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Microscopy of electronic states contributing to lasing in ridge
quantum-wire laser structure

Shinichi Watanabe,a) Shyun Koshiba,b) Masahiro Yoshita, Hiroyuki Sakaki,c)

Motoyoshi Baba, and Hidefumi Akiyama
Institute for Solid State Physics, University of Tokyo, 5-1-5, Kashiwanoha, Kashiwa, Chiba 277-8581,
Japan

~Received 17 May 1999; accepted for publication 10 August 1999!

Distribution of electronic states inside ridge quantum-wire~QWR! laser cavity was investigated
using spatially and spectrally resolved top-view photoluminescence~PL! imaging method. PL
inhomogeneity in QWR has shown that the electronic states were perturbed by the fluctuation of
vertical thickness in the scale of;nm, while the optical waveguide was not. The PL images of
QWR were traced up to the lasing condition to examine the lasing origin. ©1999 American
Institute of Physics.@S0003-6951~99!00541-0#
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Nanoscale laser devices based on one-dimensional~1D!
quantum wire ~QWR! structures have been fabricated1–7

aimed at realizing novel laser performances. Microspect
copy investigation on the spatial origin of both emission a
lasing is important in such QWR laser structures, since
jacent quantum well~QW! structures exist beside QWR
structures and there is a need to determine which part
tributes to the stimulated emission. We have previously de
onstrated photoluminescence~PL! imaging measurement o
ridge QWR laser structures from the cleaved edges, and
cessfully separated PL of QWRs with that of adjacent Q
with spatial resolution of 1mm.8 The pattern of stimulated
emission from the cleaved edge was also studied to as
the origin of the lasing. Recently, near-field scanning opti
microscopy has been used to investigate PL and la
modes from the cleaved edges of T-shaped and V-gro
QWR laser structures.9,10

Also important in microspectroscopy investigations
those laser structures is the spatial distribution, or the uni
mity, of electronic states along the wire direction, since l
ing is a cooperative phenomenon of the entire electronic s
in the laser cavity. In this article, we present spectrally a
spatially resolved top-view PL imaging measurements
ridge QWR laser structures under lasing and prelasing c
ditions, and confirm that the origin of lasing is the transiti
between excited states of the QWR.

Figure 1~a! shows a cross-sectional transmission elect
microscope~TEM! image of a ridge QWR laser structur
Separately confined-heterostructure~SCH! layers were
formed. The core layer of the SCH was composed of a G
active layer with a nominal vertical thickness of 5 nm san
wiched by 90 nm thick barrier layers of an Al0.2Ga0.8As digi-
tal alloy. As a result, the QWR is formed at the ridge corn
of the two adjacent QWs~side-QWs!. The core layer was
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sandwiched by the cladding layers of the Al0.4Ga0.6As digital
alloy to construct SCH optical waveguides.7 The sample was
cleaved to form optical cavities of lengthL5300mm. As
shown in Fig. 1~a!, we define thex axis as the wire direction
they axis as the lateral confinement direction, and thez axis
as the growth direction.

Figure 1~b! shows the emission and lasing spectra
ridge QWR laser structures atT58.9 K, under optical exci-
tation by Ti:Al2O3 laser pulses with a photon energy of 1.76
eV @indicated by an arrow in Fig. 1~b!#, a repetition rate of
76 MHz, and a pulse duration of 200 fs. The experimen
configuration of optical excitation was the same as Ref
except for the laser pump source. Direct excitation of carri
in the side-QWs made it possible to estimate the carrier d
sity inside the active regions. Taking into account a refl
tance of 30% at the ridge surface and an absorption proba
ity of 1.3% at the side-QWs,11 ;83107/cm-pulse carrier
density is estimated per 2mm width region within the side-
QWs and the QWR at an averaged pump power
1 kW/cm2.

In the PL spectrum for the weakest pump power
0.02 kW/cm2, two spectral peaks were observed at 1.612 a
1.697 eV, which originated from the ridge QWRs and t
side-QWs, respectively. As the pump power was increas
the low energy side of the PL peak from the QWRs beca
saturated, and the intensity of the higher energy region
creased to blueshift the spectral peak. Finally at a pu
power of 0.5 kW/cm2 (;43107 carriers/cm-pulse within the
side-QWs and the QWR regions!, stimulated emission was
observed at 1.662 eV. This lasing energy was 50 meV hig
than the ground-state PL energy of the QWRs, while it w
35 meV lower than that of the side-QWs.

