than it would be if the ocean circulation
remained constant (=139 Pg C in 2 X
CO, simulation and —497 Pg C in the 4 X
CO, simulation), and it has an uncertain-
ty of plus or minus several hundred peta-
grams because of our limited understand-
ing of the biological response.
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Red-Emitting Semiconductor
Quantum Dot Lasers

S. Fafard,” K. Hinzer, S. Raymond, M. Dion, J. McCaffrey,
Y. Feng, S. Charbonneau

Visible-stimulated emission in a semiconductor quantum dot (QD) laser structure has
been demonstrated. Red-emitting, self-assembled QDs of highly strained InAlAs have
been grown by molecular beam epitaxy on a GaAs substrate. Carriers injected electrically
from the doped regions of a separate confinement heterostructure thermalized efficiently
into the zero-dimensional QD states, and stimulated emission at ~707 nanometers was
observed at 77 kelvin with a threshold current of 175 milliamperes for a 60-micrometer
by 400-micrometer broad area laser. An external efficiency of ~8.5 percent at low
temperature and a peak power greater than 200 milliwatts demonstrate the good size
distribution and high gain in these high-quality QDs.

Semiconductor quantum well laser diodes
based on two-dimensional density of states
are technologically important because of
their high power, high efficiency, and
wide tunability (I). Recently, a break-
through in nano-optics research has per-
mitted the direct growth of semiconductor
QDs (2, 3). These QDs have discrete zero-
dimensional (0D) energy levels and can be
thought of as artificial atoms (4—16). In
much the way water vapor condenses into
droplets on a piece of glass, in the Stran-
ski-Krastanow growth mode during the
molecular beam epitaxy (MBE) of highly
strained material, small defect-free islands
of uniform size form. If a low band gap
semiconductor is embedded in higher
band gap material, quantum confinement
in all three directions results. This spon-
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taneous island formation has been exploit-
ed to produce self-assembled QDs with a
variety of 1I1I-V semiconductors.

For most materials studied, emission
from self-assembled QDs is in the infrared
(IR), but radiative recombination in the
red part of the visible spectrum has also
been achieved (4, 10). These high-quality
nanostructures feature a variety of inter-
esting properties such as extremely sharp
homogeneous linewidths (4, 5, 7, 10, 14),
invariant lifetimes and linewidths for tem-
peratures up to the onset of the thermi-
onic emission (14) state-filling and excit-
ed-state emission (6, 8, 12, 13, 16), and
distinctive carrier dynamics and phonon
interactions (8, 15). Moreover, the one-
step in situ fabrication process of these
self-assembled QDs makes them techno-
logically compatible with current device
structures.

Theory predicts that QD laser struc-
tures should have higher gain, lower



L e = REPORTS |

threshold currents, and a weaker temper-
ature dependence compared with quantum
wells. However, more severe energy and
momentum conservation rules are im-
posed by the atomic-like density of states,
so carrier injection and thermalization
toward the lower states could be less effi-
cient. Carrier relaxation toward the
ground states occurs predominantly be-
tween levels that are separated by only a
few millielectron volts, through longitudi-
nal acoustic phonon emission, or at ener-
gies within a few millielectron volts of the
longitudinal optical phonon energy. At
higher carrier concentrations, relaxation
by Coulomb scattering through an Auger-
like process has also been considered to
play a significant role in the thermaliza-
tion process (17). This relaxation mecha-
nism is expected to be efficient for dense
electron-hole plasmas that are generally
present under lasing conditions in semi-
conductor lasers. Such thermalization pro-
cesses could therefore be particularly im-
portant for small QDs in which the pho-
non scattering rates might be lower be-
cause of the greater intersublevel spacing
between the electron or the hole states.
For these reasons, structures with QDs
have generated interest as a new class of
artificially structured materials with tun-
able energies (by varying the composi-
tions, sizes, and strain of the dots) that are
ideal for use in laser structures.

