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Microscopy of electronic states contributing to lasing in ridge
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Distribution of electronic states inside ridge quantum-wi@d8VR) laser cavity was investigated
using spatially and spectrally resolved top-view photoluminescéRtg¢ imaging method. PL
inhomogeneity in QWR has shown that the electronic states were perturbed by the fluctuation of
vertical thickness in the scale efnm, while the optical waveguide was not. The PL images of
QWR were traced up to the lasing condition to examine the lasing origin19@€9 American
Institute of Physicg.S0003-695(099)00541-Q

Nanoscale laser devices based on one-dimensi@fial  sandwiched by the cladding layers of the, 4Ga, ¢As digital
quantum wire (QWR) structures have been fabricatel alloy to construct SCH optical waveguide$he sample was
aimed at realizing novel laser performances. Microspectroscleaved to form optical cavities of length=300um. As
copy investigation on the spatial origin of both emission andshown in Fig. 1a), we define thec axis as the wire direction,
lasing is important in such QWR laser structures, since adthey axis as the lateral confinement direction, andzlais
jacent quantum wel(QW) structures exist beside QWR as the growth direction.
structures and there is a need to determine which part con- Figure 1b) shows the emission and lasing spectra of
tributes to the stimulated emission. We have previously demridge QWR laser structures at=8.9 K, under optical exci-
onstrated photoluminescen¢@L) imaging measurement of tation by Ti:Al,O; laser pulses with a photon energy of 1.769
ridge QWR laser structures from the cleaved edges, and sueV [indicated by an arrow in Fig.(lh)], a repetition rate of
cessfully separated PL of QWRs with that of adjacent QWs76 MHz, and a pulse duration of 200 fs. The experimental
with spatial resolution of Jum2 The pattern of stimulated configuration of optical excitation was the same as Ref. 8
emission from the cleaved edge was also studied to assigexcept for the laser pump source. Direct excitation of carriers
the origin of the lasing. Recently, near-field scanning opticain the side-QWs made it possible to estimate the carrier den-
microscopy has been used to investigate PL and lasingity inside the active regions. Taking into account a reflec-
modes from the cleaved edges of T-shaped and V-grooveance of 30% at the ridge surface and an absorption probabil-
QWR laser structures®® ity of 1.3% at the side-QWS, ~8x10’/cm-pulse carrier

Also important in microspectroscopy investigations of density is estimated per 2m width region within the side-
those laser structures is the spatial distribution, or the uniforQWs and the QWR at an averaged pump power of
mity, of electronic states along the wire direction, since las-1 kW/cn?.
ing is a cooperative phenomenon of the entire electronic state In the PL spectrum for the weakest pump power of
in the laser cavity. In this article, we present spectrally and).02 kW/cnf, two spectral peaks were observed at 1.612 and
spatially resolved top-view PL imaging measurements ofl.697 eV, which originated from the ridge QWRs and the
ridge QWR laser structures under lasing and prelasing corside-QWSs, respectively. As the pump power was increased,
ditions, and confirm that the origin of lasing is the transitionthe low energy side of the PL peak from the QWRs became
between excited states of the QWR. saturated, and the intensity of the higher energy region in-

Figure Xa) shows a cross-sectional transmission electrorcreased to blueshift the spectral peak. Finally at a pump
microscope(TEM) image of a ridge QWR laser structure. power of 0.5 kW/cr (~4x 10’ carriers/cm-pulse within the
Separately confined-heterostructuré&SCH) layers were side-QWs and the QWR regionsstimulated emission was
formed. The core layer of the SCH was composed of a GaAsbserved at 1.662 eV. This lasing energy was 50 meV higher
active layer with a nominal vertical thickness of 5 nm sand-than the ground-state PL energy of the QWRs, while it was
wiched by 90 nm thick barrier layers of anAlGay gAs digi- 35 meV lower than that of the side-QWs.
tal alloy. As a result, the QWR is formed at the ridge corner  In our previous paper, we studied such emission proper-
of the two adjacent QWsside-QWS$. The core layer was ties with micro-PL imaging technique from the cleaved
edges, and assigned the origin of the stimulated emission to
3Electronic mail: watanabe@wagner.issp.u-tokyo.ac.jp op'FicaI transition between excite_d states_in the QWRthis.
BQuantum Transition Project, Japan Science and Technology Corporatiodrticle, we measured the top-view PL images of the ridge