In our previous paper, we studied such emission prop
ties with micro-PL imaging technique from the cleave
edges, and assigned the origin of the stimulated emissio
optical transition between excited states in the QWR.8 In this
article, we measured the top-view PL images of the rid
structure to investigate the distribution of electronic sta
along the wire direction.

Two contour-plot images in Fig. 2 show the top-view P
intensity mapping in thexy plane for a ridge laser structure a
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two PL peak energies, 1.638 eV~QWR! and 1.713 eV~side-
QWs! with a bandwidth of 2 nm, atT54.7 K. Uniform op-
tical excitation by Ti:Al2O3 laser pulses~photon energy of
1.777 eV, excitation power of 0.07 kW/cm2) was performed
from the top of the ridge structure, and PL from the t
surface was collected via an objective lens and an inter
ence filter. Thex, y, andz directions are the same as tho
defined in Fig. 1~a!. The ridge wire structure is formed alon
the x direction with its cleaved edge defined asx50. The
images of the two adjacent side-QWs are not separated
to the spatial resolution of 1mm of the experimental setup.12

The PL intensity profiles along thex axis for the QWR and
the side-QWs are shown by the green~top! and blue~bot-
tom! lines, respectively.

The reflection image showed a uniform top-view rid
structure, which suggests that the fluctuation of verti
thickness of the ridge structure is negligible in the opti
wavelength scale of;mm. However the PL intensity profile
of the QWR showed an inhomogeneous PL pattern as ca
seen in Fig. 2. Therefore the fluctuation of vertical thickne
exists in the nanometer scale to perturb the quantized e
tronic states of the active region in the structure.

Note that the inhomogeneity of the PL pattern is in
2–3 mm scale for the QWR, whereas that for the side-QW
is in a 1mm scale, which is comparable to the spatial re
lution of the measurement. The PL inhomogeneity res
from the migration of photoexcited carriers into positio

FIG. 1. ~a! TEM cross-sectional image of a ridge QWR laser structure. T
x, y, andz directions are defined as the wire direction~x!, the lateral con-
finement direction~y!, and the growth direction~z!. ~b! PL spectra at 8.9 K
for the various excitation powers of 0.02, 0.2, 0.3, 0.4, 0.49, a
0.5 kW/cm2. The sharp line due to the stimulated emission was observe
1.662 eV for 0.5 kW/cm2.
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with local energy minimum. Thus, the 2–3-mm-scale inho-
mogeneity indicates that the carriers are able to move al
the QWR over a similar distance. We expect carrier diffus
in side-QWs along the wire direction to be inefficient, b
cause the vertical thickness of side-QWs is thin, as is sho
in Fig. 1~a!.

Carrier migration from the side-QWs toward the QW
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FIG. 2. Top-view PL intensity mapping in thexy plane for a ridge laser
structure at two PL peak energies, 1.638 eV~QWR! and 1.713 eV~side-QW!
with a bandwidth of 2 nm, atT54.7 K. Uniform optical excitation by
Ti:Al 2O3 laser pulses~photon energy of 1.777 eV, excitation power o
0.07 kW/cm2) was performed from the top of the ridge structure, and
from the top surface was collected via an objective lens and an interfer
filter. The ridge structure is along thex direction with its cleaved edge
defined asx50. The PL intensity profiles along thex axis for the QWR and
the side-QWs are shown by the green~top! and blue~bottom! lines, respec-
tively.

FIG. 3. The spatially and spectrally resolved PL intensity patterns at var
excitation powers of~a! 0.07,~b! 0.6, and~c! 1.6 kW/cm2, atT54.7 K. The
x axis in each image is along the wire direction, and the vertical axis r
resents the emission energy. The contour-plot lines in each image divid
PL intensity eight equal parts~100% as the maximum intensity of sponta
neous emission in each image!. The averaged PL spectrum along thex
position is also shown on the left-hand side of each image. The contour
image ~d! at the top shows the top-view PL image at the lasing pho
energy of 1.688 eV under the same excitation power as in~c!.
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was also observed in the PL intensity profile. At the positio
indicated by arrows in Fig. 2, the intensity of the QWR
strong while that of the side-QWs is weak. This suggests
excited carriers in the side-QWs flow efficiently into th
QWR at these positions, whereas at other positions with
carrier flows, more excited carriers recombine in t
side-QW regions. At the positions where PL of both QW
and side-QWs are weak, it is interpreted that carriers flow
away along the wire direction or recombined via nonrad
tive decay processes.