Very recently, InGaAs has been used to
produce IR-emitting QD lasers (18-21). For
applications requiring shorter wavelengths,
emission in the red can be obtained by use of
a higher band gap material such as InAlAs.
Short-wavelength laser diodes present addi-
tional challenges because the available con-
finement potential between the barriers in
the active region and the doped contact
layers is reduced. We demonstrate here that
red-stimulated emission can be obtained
from self-assembled QDs grown in a laser
diode cavity. The role of carrier injection in
achieving this result is also investigated.

The samples were grown by MBE on an
n-doped GaAs(100) substrate. The Stran-
ski-Krastanow growth mode was used to
produce one layer of QDs in the active
region of a separate confinement hetero-
structure (Fig. 1, A and B). The structure
consists of a thick (~2 pm) n*
Aly35Gage;As contact  layer,  an
Al 50Gay ,0As bottom cladding layer with a
lower doping and smaller band gap, and the
active region. The active region is made of
a 16-nm undoped Al,,;Ga,;sAs on each
side of the QD layer, which consisted of 4.5
monolayers (ML) of Iny ¢,Al, 56As grown at
530°C. The symmetric step-graded cladding
and contact layers with p-doping terminate
the structure with a p* GaAs cap. A cross-

sectional transmission electron micrograph
(TEM) of the active region (Fig. 1C) re-
veals a relatively high density of InAlAs
islands of rounded shape, with a base diam-
eter of ~20 nm and a thickness of ~6.3 =
1.0 nm. The morphology is therefore com-
parable to what has been obtained with
other similar self-assembled QDs (10).
The TEM micrograph shows that the
growth front returns to a planar mode after
only a few nanometers of Aly,sGag;5As
above the QDs to produce an atomically
flat interface at the upper Aly,sGa, ;5As/
Aly30Gag 70As heterojunction. The p-i-n
structure was processed into a broad area
laser with two cleaved uncoated facets to
form a laser cavity 400 wm in length, with
a metallization width of 60 pm. Ohmic
contacts were formed on the n* and p*
sides. Under forward bias, as depicted in Fig.
1, A and B, electrons and holes are injected
into the QD active region, which results in
electroluminescence (EL) or, at high cur-
rents, lasing emission (that is, spontaneous
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Fig. 1. Schematic view of (A) the geometry and (B)
diagram of the conduction band (CB) and valence
band (VB) of a broad area laser diode based on
self-assembled semiconductor QDs. The metal-
ization on top of the 400-pm-long cavity is 60 pm
wide. The electrons (—) and holes (+) are injected
in the active region with a forward voltage (V) and
current (/). (C) TEM cross-sectional view of the
active region, which reveals the Al 3¢INg 4AS QDs
(dark) at the center of the Al ,5Gag 75AS (pale),
and with the Aly ,5Gag 75AS/Aly 3Gag 7AS interfac-
es (line above and below).
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and stimulated emission, respectively).

At 77 K, for very low injection currents,
the EL emission is centered at a wavelength
N = 725 nm (1.710 eV) with a Gaussian line
shape of ~60 meV at its full width at half
maximum (FWHM). This spectrum is simi-
lar to the photoluminescence (PL) spectrum
(not shown) obtained with nominally equiv-
alent QDs grown in a n-i-n structure de-
signed for a separate optical investigation. It
is also comparable to the PL spectra obtained
with self-assembled QDs displaying efficient
photocarrier thermalization and no observ-
able excited-state emission at low excitation
intensity. The inhomogeneously broadened
Gaussian EL line shape is therefore attribut-
ed to the emission from injected carriers
thermalized in the statistically distributed
ground states of the probed QD, which vary
in energy because of small variations in size,
composition, and strain. If we assume a QD
coverage of ~50% of the plane (which is
roughly that estimated from the TEM cross
section), the number of QDs into which
carriers are injected is about ~107.

