RAPID COMMUNICATIONS

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-dimensidial) 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 questionsesult that demonstrates that lasing gain in Theire struc-
stemming from the singular nature of one-dimensigddl)  ture is not linked to the free exciton emission. At high pump-
densities of stat&.’ A quantum-wire laser was first achieved ing levels, well above threshold for lasing, the free exciton
by Kapon and co-workers in 198%hough lasing occurred peak is quenched in spontaneous emission while a new broad
only at higher subbands in multimode wires. In 1993, Weg-emission band at lower energy becomes dominant. The red-
scheider and co-worketslemonstrated ground-state lasing shift and broadening of the emission suggest the formation of
in quantum wires. They found that the lasing energy wasa 1D electron-hole plasma. The weak dependence of the en-
exactly at the peak of excitonic spontaneous emission, anergy of the emission band on photoexcitation intensity at
was nearly independent of pump levels. This suggested theigh pumping levels indicates that electron-hole Coulomb
absence of band-gap renormalization and an enhanced stalglrrelations remain strong in the plasma. The observed laser
ity of 1D excitons. Therefore, the origin of gain was ascribedphoton energies, being slightly below the peak energy of the
to excitons. spontaneous emission, are evidence that the gain for lasing is

As for the enhanced stability and activity of 1D excitons created by the 1D electron-hole plasma with strong Coulomb
in narrow quantum wires, there have been a number oforrelations.
theoried~” and experiment®, for example, on binding A laser structure containing 20 quantum wires with 14
energy’ oscillator strengtfi® and many-body effectd*In X6 nn? lateral size was grown by the cleaved-edge over-
particular, lack of redshift in photoluminescen@l.) under  growth method with molecular-beam epita%yAs schemati-
high photoexcitation levels has been reported in various 1-@ally shown in Fig. 1, the active region of the laser consists
systemsi11-14 of a 6-nm GaAs quantum welarm wel) with an

On the contrary, there is an argumerthat free excitons AlysGaysAs top barrier and 20 periods of 14.15-nm
cannot cause lasing since the electron-hole population wilAly 7468 o, AS quantum wells(stem well3 separated by
not become inverted until the density approaches one excitofl.88-nm A} 3:Ga gsAS barriers. The 20-wire statesT (
per Bohr radius. At such a density the excitonic correlationswvires) are formed quantum mechanically at fhehaped in-
will be transient and such a system is probably better detersections of the arm well and the stem wéllBhe active
scribed as a Coulomb-correlated electron-hole plasma. Theegion is itself embedded in a core ofTashaped optical
argument can be subverted if the excitons become locafizedwaveguide. A laser bar with 506m cavity length was cut
in low-energy states produced by disorder or impurities, androm the wafer by cleavage, and the cleaved cavity-mirror
therefore it is important to study systems of extremely highsurfaces were left uncoated. The growth method and the op-
uniformity. tical waveguide are similar to those in the previous Wdtk

In this paper, we report on the stimulated and spontaneousxcept for additional annealing at 600 °C for 10 min after the
emissions of a quantum-wire laser with greatly improvedgrowth of the arm well, which has been found to dramati-
uniformity. Remarkably, optically pumped lasing is observedcally improve the arm-well flatness and uniformifyt’ The
with a lower threshold than in previous quantum-wire high uniformity of the sample was characterized by
lasers®!! Free-exciton emission is extraordinarily sharp formicro-PL and PL-excitation(PLE) measurements under
quantum wires, while localized exciton emission is veryweak point excitation, which is reported elsewH&tegether
weak and does not seem to play an important role in the gaiwith details of fabrication procedures.
of this laser. Lower lasing threshold and enhanced free exci- All measurements here were done at 5 K, where the laser
ton properties are attributed to uniformity and greatly re-sample was attached to a copper block with silver paint, and
duced interface roughness. We find that near-threshold lasingounted on the cold finger of a helium-flow cryostat. Output
emission occurs at 5 meV below the free exciton. This is af a cw titanium-sapphire laser was used in optical excitation
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FIG. 2. (a) PL spectra ofT wires & 5 K for various excitation
powers at 1.634 eV measured via point spectroscopy on a spot of
about 1um diameter.(b) Plots of PL intensities; andl, within
the hatched energy windows i@) for free excitons and a low-
energy emission band, respectively.

41.88nm barrier _ _ , .
° tation and 13 mW in the long-filament full laser excitation

7%14.15nm stem well give a carrier density of X 10° /cm in each wire.

