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Coulomb-correlated electron-hole plasma and gain in a quantum-wire laser of high uniformity
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A multi-quantum-wire laser operating in the one-dimensional~1D! ground state has been achieved in a very
high uniformity structure that shows free-exciton emission with unprecedented narrow width and low lasing
threshold. Under optical pumping, the spontaneous emission evolves from a sharp free exciton peak to a
redshifted broad band. The lasing photon energy occurs about 5 meV below the free exciton. The observed
shift excludes free excitons in lasing and our results show that Coulomb interactions in the 1D electron-hole
system shift the spontaneous emission and play significant roles in laser gain.
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Quantum-wire lasers provoke fundamental questi
stemming from the singular nature of one-dimensional~1D!
densities of state.1–7A quantum-wire laser was first achieve
by Kapon and co-workers in 1989,2 though lasing occurred
only at higher subbands in multimode wires. In 1993, We
scheider and co-workers3 demonstrated ground-state lasin
in quantum wires. They found that the lasing energy w
exactly at the peak of excitonic spontaneous emission,
was nearly independent of pump levels. This suggested
absence of band-gap renormalization and an enhanced s
ity of 1D excitons. Therefore, the origin of gain was ascrib
to excitons.

As for the enhanced stability and activity of 1D excito
in narrow quantum wires, there have been a number
theories4–7 and experiments,8 for example, on binding
energy,9 oscillator strength,10 and many-body effects.11–14 In
particular, lack of redshift in photoluminescence~PL! under
high photoexcitation levels has been reported in various
systems.3,11–14

On the contrary, there is an argument15 that free excitons
cannot cause lasing since the electron-hole population
not become inverted until the density approaches one exc
per Bohr radius. At such a density the excitonic correlatio
will be transient and such a system is probably better
scribed as a Coulomb-correlated electron-hole plasma.
argument can be subverted if the excitons become localiz13

in low-energy states produced by disorder or impurities, a
therefore it is important to study systems of extremely h
uniformity.

In this paper, we report on the stimulated and spontane
emissions of a quantum-wire laser with greatly improv
uniformity. Remarkably, optically pumped lasing is observ
with a lower threshold than in previous quantum-w
lasers.3,11 Free-exciton emission is extraordinarily sharp f
quantum wires, while localized exciton emission is ve
weak and does not seem to play an important role in the g
of this laser. Lower lasing threshold and enhanced free e
ton properties are attributed to uniformity and greatly
duced interface roughness. We find that near-threshold la
emission occurs at 5 meV below the free exciton. This i
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result that demonstrates that lasing gain in theT-wire struc-
ture is not linked to the free exciton emission. At high pum
ing levels, well above threshold for lasing, the free excit
peak is quenched in spontaneous emission while a new b
emission band at lower energy becomes dominant. The
shift and broadening of the emission suggest the formatio
a 1D electron-hole plasma. The weak dependence of the
ergy of the emission band on photoexcitation intensity
high pumping levels indicates that electron-hole Coulo
correlations remain strong in the plasma. The observed l
photon energies, being slightly below the peak energy of
spontaneous emission, are evidence that the gain for lasi
created by the 1D electron-hole plasma with strong Coulo
correlations.

A laser structure containing 20 quantum wires with
36 nm2 lateral size was grown by the cleaved-edge ov
growth method with molecular-beam epitaxy16. As schemati-
cally shown in Fig. 1, the active region of the laser consi
of a 6-nm GaAs quantum well~arm well! with an
Al0.5Ga0.5As top barrier and 20 periods of 14.15-n
Al0.073Ga0.927As quantum wells~stem wells! separated by
41.88-nm Al0.35Ga0.65As barriers. The 20-wire states (T
wires! are formed quantum mechanically at theT-shaped in-
tersections of the arm well and the stem wells.6 The active
region is itself embedded in a core of aT-shaped optical
waveguide. A laser bar with 500mm cavity length was cut
from the wafer by cleavage, and the cleaved cavity-mir
surfaces were left uncoated. The growth method and the
tical waveguide are similar to those in the previous work3,11

except for additional annealing at 600 °C for 10 min after t
growth of the arm well, which has been found to drama
cally improve the arm-well flatness and uniformity.14,17 The
high uniformity of the sample was characterized
micro-PL and PL-excitation~PLE! measurements unde
weak point excitation, which is reported elsewhere18 together
with details of fabrication procedures.

