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We report the first observation of stimulated emission in quasi-one-dimensional semiconductor quan-
tum wires. Amplified spontaneous emission and stimulated emission spectra of the GaAs/AlGaAs quan-
tum wires exhibit fine structure arising from transitions between lateral, one-dimensional electron and
hole subbands. The observed subband separations, ~10 meV, are consistent with the calculated ones.

PACS numbers: 78.45.+h, 73.20.Dx, 78.60.Fi, 78.65.Fa

Quasi-one-dimensional (1D) or -zero-dimensional
(0D) semiconductors, in which the charge carriers are
quantum confined in two dimensions (2D) or three di-
mensions (3D), have attracted considerable attention re-
cently. These so-called quantum wire and quantum box
heterostructures are expected to exhibit larger electroab-
sorption and electrorefraction,' enhanced optical non-
linearities,> and higher differential optical gain® com-
pared to more conventional semiconductors. In addition,
quantum wires are expected to show unique electrical
transport properties and to have extremely high electron
mobilities. Hence, considerable effort has been devoted
to the fabrication and the experimental investigation of
these structures.

The electrical transport properties of 1D and 0D het-
erostructures have been studied experimentally,*¢ and
effects associated with the higher degree of quantum
confinement were reported. Optical effects due to the re-
duced dimensionality in these structures can be more
difficult to interpret because of nonradiative recombina-
tion centers that are often introduced in the process of
their fabrication. Fine structure in the spontaneous
emission spectra arising from transitions between 1D or
0D electron and hole subbands,”® resonant absorption
between 1D subbands,’ and optical anisotropy due to 2D
confinement '® were observed at low temperatures.

Here we report the first observation of stimulated
emission in quasi-1D quantum wire heterostructures.
The GaAs/AlGaAs quantum wires were fabricated using
a novel heterostructure patterning technique'' which re-
sults in near-ideal wire interfaces, thus allowing the gen-
eration of stimulated emission from 2D-quantum-
confined carriers at room temperature. The 2D quantum
confinement gives rise to fine structure in the amplified
spontaneous emission spectra, indicating a lateral elec-
tron subband separation of —10 meV. A model of the
energy levels of the quantum wires, based on transmis-
sion electron microscopy (TEM) of the quantum wire
cross sections, was found to be in agreement with the ob-
served spectra.

Cross sections at the GaAs/AlGaAs quantum wire
heterostructure are shown in Fig. 1. The structure was
grown by organometallic chemical vapor deposition on a
(100) GaAs substrate patterned with [011]-oriented V
grooves, as described in detail elsewhere.'> The AlGaAs
cladding layers grow to form a very sharp corner be-
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tween two {111} crystal planes. The active GaAs quan-
tum well (QW), on the other hand, grows faster along
the [100] direction, which results in the formation of a
crescent-shaped QW at the bottom of the groove [see
Fig. 1(b)]. As discussed below, this QW crescent pro-
vides the 2D quantum confinement for charge carriers
injected at the p-n junction. The diode current was
confined to the vicinity of the QW crescent by employing
selective proton implantation [see Fig. 1(a)]. The grad-
ed Al,Ga,-,As regions next to the QW layer (x is
linearly graded from 0.2 near the QW to 0.5 at the
Al,Ga, -, As boundary) serve as a dielectric waveguide
for optical confinement.

The lateral tapering in the thickness of the QW cres-
cent provides lateral variation in the effective band gap
due to the increase in the carrier confinement energy
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FIG. 1. Cross sections of GaAs/AlGaAs quantum wire het-
erostructure.  (a) Schematic illustration; (b) dark-field
transmission electron micrograph.



VOLUME 63, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JuLY 1989

with decreasing QW thickness.!' This lateral variation,

in turn, results in a 2D potential well which confines the
electrons and holes to a quasi-1D quantum wire. Since
the effective band-gap variations due to the QW tapering
are much more gradual than the transverse ones result-
ing from the Al-mole-fraction differences, it is possible to
evaluate the 2D energy-level structure using a perturba-
tion approach. Figure 2(a) displays the GaAs QW
thickness obtained from the TEM cross section of Fig.
1(a) as a function of the lateral dimension y. The corre-
sponding lateral variation of the confinement energy for
electrons at the lowest QW level, &,(y), calculated in the
effective-mass approximation using a finite-well model
with AE./AE,; =0.6, is shown in Fig. 2(b). The resulting
lateral potential profile can be conveniently approximat-
ed by