(20 periods MQW) Figure Za) shows normalized point-excitation PL spectra
of the T wires plotted for several excitation powers. The
sharp PL peak of free excitons dominates the spectrum at the
lower pump powers. The free-exciton peak has narrow width
of 1.5 meV and displays a small Stokes shift of 0.5 meV
rom the position of the free-exciton absorption measured in

FIG. 1. Schematic of d@-wire laser structure. Percentages show
Al concentrationx in Al,Ga, _,As. The laser contains 20 periods of
T wires defined by 7%-Al filled 14.15-nm stem wells and 6-nm
GaAs arm well embedded in Bshaped optical waveguide with a

500-um cavity between uncoated facets. Point PL spectroscopy i LE i d is highl i th hol -
performed from the top surface. Lasing experiment is achieved b Spectra, and 1S highly uniiorm over the whole wire

18 -
optical pumping in a filament shape via the top surface, wherd€Ngth of 500um.”™ Much weaker PL peaks in the low-

stimulated and spontaneous emissions are detected via the front afB€rdY region vary in intensity at different positions in the
top surfaces. sample, and are ascribed to localized excitons. As the pump-

ing level is increased, a new emission band with maximum

. i intensity I, grows at 3.2 meV below the free-exciton peak
at photon energy of 1.634 eV, which is resonant with the, intensity 1,. With increasing pump power this new

exciton absorption of the stem wells. Spontaneous emissioBmission band becomes broader but undergoes no further
spectra at various excitation powers were measured Witfegshift. At the higher pump levels the low-energy emission

point focus of about Jum. For stimulated emission mea- pand dominates the spectrum and the free-exciton peak is
surements, two cylindrical lenses and a 0.4-numericalguenched.

aperture objective lens were used to focus the incident beam Figure 2b) shows log plots of , as a function of ;. We

into a filament shape with about Am width to pump the find thatl,=I, at the lowest pump powers due to contribu-
whole 500um-long laser cavity through the arm-well sur- tion of localized excitons in,. For higher excitation levels,
face (the top surface in Fig.)1 and the cw output of the we find thatl,I2. With increasing pump levels, we first
excitation laser was mechanically chopped into 0.25-ms recffind larger exponents followed by saturation. In the region of
angular pulses of 1% duty ratio to minimize sample heatingl =12, biexcitons may contribute to the redshifted PL band.
The peak input power per pulsk,, was varied from 0 to For intense photoexcitation the free-exciton peak is
210 mW. The stimulated emission was collected in the direcquenched and is not fully differentiated from the broadened
tion of the waveguide through one of the cavity-mirror sur-lower-energy PL band. In this regime the intense optical
faces(the front and rear surfaces in Fig. dnd spontaneous emission should be ascribed to a 1D electron-hole plasma
emission was simultaneously measured in the direction peconfined to the quantum wires. Here densities should be high
pendicular to the waveguide through the top surface of thenough so that there are no long-lived excitons or exciton
arm well. From the spontaneous emission spectra showingomplexes. Nevertheless, the low energetic position of the
initiation of arm-well-state filling and wire-state saturation, emission, and the absence of further redshift with photoex-
we estimate that input powers of 0.9 mW in the point exci-citation at high pump levels shown in Fig(a2 suggest that
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FIG. 4. Stimulated emission intensity of a 5p0A-cavity laser
with 20 wires at 5 K. It is optically pumped by 0.25 ms pulses with
1% duty ratio at 1.634 eV. Indicated input power shows pulse-
height power incident on the laser. A straight line is drawn to guide
the eyes.

Emission Intensity

lution of 0.15 meV. Lasing threshold is close tog,

a) 5.3mW exc. ) o =5.3 mW, where stimulated emission spectra show features
() Stimulated emission of multimode lasing with about ten longitudinal modes. As

" Spontaneous Spontaneous the input power is increased, the number of modes decrease.
emission For input powers of 30 mW, single-mode lasing is observed.

