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This paper describes improvements that have been achieved in the optical properties

of self-assembled InGaAs quantum dots and the high performance of quantum-dot
lasers that incorporate these improvements. We found that spectra broadening was
reduced and emission efficiency was improved by alternately supplying small amounts

of InAs and GaAs on GaAs substrates to grow quantum dots using both metalorganic
vapor phase epitaxy and molecular beam epitaxy. The narrow spectra and high emis-
sion efficiency improve the practical performance of dot lasers. A threshold current of

5.4 mA, a current density of 160 A/cm 2, and an output power of 110 mW were achieved

in continuous wave operation at 25°C.

1. Introduction

Three-dimensional quantum confinement of
electrons, holes, and excitons in semiconductor
microcrystals known as quantum dots is predict-
ed to produce new physical phenomena’? and
improve optoelectronic devices significantly.®-®
The atom-like state density in quantum dots as-
sociated with three-dimensional confinement of
electrons and holes” would cause an increase of
optical gain and limit thermal carrier distribution.
Therefore, the use of quantum dots for semicon-
ductor lasers as an active region is expected to
provide a remarkable reduction of threshold cur-
rent and temperature sensitivity. During prima-
ry research based on predictions in the early
1980s, quantum dots have been created by com-
bining lithography and regrowth on a processed
substrate.®® The artificial techniques, however,
suffer from nonuniform dot size, poor interface
quality, and low numerical density. High unifor-
mity is required to achieve the atom-like state
density of a dot ensemble. A high optical quality
and high numerical density are required to ob-

tain a large gain. Quantum dot lasers using arti-
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ficial techniques, therefore, showed a high thresh-
old current density (7,600 A/cm? at 77 K).1?

The strain-induced self-assembling tech-
nique was a breakthrough in the fabrication of
quantum dots.'? Self-assembled quantum dots
have uniform sizes, high numerical densities, and
high emission efficiencies, none of which have been
realized in the previous artificial techniques. The
growth technique has been successfully applied
to Si,'? SiGe,'® InAs,' InGaAs,®1® InP,'» GaSb,?"
InSb,?Y CdSe,?® and GaN?® dots. Most well-known
self-assembled dots are three-dimensional islands
on a growth surface formed via the Stranski-
Krastanov mode (SK dots), where the islands grow
after the strain energy exceeds the critical limit
of a two-dimensional structure (wetting layer).
Using the InGaAs SK dots, the threshold current
of dot lasers was reduced,?® and since then, it has
been further improved year by year.?>-2® However,
the predicted laser performances have not yet been
achieved, because the size uniformity, numerical
density, and emission efficiency of the self-assem-
bled dots require further improvement.

This paper describes the high-performance
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characteristics of quantum-dot lasers that were
achieved by improving the properties of self-as-
sembled dots. We used metalorganic vapor phase
epitaxy (MOVPE) and molecular beam epitaxy
(MBE) to grow the quantum dots, and found that
the uniformity and emission efficiency were im-
proved by growing dots through an alternate sup-
ply of InAs and GaAs on GaAs substrates. Using
this growth technique in MBE, we achieved a
record low threshold (5.4 mA) and a record high
output power (110 mW) in edge-emitting quan-
tum-dot lasers.

2. Growth of Self-assembled Quantum

Dots
2.1 MOVPE growth

We grew self-assembled quantum dots with
an alternate supply of precursors using a growth
sequence of atomic layer epitaxy in a MOVPE
chamber. The MOVPE system was designed for
pulse jet epitaxy, in which source gases are sup-
plied in a fast, pulsed stream.'®2?® The source
materials are trimethylindium-dimethylethy-
lamine adduct (TMIDMEA),?? trimethylgallium
(TMG), and arsine (AsH;). The growth tempera-
ture was 460°C. We performed 14 to 18 cycles of
In-Ga-As alternate supply separated by H, purg-
ing pulses on a GaAs buffer layer on a (001)GaAs
substrate. To obtain a high emission intensity,
the TMIDMEA amount for one cycle was opti-
mized at a 0.5 monolayer (ML) and the TMG
amount was optimized at a 0.06 ML. Because of
the unique growth sequence, we named this type
of dot the “ALS (alternate supply) dot.” The struc-

Figure 1
Cross-sectional TEM image of ALS dots.
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ture of the ALS dot is quite different from that of
the SK dot.