U(y) =€,(0)+Ae. tanh*(y/2W) , 1)

where €.(0) is the confinement energy (due to the trans-
verse band-gap variation) at the center of the crescent,
A€ =€1(0) —€1(0), with e, (o) being the effective
conduction-band edge far away from the center, and W
is a measure of the width of the potential well. The en-
ergy levels of (1), measured from the band edge of the
bulk material, are given by '3
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FIG. 2. (a) Thickness of the quantum well crescent vs the
lateral dimension. (b) Confinement energy €.(y) for electrons
at the lowest quantum well level vs the lateral dimension y
(solid circles). Dashed lines are model potentials calculated
from Eq. (1) with Aés=115 meV. Dashed-dotted lines indi-
cate the Alp,GaosAs conduction-band edge. Lateral electron
levels calculated from Eq. (2) are also shown.

Eam=6a(0)+Acq— (B22m* W) {— Q0 +2m)+ 1+ Cm* W Aea/h D132, m=0,1,2..., )

where m* is the effective mass for electrons. Equation (2) shows that the QW tapering acts as a perturbation which
splits the QW level of energy €.(0) into a set of lateral levels. The data of Fig. 2(b) are fitted by the potential profile
approximation (1) with Ae; =115 meV and W = 800-1000 A. The resulting 22 lateral electron levels are indicated in

Fig. 2(b).'* A similar procedure holds for evaluating the
lateral hole levels. The total confinement energies for
the lowest electron-heavy-hole and electron-light-hole
transitions, assuming a Am =0 selection rule,!” are 6.0,
17.8, 29.1, 40.0, 50.3,... and 8.5, 25.2, 41.1, 56.2,
70.4,. .. meV, respectively, for m=0,1,2,3,4,.. ..

Laser diode samples were fabricated from the quan-
tum wire heterostructure described above by cleaving op-
tical cavities of lengths ranging between L =0.25 and 3.5
mm. The samples were excited under low-duty-cycle,
pulsed conditions (400-nsec electrical pulses at 5 kHz) at
room temperature. Emission spectra, observed from the
cleaved ends, were measured using a grating spectrome-
ter and a photomultiplier tube. The amplified
spontaneous-emission spectra shown in Figs. 3(a) and
3(b) were obtained with quantum wire diode samples of
cavity lengths of L=1.68 and 0.54 mm, respectively.
The spectrum shown in Fig. 3(c) is for a conventional
QW laser diode structure in which the GaAs QW layer
had a uniform thickness of (nominally) 70 A.

Both quantum wire samples of Fig. 3 exhibit fine
structure in their amplified spontaneous emission spectra,
with peaks separated by ~8-10 meV. This spacing is
consistent with the calculated separations between the
quantum wire subbands within experimental error (see
discussion below). The enhanced amplified spontaneous
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FIG. 3. Amplified spontaneous-emission spectra. (a) Quan-
tum wire structure, cavity length L =1.68 mm, diode current
I=34 mA. (Threshold current /;n=35 mA.) (b) Quantum
wire structure, L =0.54 mm, =17 mA (I;,=18 mA). Arrows
indicate peaks due to transitions between the wire subbands.
(c) Control quantum well sample with nominal QW thickness
of 70 A. The calculated ground-state electron-heavy-hole and
electron-light-hole transitions for this thickness are indicated
by the arrows.
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emission at these peaks is a result of the larger density of
states at the lateral subbands. From a simple rate-
equation analysis it can be shown that the photon density
s inside the laser cavity is related to the rate of optical
amplification 7g,in by s =rspon/ (Floss = Fgain), Where Fpon is
the spontaneous emission rate and 7. is the rate of opti-
cal extinction due to cavity losses. Thus, the increase in
optical gain due to the higher density of states at the
quantum wire subbands results in increased emission at
the corresponding photon energies. This effect is
enhanced close to threshold, when the rate of
amplification rg.i» approaches that of the optical losses
Floss. Since the carrier Fermi levels become virtually
clamped at lasing threshold due to the onset of stimulat-
ed emission, it is possible to observe only a part of the
subband spectrum using this technique. However, the
Fermi levels can be red shifted by increasing the optical
cavity length because longer cavities result in lower mir-
ror losses per unit length and, hence, lower carrier densi-
ties (lower gain per unit length) at threshold. As shown
in Fig. 3, varying the cavity length allowed the observa-
tion of five lateral subband transitions for the quantum
wire structures discussed here. The uniform-thickness
QW structures, on the other hand, exhibited the expect-
ed spectra showing features due to 2D, ground-state
electron to heavy-hole and electron to light-hole transi-
tions [Fig. 3(c)l.