With such a large ensemble, it is not
possible to observe the very sharp homoge-
neous EL emission line of each individual
QD (4). To reveal the intrinsic sharpness of
the emission from each QD, we gated the
structure with an opaque electrode with a
small (a few square micrometers) opening
in its center. The detected EL, which orig-
inates from a much smaller number of QDs,
is shown in Fig. 2 for various applied volt-
ages. As observed, a number of sharp spec-
tral features of similar amplitude appear
with FWHM ranging from 200 to 500 peV.
Each sharp feature corresponds to the EL of
a few QDs emitting at similar wavelengths.
This demonstrates the OD-nature of the
energy levels in which the electrically in-
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Fig. 2. Low-temperature (4.2 K) EL spectra ob-
tained at various applied voltages on the QD laser
sample gated with an opaque electrode having an
opening of a few square micrometers that is used
to delineate the number of QDs probed. The sharp
emission lines reveal the discrete nature of density
of states of the individual QDs.
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jected carriers thermalize and recombine.
The small energy shift of the sharp lines
associated with the different biases can be
attributed to the quantum-confined Stark
effect.

The 77 K emission from the broad area
laser structure, driven with forward bias
pulses having a duty cycle of a fraction of
percent, is shown in Fig. 3. For currents
<10 mA, the EL line shape is Gaussian and
centered at 725 nm (lowest curve of Fig.
3A). With increasing currents, it becomes
asymmetric with a shift of the peak position
toward the higher energies. At ~175 mA
(current densities ] ~ 700 A/cm?), a stim-
ulated emission peak appears on top of the
asymmetric EL peak. As the current is in-
creased further, the laser cavity supports
multiple longitudinal modes, and several
sharp lasing peaks appear near 707 nm
(1.754 V). These can be seen more clearly
in the semilogarithmic plot of Fig. 3B for a
current of 600 mA (J = 2500 A/cm?) and a
peak laser output power of 44 mW.

For each longitudinal mode, a different
subset of the QD ensemble provides the
optical gain. Also, the ~40-meV blue shift
observed between the low-current Gaussian
EL spectra and the asymmetric spectra at
threshold is most likely attributable to a
change from emission from the QD ground
states, at low currents, to emission from the
QD excited states, at threshold where the

1A
Stimulatedi“
- emission ‘l E

10,000{ B '

Laser output (arbitrary units)

1,000 a
: I 3

- R

T T T T
690 700 710 720 730
Wavelength (nm)

—

740 750 760
Fig. 3. The (A) EL and (B) multimode lasing spec-
tra at 77 K of the red-emitting INAIAs/AlGaAs QD
laser for various forward biases. The emission
changes from spontaneous to stimulated as the
injection current is increased above a threshold of
175 mA (J,, ~ 700 A/cm?). The optical gain for the
various lasing modes is provided by a different QD
subset in the ensemble of ~107 QDs in which
carriers are injected.
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larger number of injected carriers are filling
the QD ground states. The 40-meV shift
would then correspond to the sum of the
electron and the hole intersublevel spacings
between two adjacent allowed optical tran-
sitions. Similar state-filling effects have been
observed in PL spectra of QDs excited opti-
cally (8, 12, 13, 16). Furthermore, the side
peak observed at X = 724 nm (1.713 eV)
under lasing conditions (Fig. 3B) matches
the peak position of the ground-state
emission that is observed at very low in-
jection currents (lowest curve of Fig. 3A).
Other devices fabricated from the same
wafer gave spectra equivalent to those pre-
sented in Fig. 3, including the weaker peak
at A = 725 nm in the lasing spectra. This
result suggests that the stimulated emis-
sion at 707 nm originates from the QD
excited states and that the weaker peak at
724 nm originates from the filled QD
ground states.