Figure 1 shows a cross-sectional transmis-
sion electron microscopy (TEM) image of ALS dots
which illustrates their unique structure. The fig-
ure shows InGaAs ALS dots surrounded by an
InGaAs quantum well layer. The dots are about
10 nm high and 20 nm in diameter. The dot size
is small enough for quantum-size effects (Bohr ra-
dius is about 20 nm in this material system).?V
The indium composition of the dots and the sur-
rounding quantum well were determined to be 0.5
and 0.1, respectively, by energy-dispersive X-ray
microanalysis (EDX) with a spatial resolution of
1 nm. The areal coverage of the dots was 5 to
10%. The quantum well surrounding the dots has
the same thickness as the dots and is more than
10 times thicker than the wetting layer of SK dots.
The height of the ALS dots is half of their diame-
ter, whereas the height of SK dots is less than a
quarter of their diameter. The structural differ-
ences suggest that the growth mechanism of the
ALS dots differ from the SK mode.

From the unique structure, we suppose that
the ALS dots were formed as a compositional non-
uniformity during a two-dimensional growth or
segregation in bulk. The flat surface cannot be
explained by assuming a three-dimensional
growth. The growth temperature (460°C) and
growth rate (1 monolayer per 10 s) were signifi-
cantly smaller than those of ordinary MOVPE or
MBE growth. The small growth rate and growth
temperature enhance the surface-migration
length of adatoms, leading to two-dimensional
growth.?? Even if the In- or Ga-metal islands
formed during the group-III atom’s supply, the
metal islands can deform to a monolayer struc-
ture during the group-V atom supply since the
amount of group-III atoms in one supply cycle was
for single or lower coverage.®® It is possible that
atoms move to form microcrystals which reduce
the enthalpy, since an (InAs),/(GaAs); bulk mono-
layer superlattice is intrinsically unstable against
phase segregation.®®
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The optical characteristics of the ALS dots
are more suitable for laser applications than those
of ordinary SK dots. Figure 2 compares the pho-
toluminescence (PL) spectra of the ALS dots and
SK dots grown by MBE. The PL measurements
were performed with a 647.1 nm Kr* ion laser.
Luminescence from the sample surface was mono-
chromed by a 50 cm monochrometer and detected
by a PbS detector using a conventional lock-in
technique. From the figure, we can see that spec-
tra broadening is smaller in the ALS dots than in
the SK dots. The full width at half maximum
(FWHM) of the ALS dots is 30 meV, while that of
the SK dots is 80 to 100 meV. Since the state den-
sity of a single dot is delta-function-like, the spec-
tra width reveals an inhomogeneous broadening
of energy in the dot ensemble. Therefore, the re-
sult suggests that the ALS dots are more uniform
than the SK dots. The emission wavelength of
the ground level was longer for the ALS dots than
for the SK dots. The ALS dots emit in the 1.3 pm
region, which is practical for a fiber telecommu-
nication system. We presume that the compara-
tively large height of the ALS dots makes the sub-
level energy less sensitive to variation in dot
height in the monolayer and also enables long-

wavelength emission.
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Figure 2
PL spectra of the ALS dots and SK dots.
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As for optical quality, the ALS dots are also
better than the SK dots. Figure 3 shows the PL
intensity (normalized to the low-temperature val-
ue) as a function of temperature. The PL intensi-
ty of the SK dots grown by MBE is shown as a
reference. The figure shows that the PL intensity
of the ALS dots decreased by approximately one
order of magnitude as the temperature was in-
creased to 300 K. By contrast, the intensity of the
SK dots decreased by almost three orders of mag-
nitude. There seems to be a critical temperature
(about 150 K) where the slope inclination changed,
suggesting that there were at least two sources of
the PL intensity reduction in the SK dots.

The reasons for the superior PL intensity of
the ALS dots over the SK dots may be due to their
unique growth process. One reason is presum-
ably the better interface quality around the ALS
dots. The interface around the ALS dots is am-
biguous since the dots were possibly self-formed
during two-dimensional growth. The interface of
the SK dots is abrupt since it is the border be-
tween the growth islands and the over-grown lay-
er. Another reason is possibly in-situ annealing
during the slow growth of the ALS dots. The
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Figure 3

PL intensities of ALS dots and SK dots as function of tem-
perature.
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growth rate is significantly low. Since the growth
temperature of 460°C is lower than the tempera-
ture at which arsenic desorption occurs at the
growth surface,? some defects leave from the sur-

face during the slow growth.