Three contour-plot images~a!–~c! in Fig. 3 represent the
spatially and spectrally resolved PL intensity patterns at v
ous excitation powers of~a! 0.07–~c! 1.6 kW/cm2, at T
54.7 K. Thex axis in each image is along the wire directio
and the vertical axis represents the emission energy. To
struct each image, we measured the PL intensity profi
along thex axis as in Fig. 2 at every 5 meV of photo
energies, and arranged them in rows.

The averaged PL spectrum along the allx position is also
shown on the left-hand side of each image. The contour-
image @Fig. 3~d!# at the top shows the top-view PL imag
like those in Fig. 2 at the lasing photon energy of 1.688
under the same excitation power as in Fig. 3~c!.

At the weak excitation power of 0.07 kW/cm2 @Fig.
3~a!#, two peaks inherent in QWRs and side-QWs are sho
in the averaged spectrum. As for the QWR, each inhomo
neous PL center has different spectral peak energy due
small difference of QWR volume at each wire positio
which explains why the averaged spectrum is broad. The
intensity profiles along the wire at the photon energy of
QWR and the side-QWs show the spatial inhomogeneity
electronic states of the QWR and the side-QWs.

At stronger excitation power of 0.6 kW/cm2 @Fig. 3~b!#,
the averaged spectrum shows that the spectral energy pe
the QWR blueshifts while that of the side-QWs does n
move. The PL intensity profile at the blueshifted energy pe
of the QWR marked by the green~bottom! line in Fig. 3~b! is
very similar to that of the QWR ground state emissi
marked by the green~bottom! line in Fig. 3~a!, which sug-
gests that the blueshifted PL is due to the transition betw
the excited states of QWRs.

Then, at the strongest excitation power of 1.6 kW/c2

@Fig. 3~c!#, lasing was observed in the averaged spectrum
a further blueshifted energy of 1.688 eV, which is similar
the result of Fig. 1~b!. The intensity of the sharp lasing spe
trum is small in Fig. 3~c!, since the detection was achieved
the top-view configuration.

Note the top-view spontaneous emission profile at
lasing energy marked by the green line~bottom! in Fig. 3~c!.
It is almost the same as those of the ground and exc
states of QWR emission profiles observed at the green~bot-
tom! lines in Figs. 3~a! and 3~b!. Therefore, the origin of
stimulated emission can be safely assigned as the ex
states of the QWR, instead of the low-energy tail of t
side-QW optical transition. This result strongly supports o
former result.8
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In the spatial image@Fig. 3~d!# and the spatially and
spectrally resolved PL intensity patterns@Fig. 3~c!#, strong
stimulated emission signal was observed at the cleaved e
position (x50 mm). Although the lasing occurs in the ridg
waveguide direction, the output light emitted from th
cleaved edge diverges. Therefore, the large numerical a
ture collection optics makes it possible to observe stimula
emission even in the top-view configuration. Note that th
is no scattered stimulated emission on the ridge wavegu
structure (x.0 mm). This means that there are no significa
scatterers in the ridge waveguide structure which cause s
tering of light in the cavity and hence cause optical losse

The results shown in Fig. 3 again demonstrate that
fluctuation of vertical thickness of the ridge structures is n
ligible in the optical wavelength scale of;mm, while it
exists in the scale of;nm to perturb the electronic states
the active regions in the structures.

In summary, the electronic states distribution of QW
along the wire direction was investigated using the top-vi
PL imaging method. The fluctuation of vertical thickne
was in the scale of;nm, resulting in the inhomogeneou
electronic states in spite of the uniform optical waveguid
The inhomogeneous PL caused by carrier diffusion ove
few mm in QWR structures was observed, proving that t
QWR is connected over this distance. Spatially and sp
trally resolved PL intensity patterns above and below
lasing threshold supports that the origin of stimulated em
sion is the transition between the excited states of QWR
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