Emission spectra obtained above the lasing threshold
are displayed in Fig. 4. Near threshold (I <65 mA),
stimulated emission was observed at photon energies
coincident with the lowest energy peak of the amplified
spontaneous emission. At a higher diode current (~65
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FIG. 4. Amplified spontaneous emission (/=40 mA) and
stimulated emission (/=50, 60, and 70 mA) spectra from the
quantum wire structure showing shifts between two adjacent
lateral levels. Cavity lengths L =2.07 mm; I,, =41 mA.
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mA) the lasing energy blue shifted abruptly by ~6
meV, corresponding to the separation between the peaks
in the amplified spontaneous emission, which was ~7
meV (see Fig. 4). This “jump” in the lasing wavelength
results from the gradual shift in the Fermi level which is
not entirely clamped due to the finite amount of spon-
taneous emission coupled into the lasing mode. The
discrete nature of the energy levels in the quantum wire
leads to the multiple-peak structure in the gain spectrum
and, hence, to the discontinuous change in the lasing
wavelength. The higher-resolution spectra of Fig. 5
show finer structure resulting from interference of the
coherent laser light inside the optical cavity. The en-
velopes of these spectra clearly display the enhanced gain
at ~1.54 and 1.55 eV due to the larger density of states
at the quasi-one-dimensional subbands.

Amplified spontaneous-emission spectra of quantum
wire samples of cavity lengths between 0.25 and 3.5 mm
exhibited peaks (as in Figs. 3-5) at photon energies of
1.515, 1.525, 1.537, 1.546, and 1.55540.002 eV.
Stimulated emission was observed for each of these pho-
ton energies above threshold. The separations of these
peaks, which were 10, 12, 9, and 9 =4 meV, respective-
ly, agree within experimental error with the calculated
transition energies for either electron to heavy-hole or
electron to light-hole subbands with m < 15. Precise
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FIG. 5. Higher-resolution stimulated emission spectra for a
quantum wire structure with cavity length L=0.54 mm and
threshold current /s =18 mA.
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identification of the subbands participating in the stimu-
lated emission, however, requires exact determination of
the semiconductor band gap, including band-gap renor-
malization effects which are important at the high car-
rier densities near lasing threshold. Estimating a carrier
density of ~10'® cm ~* and hence a band-gap shrinkage
of ~30 meV (Ref. 16) we find that the lowest-lying sub-
band observed in our structures corresponds to m =8 for
electron to heavy-hole transitions [e,(0)+ e,n(0) = 40
meV] or m=4 for electron to light-hole transitions
[€.1(0) + €, (0) = 60 meV]. The relatively strong band-
filling effects implied by these values of m are due to the
very small fraction (~10 ~2) of the optical intensity dis-
tribution which overlaps with the QW crescent. This
small overlap leads to small effective model gains which,
in turn, result in high carrier densities at threshold. Re-
ducing the amount of band filling would result in stimu-
lated emission from lower subband levels. This can be
accomplished, e.g., by increasing the Al mole fraction y
(see Fig. 1) to improve the optical confinement, or by re-
ducing the optical cavity losses in order to reduce the
gain at threshold.

In summary, we reported the first observation of
stimulated emission in quasi-one-dimensional semicon-
ductor quantum wires. Amplified spontaneous emission
and stimulated emission due to transitions between the
quantum wire subbands were observed at room tempera-
ture. The measured energy separation of these subbands
agrees with the predictions of a model based on high-
resolution transmission-electron-microscopy analysis of
the quantum wires. The demonstration of stimulated
emission in quantum wire heterostructures adds an im-
portant aspect to the study of the optical properties of
low-dimensional systems and opens new directions in the
field of semiconductor lasers.
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FIG. 1. Cross sections of GaAs/AlGaAs quantum wire het-
erostructure.  (a) Schematic illustration; (b) dark-field
transmission electron micrograph.