2.2 MBE growth

Dots with a high uniformity and high emis-
sion efficiency were also grown in a solid source
MBE chamber by alternately supplying InAs and
GaAs on a (001)GaAs substrate. The amount of
source materials for one cycle differed from that
for the ALS dots. The eight cycles of 0.7 ML InAs
and 3 ML GaAs were performed after a single 1.8
ML InAs supply. The growth temperature was
510°C. Figure 4 shows the resultant self-assem-
bled quantum dots. In the figure, we can see two
dots having a columnar shape. Because of the
shape of this structure, we named these types of
dots “columnar dots.” Both the diameter and
height of the columnar dots were about 15 nm.
The areal coverage of the dots was 10 to 20%.
Figure 4 also clearly shows the multiple wetting
layers produced during each InAs supply. We
therefore suppose that the growth mechanism of
columnar dots differs from that of ALS dots. We
consider that the columnar dots are a type of close-
ly stacked dot, whereas the SK dots are stacked

with a thin intermediate layer so as to couple elec-

Figure 4
Cross-sectional TEM image of two columnar dots.
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trically.?”-%® From the growth condition (and be-
cause there is no clear multiple structure in the
columnar dots), we assume that the islands pro-
duced during each InAs supply contact directly.
Such a structure differs from ordinary closely-
stacked dots.

Figure 5 compares the PL spectra of the co-
lumnar dots with those of the SK InAs dots and
previously reported closely-stacked dots grown by
stacking 1.8 ML InAs dots with 3 nm GaAs inter-
mediate layers.*” The emission wavelength of the
ground level of the columnar dots was 1.17 pm
and that of the second level was 1.1 pm. An emis-
sion peak related to the multiple wetting layers
was observed at 1.01 pm. The emission wave-
length of the wetting layers was longer than that
of the SK dots. The wavelength of the single SK
dots was 0.92 pm. We suppose that the emission
wavelength is longer because the multiple wet-
ting layers of the columnar dot were coupled elec-
trically.

Two points deserve special attention in
Figure 5. First, the emission intensity of the co-
lumnar dots is equal to that of the SK dots and
quite improved compared to previously reported
closely-stacked dots, which hardly emitted at room
temperature. The PL intensity in the closely-
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Figure 5

PL spectra of the columnar dots, SK InAs dots, and closely
stacked dots.
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stacked dots at room temperature was less than
one thousandth of the intensity at 77 K. Second,
the columnar dots have a narrower spectrum
width than the SK dots. Due to the existence of
excited levels, the improvement is not very obvi-
ous, but the peak width of the ground level is al-
most half that of the SK dots. The half width at
half maximum (HWHM) in the spectrum is 20 to
25 meV for the ground level, which is significant-
ly smaller than the 45 meV of the ordinary single
SK dots (but larger than that of the ALS dots).
The narrower spectrum suggests that the colum-
nar dots have a better uniformity than the SK dots.
We conjecture that the thick dot structure, as in
the ALS dots, reduces the sensitivity to variation
in dot height.

3. Performance of Quantum-dot Lasers
3.1 ALS-dot lasers
Figure 6 schematically shows the fabricat-
ed laser structure. An n-GaAs buffer layer (0.5
pm), an n-InGaP cladding layer (1.0 pm), a non-
doped active layer (0.2 pm), a p-AlGaAs cladding
layer (1.0 pym), and a p-GaAs cap layer (0.5 pm)
were grown on a (001) n-GaAs substrate. Broad
contact lasers with a cavity length of 900 pm were
fabricated using this laser structure.
Measurements were done at 80 K by current
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Figure 6
Schematic of the ALS-dot laser structure.
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injection under a pulsed condition (pulse width:
500 ns, repetition rate: 10 kHz). Figure 7 shows
the electroluminescence (EL) spectra for various
injection currents. The light output versus inject-

ed current characteristics are shown in Figure 8.
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Figure 7
EL spectra of ALS-dot laser for various injection currents.
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L-l characteristics of ALS-dot laser. Lasing spectrum is
shown in inset.
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Figure 9
Schematic cross section of columnar-dot laser.