The luminescence properties of the QD
laser structure can be compared with the
emission from samples grown with thinner
strained Ing oAl 50As layers. For a struc-
ture grown with only 2 ML of Ing Al 5 As
(that is, thinner than the thickness at
which the spontaneous islanding is expect-
ed to occur), the EL spectra at low injection
current (not shown) displayed a well-de-
fined quantum-well peak at N = 678 nm at
77 K. The broad area laser structure based
on this very thin quantum well produced
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Fig. 4. Lasing properties of the red-emitting QD
laser at 4 K as a function of the injection current for
forward-bias pulses. (A) Peak power emitted from
one facet; (B) two-facet electrical-to-optical con-
version efficiency e, with and without corrections
for the power losses in the residual 1.6-ohm con-
tact resistance.
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stimulated emission at 4 K for an injection
current roughly four times greater than that
of the QD laser. The stimulated emission
originated from the bulk Al ,sGa, ,5As (at
N = 658 nm, hv = 1.884 eV) just above
threshold (800 mA) and from the thin
quantum well (at A ~ 670 nm, hv ~ 1.851
eV) for higher currents (900 mA).

For currents greater than ~1.2 A, some
weak residual QD emission was observed.
This suggests that the 2-ML deposition cor-
responds to the early stages of the island
formation where a thin quantum well sprin-
kled with islands of low density and good
uniformity can be expected (2). From its
gain properties, we can deduce that another
sample with a slightly thicker deposition of
2.5 ML had a higher density of islands.
Indeed, the low-current behavior at 4 K for
the structure based on a 2.5-ML deposition
was similar to that observed with the 4.5-
ML laser structure: the spontaneous and
stimulated emission were originating from
the QDs exclusively with a lasing threshold
of ~200 mA. However, the radiative re-
combination observed at higher tempera-
tures or higher currents, or both, indicates
that the injected carriers transit for a rela-
tively longer time in the wetting layer and
the bulk Al,,5Gay55As in the case of the
2.5-ML deposition. When the current was
increased to 1.5 A at 4 K, in addition to the
QD lasing at A = 703 nm (hv = 1.764 eV),
weaker peaks originating from the bulk
Al ,5sGay 5As and from the wetting layer
appeared at N = 670 and 658 nm, respec-
tively. At 77 K the 2.5-ML sample dis-
played the QD, wetting layer, and bulk
Aly,5Gag ,5As peaks below threshold. The
lasing properties obtained with these thin-
ner Ing oAl 36As layers are therefore in
contrast to the 4.5-ML QD laser structure
for which no bulk or wetting layer emission
could be observed for any currents at 4 or 77
K. This result indicates that, if the density
of QDs is large enough, all the injected
carriers are captured and thermalize effi-
ciently in the QDs.

We investigated the efficiency of the
broad area QD laser at 4 K by monitoring the
output power emitted from one of the cleaved
facets as a function of injected current for
pulsed excitation with a duty cycle of a frac-
tion of a percent. Figure 4A shows the output
power, and Fig. 4B shows the external effi-
ciency for injection currents up to 2 A. The
threshold current was 560 Afem?, and the
differential efficiency above threshold was 0.2
mW/mA. The one-facet power output
reached 200 mW at 1.9 A. From the current-
voltage characteristic, a residual series resis-
tance of 1.6 ohms is deduced, so, if we correct
for the power loss in this resistance, the net
external quantum efficiency (for both facets)
is ~8.5%. This result indicates that the inter-



nal gain in the individual QDs is high and
that the captures and thermalization of the
injected carriers must be efficient because the
QD coverage is at most 50% and, because of
the inhomogeneous broadening of 60 meV,
only a small fraction (estimated to be 5%) of
the QDs can emit at the lasing energy. The
threshold current density of the QD laser
changed little between 4 and 77 K but in-
creased quite rapidly above 80 K. This de-
crease in the QD laser efficiency at higher
temperature is most likely due to a nonopti-
mized laser design. For example, thermal
quenching of the PL in self-assembled QDs is
caused by thermionic emission of the carriers
above the confining barriers (14). Therefore,
an increase in the confinement of the injected
carriers that have thermalized in the QDs and
in the separate confinement regions of the
structures would increase the maximum oper-
ating temperature.