All measurements here were done at 5 K, where the la
sample was attached to a copper block with silver paint,
mounted on the cold finger of a helium-flow cryostat. Outp
of a cw titanium-sapphire laser was used in optical excitat
©2003 The American Physical Society02-1
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at photon energy of 1.634 eV, which is resonant with
exciton absorption of the stem wells. Spontaneous emis
spectra at various excitation powers were measured
point focus of about 1mm. For stimulated emission mea
surements, two cylindrical lenses and a 0.4-numeric
aperture objective lens were used to focus the incident b
into a filament shape with about 1mm width to pump the
whole 500-mm-long laser cavity through the arm-well su
face ~the top surface in Fig. 1!, and the cw output of the
excitation laser was mechanically chopped into 0.25-ms r
angular pulses of 1% duty ratio to minimize sample heati
The peak input power per pulse,I in , was varied from 0 to
210 mW. The stimulated emission was collected in the dir
tion of the waveguide through one of the cavity-mirror su
faces~the front and rear surfaces in Fig. 1! and spontaneou
emission was simultaneously measured in the direction
pendicular to the waveguide through the top surface of
arm well. From the spontaneous emission spectra show
initiation of arm-well-state filling and wire-state saturatio
we estimate that input powers of 0.9 mW in the point ex

FIG. 1. Schematic of aT-wire laser structure. Percentages sho
Al concentrationx in Al xGa12xAs. The laser contains 20 periods o
T wires defined by 7%-Al filled 14.15-nm stem wells and 6-n
GaAs arm well embedded in aT-shaped optical waveguide with
500-mm cavity between uncoated facets. Point PL spectroscop
performed from the top surface. Lasing experiment is achieved
optical pumping in a filament shape via the top surface, wh
stimulated and spontaneous emissions are detected via the fron
top surfaces.
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tation and 13 mW in the long-filament full laser excitatio
give a carrier density of 13106 /cm in each wire.

Figure 2~a! shows normalized point-excitation PL spect
of the T wires plotted for several excitation powers. Th
sharp PL peak of free excitons dominates the spectrum a
lower pump powers. The free-exciton peak has narrow wi
of 1.5 meV and displays a small Stokes shift of 0.5 m
from the position of the free-exciton absorption measured
PLE spectra, and is highly uniform over the whole wi
length of 500mm.18 Much weaker PL peaks in the low
energy region vary in intensity at different positions in t
sample, and are ascribed to localized excitons. As the pu
ing level is increased, a new emission band with maxim
intensity I 2 grows at 3.2 meV below the free-exciton pea
with intensity I 1. With increasing pump power this new
emission band becomes broader but undergoes no fu
redshift. At the higher pump levels the low-energy emiss
band dominates the spectrum and the free-exciton pea
quenched.

Figure 2~b! shows log plots ofI 2 as a function ofI 1. We
find that I 2}I 1 at the lowest pump powers due to contrib
tion of localized excitons inI 2. For higher excitation levels
we find that I 2}I 1

2. With increasing pump levels, we firs
find larger exponents followed by saturation. In the region
I 2}I 1

2, biexcitons may contribute to the redshifted PL ban
For intense photoexcitation the free-exciton peak
quenched and is not fully differentiated from the broaden
lower-energy PL band. In this regime the intense opti
emission should be ascribed to a 1D electron-hole plas
confined to the quantum wires. Here densities should be h
enough so that there are no long-lived excitons or exci
complexes. Nevertheless, the low energetic position of
emission, and the absence of further redshift with photo
citation at high pump levels shown in Fig. 2~a! suggest that

is
y
e
and

FIG. 2. ~a! PL spectra ofT wires at 5 K for various excitation
powers at 1.634 eV measured via point spectroscopy on a sp
about 1mm diameter.~b! Plots of PL intensitiesI 1 and I 2 within
the hatched energy windows in~a! for free excitons and a low-
energy emission band, respectively.
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the instantaneouselectron-hole correlations are strong. T
state is unlike a free electron-hole plasma, and is better
scribed as a neutral electron-hole plasma in which Coulo
correlations fix the peak emission energy to a value tha
close to that of the biexciton energy. We invoke Coulom
interactions to interpret the observation that emitted pho
energies are lower but remain relatively close to the fr
exciton energy.

Figure 3 shows stimulated emission spectra~thin solid
curves! of the T-wire laser forI in of 5.3 mW, 13.3 mW, and
42 mW. Spectral widths are here limited by the system re

FIG. 3. Stimulated emission spectra~thin solid curves! with si-
multaneously measured spontaneous emission spectra~thick solid
curves! of a 500-mm-cavity laser with 20 wires at 5 K. The inse
shows configuration of the measurements. It is optically pumped
0.25-ms pulses with 1% duty ratio at 1.634 eV. Indicated in
power I in of ~a! 5.3 mW, ~b! 13.3 mW, and~c! 42 mW shows
pulse-height power incident on the laser. The spontaneous emis
spectrum forI in50.42 mW is shown by a dashed curve to indica
an exciton PL peak.
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lution of 0.15 meV. Lasing threshold is close toI in