and Faculty of Engineering, Kagawa University, 4-6-1 Saiwaityou, Taka-structure to investigate the distribution of electronic states
matsu, Kagawa 760-8526, Japan. ; : :

9Quantum Transition Project, Japan Science and Technology Corporatio%1I0ng the wire d|rect|(_)n. . . .
and Institute of Industrial Science, University of Tokyo, 7-22-1 Roppongi, Two contour-plot images in Fig. 2 show the top-view PL

Minato-ku, Tokyo 106-8558, Japan. intensity mapping in thay plane for a ridge laser structure at
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Q 0.49 FIG. 2. Top-view PL intensity mapping in they plane for a ridge laser
8 0'4 structure at two PL peak energies, 1.638(@YVR) and 1.713 e\side-QW
> ' with a bandwidth of 2 nm, alf=4.7 K. Uniform optical excitation by
‘B 0.3 Ti:Al ,O5 laser pulsesiphoton energy of 1.777 eV, excitation power of
GC) 0.2 0.07 kW/cn?) was performed from the top of the ridge structure, and PL
< from the top surface was collected via an objective lens and an interference
- 0.02(x 100) filter. The ridge structure is along the direction with its cleaved edge
. g ! defined ax=0. The PL intensity profiles along theaxis for the QWR and
Phl’[.OGn gnzrg;} ((§V) the side-QWs are shown by the greéop) and blue(bottom) lines, respec-
tively.

FIG. 1. (a) TEM cross-sectional image of a ridge QWR laser structure. The ) o )
X, y, andz directions are defined as the wire direction, the lateral con-  with local energy minimum. Thus, the 2—@n-scale inho-

finement direction(y), and the growth directiof®). (b) PL spectra at 8.9 K mogeneity indicates that the carriers are able to move a|0ng

for the various excitation powers of 0.02, 0.2, 0.3, 0.4, 0.49, and - . . . .
0.5 kW/cnt. The sharp line due to the stimulated emission was observed a}he QWR over a similar distance. We expect carrier diffusion

1.662 eV for 0.5 KW/cra in side-QWs along the wire direction to be inefficient, be-
cause the vertical thickness of side-QWs is thin, as is shown
in Fig. 1(a).

two PL peak energies, 1.638 €QWR) and 1.713 e\side- Carrier migration from the side-QWs toward the QWR

QWs) with a bandwidth of 2 nm, at =4.7 K. Uniform op-
tical excitation by Ti:A}O; laser pulsegphoton energy of
1.777 eV, excitation power of 0.07 kW/&nwas performed
from the top of the ridge structure, and PL from the top

surface was collected via an objective lens and an interfer- iV 1.70
ence filter. Thex, y, andz directions are the same as those 1.65
defined in Fig. 1a). The ridge wire structure is formed along 1_5(}%
the x direction with its cleaved edge defined @as 0. The : —
images of the two adjacent side-QWs are not separated due 1.70 E
to the spatial resolution of Am of the experimental setup. ot .65 2
The PL intensity profiles along theaxis for the QWR and 1.60W
the side-QWs are shown by the gre@ap) and blue(bot- E
tom) lines, respectively. : e 705
The reflection image showed a uniform top-view ridge .EEE
structure, which suggests that the fluctuation of vertical Qw
thickness of the ridge structure is negligible in the optical (0.07 kWiem®) 1.60
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wavelength scale of- um. However the PL intensity profile “b_ . its 5
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of the QWR showed an inhomogeneous PL pattern as can be
seen in Fig. 2. Therefore the fluctuation of vertical thickness

exists in the nanometer scale to perturb the quantized eIeE—IG' 3. The spatially and spectrally resolved PL intensity patterns at various
. . . . excitation powers ofa) 0.07,(b) 0.6, and(c) 1.6 kW/cnf, atT=4.7 K. The
tronic states of the active region in the structure.