The additional redshift in laser emission from threshold at
aboutl;,=5.3 mW is small, only 0.5 meV dt,=42 mW,

Spontaneous and 2 meV atl;,=210 mW. The observed behaviors are
i similar to those in previous resuftd! except for the lower

threshold and the smaller numbers of initial modes. Figure 4
shows stimulated emission intensities plotted against input
powers of up to 210 mW. The greatly reduced threshold is a
Err— 3 result of higher uniformity and smaller roughness than pre-
1.56. 1.565 ;22t0;.5E7r159rg1y.5(?9V)1.585 158 vious wire lasers:* This suggests that the gain Trwire
lasers is not due to localized excitons. For high input power
FIG. 3. Stimulated emission specitthin solid curveswith si- @t aroundl=100 mW, the intensity off-wire lasing satu-
multaneously measured spontaneous emission spébtck solid ~ 'ates.
curves of a 500um-cavity laser with 20 wires at 5 K. The inset  Figure 3 also displays spontaneous emission spectra of the
shows configuration of the measurements. It is optically pumped byl-wire laser sample measured simultaneously with the stimu-
0.25-ms pulses with 1% duty ratio at 1.634 eV. Indicated inputlated emission spectra. In these measurements we employed
power |;, of (a) 5.3 mW, (b) 13.3 mW, and(c) 42 mW shows the geometry shown in the inset to FigiaB The dashed
pulse-height power incident on the laser. The spontaneous emissidraces show the spontaneous emission spectrum for very
spectrum for;,=0.42 mW is shown by a dashed curve to indicate weak excitation of;,=0.42 mW. These spectra identify the
an exciton PL peak. location of the free-exciton emission peak. The spontaneous
emission spectra at high excitation levels in Figa-3) are
the instantaneouslectron-hole correlations are strong. Thevery similar to the PL results of Fig. 2 measured with point
state is unlike a free electron-hole plasma, and is better desxcitation.
scribed as a neutral electron-hole plasma in which Coulomb The results shown in Fig. 3 reveal th&iwire lasing is
correlations fix the peak emission energy to a value that i®bserved about 5 meV below the free-exciton energy. Since
close to that of the biexciton energy. We invoke Coulombthere is no overlap between the lasing energy and the free-
interactions to interpret the observation that emitted photomxciton peak, gain for lasing cannot be due to free-exciton
energies are lower but remain relatively close to the freerecombination. Instead, the lasing photon energy overlaps
exciton energy. the redshifted broad PL band. We may conclude that gain for
Figure 3 shows stimulated emission spedttsn solid lasing could be ascribed to the electron-hole plasma with
curveg of the T-wire laser forl;, of 5.3 mW, 13.3 mW, and strong Coulomb interactions among the photoexcited par-
42 mW. Spectral widths are here limited by the system resoticles. The lasing energy is on the low-energy side of the
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plasma emission band, presumably because some absorptimans and holes confined in the quantum wires, which are
may reduce gain near the peak of spontaneous emission. strongly linked by Coulomb interactions.

The present results are qualitatively different from those Finally, we highlight again that the lasing energy and the
in the first report ofT-wire lasers’ which were fabricated in  pL peak energy of the dense 1D electron-hole system in pho-
structures with much larger roughness where the PL at lowoexcited quantum wires stay at fixed energetic positions,
pump levels showed a broad bandwidth of 10 meV caused byhowing almost no shift against pumping power. This behav-
thickness fluctuations of up to several monolayers due Gy manifests strong internal electron-hole Coulomb correla-
interface roughness. Thus, the PL band in Ref. 3 could arisgyns in the 1D systerh™ In 2D and 3D semiconductor la-
from localized excitons with Stokes shifts comparable to theyg(g showing large lasing-energy shifts against input powers,
PL linewidth. In such rougher quantum wires it may not havegain is believed to come from recombination of f@e
been possible to resolve a shift of the lasing emission frong|ectron-hole plasmévhere a gain peak is at the band edge

the free-exciton peak. _ between free electrons and holes, which redshifts due to
It is interesting to point out that Fig(& shows that near band-gap renormalization

the lasing threshold, fdr,=5.3 mW, the spontaneous emis- |, summary, in a highly unifornT-quantum-wire laser we
sion spectrum while dominated by the broad PL band stillychieved low threshold at 5 K. Spontaneous emission spectra
shows a distinct free-exciton peak. This is different fromgpoy a sharp peak of free excitons at low excitation levels. A
higher excitation regime, where the exciton peak is nearlyyqader redshifted PL band emerges at high pump power.
completely quenched. Appearance of a distinct free-excitofrhis emission is identified as arising from the Coulomb-
peak again points to the dominance of electron-hole Couggrrelated electron-hole plasma with emission that overlaps
lomb correlations over electron-electron or hole-hole Couyne energies of biexcitons and higher multiexciton states. The
lomb  correlations:™ It is thus conceivable that the photon energies of the laser occur in the range of plasma
Coulomb-correlated system responsible for lasing gain iecombination and are redshifted by 5—7 meV from the free-
this regime could adequately be described as a multiexcitogyciton peak. Gain for lasing in highly unifori wires is
complex. This is an intriguing issue that could be explored ingscriped to a strongly Coulomb-correlated electron-hole