55.3 mW, where stimulated emission spectra show featu
of multimode lasing with about ten longitudinal modes. A
the input power is increased, the number of modes decre
For input powers of 30 mW, single-mode lasing is observ
The additional redshift in laser emission from threshold
about I in55.3 mW is small, only 0.5 meV atI in542 mW,
and 2 meV atI in5210 mW. The observed behaviors a
similar to those in previous results,3,11 except for the lower
threshold and the smaller numbers of initial modes. Figur
shows stimulated emission intensities plotted against in
powers of up to 210 mW. The greatly reduced threshold
result of higher uniformity and smaller roughness than p
vious wire lasers.3,11 This suggests that the gain inT-wire
lasers is not due to localized excitons. For high input pow
at aroundI in5100 mW, the intensity ofT-wire lasing satu-
rates.

Figure 3 also displays spontaneous emission spectra o
T-wire laser sample measured simultaneously with the stim
lated emission spectra. In these measurements we empl
the geometry shown in the inset to Fig. 3~a!. The dashed
traces show the spontaneous emission spectrum for
weak excitation ofI in50.42 mW. These spectra identify th
location of the free-exciton emission peak. The spontane
emission spectra at high excitation levels in Figs. 3~a–c! are
very similar to the PL results of Fig. 2 measured with po
excitation.

The results shown in Fig. 3 reveal thatT-wire lasing is
observed about 5 meV below the free-exciton energy. Si
there is no overlap between the lasing energy and the f
exciton peak, gain for lasing cannot be due to free-exci
recombination. Instead, the lasing photon energy overl
the redshifted broad PL band. We may conclude that gain
lasing could be ascribed to the electron-hole plasma w
strong Coulomb interactions among the photoexcited p
ticles. The lasing energy is on the low-energy side of

y
t

ion

FIG. 4. Stimulated emission intensity of a 500-mm-cavity laser
with 20 wires at 5 K. It is optically pumped by 0.25 ms pulses w
1% duty ratio at 1.634 eV. Indicated input power shows pul
height power incident on the laser. A straight line is drawn to gu
the eyes.
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plasma emission band, presumably because some absor
may reduce gain near the peak of spontaneous emission

The present results are qualitatively different from tho
in the first report ofT-wire lasers,3 which were fabricated in
structures with much larger roughness where the PL at
pump levels showed a broad bandwidth of 10 meV caused
thickness fluctuations of up to several monolayers due
interface roughness. Thus, the PL band in Ref. 3 could a
from localized excitons with Stokes shifts comparable to
PL linewidth. In such rougher quantum wires it may not ha
been possible to resolve a shift of the lasing emission fr
the free-exciton peak.

It is interesting to point out that Fig. 3~a! shows that near
the lasing threshold, forI in55.3 mW, the spontaneous emi
sion spectrum while dominated by the broad PL band s
shows a distinct free-exciton peak. This is different fro
higher excitation regime, where the exciton peak is nea
completely quenched. Appearance of a distinct free-exc
peak again points to the dominance of electron-hole C
lomb correlations over electron-electron or hole-hole C
lomb correlations.7,14 It is thus conceivable that th
Coulomb-correlated system responsible for lasing gain
this regime could adequately be described as a multiexc
complex. This is an intriguing issue that could be explored
further experiments.

It should be stressed, however, that our results unamb
ously exclude free excitons as the states that create ga
the T-wire lasers and show that stimulated emission is as
ciated with gain due to a dense system of photoexcited e
.
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trons and holes confined in the quantum wires, which
strongly linked by Coulomb interactions.

Finally, we highlight again that the lasing energy and t
PL peak energy of the dense 1D electron-hole system in p
toexcited quantum wires stay at fixed energetic positio
showing almost no shift against pumping power. This beh
ior manifests strong internal electron-hole Coulomb corre
tions in the 1D system.7,14 In 2D and 3D semiconductor la
sers showing large lasing-energy shifts against input pow
gain is believed to come from recombination of afree
electron-hole plasma~where a gain peak is at the band ed
between free electrons and holes, which redshifts due
band-gap renormalization!.

In summary, in a highly uniformT-quantum-wire laser we
achieved low threshold at 5 K. Spontaneous emission spe
show a sharp peak of free excitons at low excitation levels
broader redshifted PL band emerges at high pump pow
This emission is identified as arising from the Coulom
correlated electron-hole plasma with emission that overl
the energies of biexcitons and higher multiexciton states.
photon energies of the laser occur in the range of plas
recombination and are redshifted by 5–7 meV from the fr
exciton peak. Gain for lasing in highly uniformT wires is
ascribed to a strongly Coulomb-correlated electron-h
plasma instead of free or localized excitons.

One of the authors~H.A.! acknowledges the financial sup
port from the Ministry of Education, Culture, Sports, Scien
and Technology, Japan.
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