. . o x axis in each image is along the wire direction, and the vertical axis rep-
Note that the inhomogeneity of the PL pattern is in aresents the emission energy. The contour-plot lines in each image divide the

2-3 um scale for the QWR, whereas that for the side-QWsPL intensity eight equal partd00% as the maximum intensity of sponta-

isin a 1 um scale. which is comparable to the spatial reso-neous emission in each imagerhe averaged PL spectrum along the
! sition is also shown on the left-hand side of each image. The contour-plot

. . . o}
lution of th? me_asurement- The_ PL mhpmogenelty r_e_SUItgimage(d) at the top shows the top-view PL image at the lasing photon
from the migration of photoexcited carriers into positionsenergy of 1.688 eV under the same excitation power &s)in
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was also observed in the PL intensity profile. At the positions  In the spatial imagdFig. 3(d)] and the spatially and
indicated by arrows in Fig. 2, the intensity of the QWR is spectrally resolved PL intensity patterfiSig. 3(c)], strong
strong while that of the side-QWs is weak. This suggests thattimulated emission signal was observed at the cleaved edge
excited carriers in the side-QWs flow efficiently into the position k=0 wm). Although the lasing occurs in the ridge
QWR at these positions, whereas at other positions with leswaveguide direction, the output light emitted from the
carrier flows, more excited carriers recombine in thecleaved edge diverges. Therefore, the large numerical aper-
side-QW regions. At the positions where PL of both QWRture collection optics makes it possible to observe stimulated
and side-QWs are weak, it is interpreted that carriers flowe@mission even in the top-view configuration. Note that there
away along the wire direction or recombined via nonradiais no scattered stimulated emission on the ridge waveguide
tive decay processes. structure k>0 um). This means that there are no significant
Three contour-plot imagds)—(c) in Fig. 3 represent the scatterers in the ridge waveguide structure which cause scat-
spatially and spectrally resolved PL intensity patterns at varitering of light in the cavity and hence cause optical losses.
ous excitation powers ofa) 0.07-c) 1.6kW/cnf, at T The results shown in Fig. 3 again demonstrate that the
=4.7 K. Thex axis in each image is along the wire direction, fluctuation of vertical thickness of the ridge structures is neg-
and the vertical axis represents the emission energy. To cofigible in the optical wavelength scale of um, while it
struct each image, we measured the PL intensity profilesxists in the scale of nm to perturb the electronic states of
along thex axis as in Fig. 2 at every 5 meV of photon the active regions in the structures.
energies, and arranged them in rows. In summary, the electronic states distribution of QWRs
The averaged PL spectrum along thexgtlosition is also  along the wire direction was investigated using the top-view
shown on the left-hand side of each image. The contour-ploPL imaging method. The fluctuation of vertical thickness
image [Fig. 3(d)] at the top shows the top-view PL image was in the scale of-nm, resulting in the inhomogeneous
like those in Fig. 2 at the lasing photon energy of 1.688 eVelectronic states in spite of the uniform optical waveguide.
under the same excitation power as in Fi(c)3 The inhomogeneous PL caused by carrier diffusion over a
At the weak excitation power of 0.07 kW/éniFig.  few um in QWR structures was observed, proving that the
3(a)], two peaks inherent in QWRs and side-QWs are showQWR is connected over this distance. Spatially and spec-
in the averaged spectrum. As for the QWR, each inhomogetrally resolved PL intensity patterns above and below the
neous PL center has different spectral peak energy due tolasing threshold supports that the origin of stimulated emis-
small difference of QWR volume at each wire position, sion is the transition between the excited states of QWRs.
which explains why the averaged spectrum is broad. The PL
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