we study vertically polarized lasing and
4.5 K. Figure %a) shows spontaneous emission spectrum,spontaneous emissions in a r_|dge_: QWR laser, and the_oretl-
and two dotted lines show the ground-state transition energ§?/ly show the mechanism via finite element calculations
and the lasing energy. Since we only excite the cleaved eddg?S€d On 44 Luttinger Hamiltonian. We find that the dif-
of the sample, a stimulated emission does not occur and wig'eNt effective mass causes different shapes of wave func-
can measure polarization of spontaneous emission for eveﬂpn.s between electrons-and holes., which “?S.”'ts in larger
transition energy. Figures( and 5c) show polar plots of scillator strength of vertically polarized transition.
polarization-dependent emission intensity at the ground-state This work was partly supported by a Grant-in-Aid from
and the lasing photon energy. A spontaneous emission fromthe Ministry of Education, Culture, Sports, Science and
QWR is polarized to 45° in Fig.(6), and it is polarized to  Technology, Japan. One of the auth@@sW, also thanks the
about 30° in Fig. &), which agrees well with the polariza- Japan Society for the Promotion of Scieridg&P$ for partial
tion dependence for the uniform excitation in Fig. 2. financial support.

*Present address: Institute of Quantum Electronics and Photonics, inhardt, and E. Kapon, Phys. Rev. Let8, 1580(1997); Phys.
Swiss Federal Institute of Technology, 1015 Lausanne, Switzer- Rev. B57, 12378(1998.

land. Electronic address: watanabe@dpmail.epfl.ch SE. Martinet, M. A. Dupertuis, L. Sirigu, D. Y. Oberli, A. Rudra,
"Present address: Advanced Materials Science, Faculty of Engi- K. Leifer, and E. Kapon, Phys. Status SolidilA8 233(2000).
neering, Kagawa University, 2217-20 Hayashi, Takamatsu,’C. Percival, J. Woodhead, P. A. Houston, A. G. Cuillis, G. Hill,
Kagawa 761-0396, Japan. and J. S. Roberts, Appl. Phys. Letfz, 2967 (2000.
*Present address: Institute of Industrial Science, University ofsg Koshiba, S. Watanabe Y. Nakamura, M. Yamauchi, M. Yoshita,
Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan. M. Baba, H. Akiyama, and H. Sakaki, J. Cryst. Gro20u/202,

M. Tsuchiya, J. M. Gaines, R. H. Yan, R. J. Simes, P. O. Holtz, L. 810(1999.

ZMA.TCOIdkren, anH P.SMk. i_et;\off,ngzs. Rl_eéls.mLef:;Q,zglGng(81989. 9S. Watanabe, S. Koshiba, M. Yoshita, H. Sakaki, M. Baba, and H.
3H'AE,”‘"" aa”T < axaxl, dpl—F:IS kysk'_ e \,(533 F?4229 Akiyama, Appl. Phys. Lett73, 511 (1998.

- Aklyama, 1. Someya and H. sakaxl, Fhys. Re 103 M. Luttinger and W. Kohn, Phys. Re®7, 869 (1955.

4 (1996; ibid. 53, R10 520(1999. 11s. Watanabe, M. Yoshita, S. Koshiba, and H. Akiyama, Jpn. J.
T. Sogawa, H. Ando, S. Ando, and H. Kanbe, Phys. Re%6B
1958(1997. Appl. Phys.41, 5924(2002.

12 -
S5E. Vouilloz, D. Y. Oberli, M.-A. Dupertuis, A. Gustafsson, F. Re- E. O. Kane, J. Phys. Chem. Solilis249 (1957).

193304-4