The inhomogenous energy broadening
associated with the size, composition, and
strain variations typical for self-assembled
QDs is not too large to destroy the optical
gain. With a large enough density of self-
assembled QDs, the higher gain associated
with the 0D density of states compensates for
the unused QDs having an emission energy
different from the stimulated emission ener-
gy that is supported by the lasing cavity. The
60-meV broadening might therefore offer a
wider range of optical gain, which could be
exploited in the case of a tunable laser diode
structure. Such a uniformity requirement is
casily achieved with the spontaneous island-
ing. However, because of the atomic dimen-
sions involved, it is also unlikely that the
present uniformity will be much exceeded. It
would be difficult to achieve much higher
densities of monochromatic QDs to further
improve the conversion efficiency of single-
layer QD lasers. However, the prospect of
increasing the total number of active QDs by
exploiting  strain-induced  self-organizing
mechanisms to grow a stack of several layers
of uniform QDs appears to he a promising
approach (19-22).
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Chemiluminescence in the Agglomeration
of Metal Clusters

L. Kénig, |. Rabin, W. Schulze, G. Ertl*

The agglomeration of copper or silver atoms in a matrix of noble gas atoms to form small
clusters may be accompanied by the emission of visible light. Spectral analysis reveals
the intermediate formation of electronically excited atoms and dimers as the source of
the chemiluminescence. A mechanism is proposed, according to which the gain in
binding energy upon cluster formation may even lead to the ejection of excited fragments
as a result of unstable intermediate configurations. A similar concept was introduced in
the field of nuclear reactions by Niels Bohr 60 years ago.

Exothermic chemical reactions may be ac-
companied by chemiluminescence. In these
reactions, the released energy is not adia-
batically damped into the heat bath of the
surrounding medium but rather is stored in
an excited state of the product; decay from
this excited state to the ground state is
associated with light emission. In the course
of our studies into the formation of metal
clusters, we discovered, under specific con-
ditions, the emission of visible light, as well
as evidence for the production of electron-
ically excited atoms and dimers.

The effect was discovered in an exper-
imental arrangement comprising a cluster
source based on the gas aggregation tech-
nique. Metal atoms thermally evaporated
from a Knudsen cell are transported by a
stream of noble gas into a nucleation zone,
where cooling of the gas stream by the
cold walls leads to homogeneous nucle-
ation and growth of clusters. The cluster
size distribution can be varied from 2
(dimers) to about 10* atoms per cluster (1)
by changing the experimental conditions.
The clusters leaving the source together
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with large quantities of the carrier gas can
be subjected to various experiments and
are eventually trapped at the walls of a
cryopump cooled by liquid He, where a
cluster-doped noble gas matrix is formed
at high deposition rates.

In the course of such experiments with
small clusters of Cu, Ag, or Au, the emis-
sion of light from the growing layers was
visually observed under specific conditions.
The intensity depended on matrix temper-
ature and metal concentration.

To study these effects in detail, we mod-
ified the cluster source to allow the forma-
tion of matrices on a quartz window of a
cryostat with an unusually high gas deposi-
tion rate (about 10'® atoms s™' em™?) and
with a gas-to-metal ratio exceeding 5000.
The growth rate of the matrix was about 1
cm hour ™!, so that rather thick layers were
formed. As a consequence, the gas loss due
to re-evaporation was negligible during
warm-up experiments, even at 50 K. Under
these operating conditions, mainly atoms
and dimers are produced by the cluster
source. The emitted light was analyzed by a
monochromator coupled to a CCD (charge-
coupled device) detector system. Possible
influences by spurious effects were carefully
checked: We eliminated the possibility of
energy supply by electrons or ions from the
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