further experiments. _ plasma instead of free or localized excitons.
It should be stressed, however, that our results unambigu-

ously exclude free excitons as the states that create gain in One of the authoréH.A.) acknowledges the financial sup-
the T-wire lasers and show that stimulated emission is assoport from the Ministry of Education, Culture, Sports, Science
ciated with gain due to a dense system of photoexcited ele@nd Technology, Japan.

1Y, Arakawa and H. Sakaki, Appl. Phys. Le#t0, 939 (1982. 9T. Someya, H. Akiyama, and H. Sakaki, Phys. Rev. L 26t.2965
2E. Kapon, D.M. Hwang, and R. Bhat, Phys. Rev. Lé8, 430 (1996; 74, 3664(1995.
(1989. 104, Akiyama, T. Someya, and H. Sakaki, Phys. Rev.5B,

3W. Wegscheider, L.N. Pfeiffer, M.M. Dignam, A. Pinczuk, K.W. R16 160(1996.
West, S.L. McCall, and R. Hull, Phys. Rev. Leftl, 4071 113, Rubio, L. Pfeiffer, M.H. Szymanska, A. Pinczuk, Song He,
(1993; W. Wegscheider, L.N. Pfeiffer, K.W. West, and R.E. HLlJd Baranger, P.B. Littlewoczd, KJ.)W. West, and B.S. Dennis,
Leibenguth, Appl. Phys. Let65, 2510(1994. Solid State Commuri20, 423 (2001).

4T Ogawa and T. Takagahara, Phys. Redd14 325(1991): 44, 12R..Ambigallpathy, I. Bar-Joseph, D.Y. Oberli, S. Haacke, M.J. Bra-
8138 (1991); T. Ogawa, A. Furusaki, and N. Nagaosa, Phys. Z'é’ggg'gn_/;‘ardt’ E. Kapon, and B. Deveaud, Phys. Rev. Z8ft.
Rev. Lett.68, 3638(1992; S. Benner and H. Haug, Europhys. . Siriou D.Y Oberli. L. Degiorgi. A. Rudra. and E. Kanon
Lett. 16, 579 (199): Ben Yu-Kuang Hu and S. Das Sarma, IIDhyng’ev.Bél R10’57'5(2080 g A ' - fapon,
Phys. Rev. Lets8, 1750(1992; Phys. Rev. B8, 5469(1993. 1 i 2 S7 L Fp Bl @ B o eet and M

5S. Glutsch, F. Bechstedt, W. Wegscheider, and G. Schedelbeck, e C Ao ' '

Phvs. Rev. B56. 4108 (1997 D. Brink d G. Fish ' Yoshita, Solid State Commui22, 169 (2002.
FNys. Rev. E90, (1999; D. Brinkmann and L. FIshman, 15p - gjysher, J. Shah, E. Hanamura, C. Weisbuch, and P. B. Little-
ibid. 56, 15 211(1997; S.N. Walck, T.L. Reinecke, and P.A.

wood (private communication

. Knipp, ibid. 56, 9235(1997). 18 N. Pfeiffer, K.W. West, H.L. Stomer, J.P. Eisenstein, K.W.
M.H. Szymanska, P.B. Littlewood, and R.J. Needs, Phys. Rev. B gagwin, D. Gershoni, and J. Spector, Appl. Phys. L88.1697
63, 205317(2002. (1990.

’F. Rossi and E. Molinari, Phys. Rev. Left6, 3642(1996; F. 1"\, Yoshita, H. Akiyama, L.N. Pfeiffer, and K.W. West, Jpn. J.
Tassone and C. Piermarocclibid. 82, 843 (1999; S. Das Appl. Phys., Part 210, L252 (2001); Appl. Phys. Lett.81, 49
Sarma and D.W. Wangbid. 84, 2010(2000. (2002.

8For a review, see H. Akiyama, J. Phys.: Condens. MdiieB095  8H. Akiyama, L.N. Pfeiffer, M. Yoshita, A. Pinczuk, and K.W.
(1998. West, Phys. Lett(to be publishegd

041302-4