The peak broadening in the shorter wavelength
region, which develops as the injection current is
increased, is due to excitation of the sublevels.
Band filling was observed with the current injec-
tion. The spectral intensity of each sublevel re-
flects the degeneracy of quantum levels, and the
spacing of about 60 meV between the sublevels
coincides with the theoretical estimation for the
size of our quantum dots, in which a parabolic
confinement potential is assumed.'® We achieved
laser oscillation at a threshold current of 1.1 A.
Based on the near-field pattern, we estimated that
the width of the current injection area was 150
nm, which gives a current density of 815 A/cm? at
the observed 1.1 A threshold current. This cur-
rent density is one-order of magnitude smaller
than that of lasers built using artificially fabri-
cated dots. As shown in the inset of Figure 8, the
lasing wavelength was 911 nm. Considering that
the compositional wavelength of the InGaAs bar-
rier layer at 80 K is shorter than 850 nm, the la-
ser oscillation is from a high-order sublevel of the
ALS dots.

The observed EL spectra also indicate that
the lowest level, at around 1.25 pm at 80 K, is
filled with an extremely low current injection lev-
el (below 50 mA). This suggests that ultra-low
threshold current density operation could be re-
alized in quantum dot lasers. The laser oscilla-
tion occurred at a high-order sublevel of the quan-
tum dots. This may be because the optical gain

was small due to the low areal coverage and sin-
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L-1 characteristics of columnar-dot laser at 25°C. Both
facets were as-cleaved.

gle dot layer. The numerical density of the ALS
dots was about 5%, and multiple stacking of dot
layers has not yet been achieved. Increasing the
areal coverage and the number of dot layers would
lead to lasing at a lower sublevel, resulting in ex-
cellent performance. A high areal coverage and
multiple dot layers have been achieved in the co-
lumnar dots.

3.2 Columnar-dot lasers

Double heterostructure lasers with two (N =
2) columnar-dot layers were fabricated. The sche-
matic of the laser structure is shown in Figure 9.
The laser structures were grown on a (001) n-GaAs
substrate followed by a 1.4 pm n-Al, ,Ga, ;As clad-
ding layer, a quantum-dot active layer, a 1.4 pm
p-Al, ,Ga, (As cladding layer, and a 0.4 pm p-GaAs
contact layer. The columnar-dot layers were sep-
arated by a 30 nm GaAs layer and sandwiched by
GaAs separate confinement heterostructure
(SCH) layers. We formed 3 pym-wide and 1.2 pm-
high ridge structures by chemical etching. The
cavity lengths (L) were 300 pm and 900 pm.

Room temperature continuous wavelength
(CW) operation was achieved with a laser having
L =900 pm. Figure 10 shows the light output
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Threshold current of columnar-dot laser as a function of
temperature.

versus current characteristic. The threshold cur-
rent was 31 mA,*® which is more than one order
of magnitude smaller than that of our SK-dot la-
sers with the common laser structure (520 mA).2"
The lasing spectrum is shown in the inset of
Figure 10. Comparing the lasing wavelength with
the PL wavelength (Figure 5), we assigned the
lasing level to the second level. A high output pow-
er of 42 mW was obtained at an injected current
of 150 mA. The external quantum efficiency, ng,
was 36%, which did not decrease much as the tem-
perature was increased (N, = 30% at 70°C). From
the value at 25°C, we roughly estimated the in-
ternal loss of the laser structure. The differential
internal efficiency (1;) has been reported as being
70% for an In, ;Ga, ;As quantum-dot laser and 81%
for an In,;Ga,,As quantum-dot laser.2® Assum-
ing that the reflectivity of the cleaved facet was
30% for the columnar-dot laser, the internal loss
is calculated to be about 3.5 cm™ with n; = 90%,
and about 5.5 cm™® with n; = 100%. Therefore, we
can expect to achieve an ultra-low internal loss
and a high differential internal efficiency in the

columnar-dot laser.
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L-I characteristics of columnar-dot lasers with L = 300
and 900 pm and HR coating on both facets.

Figure 11 shows the temperature depen-
dence of the threshold current. An excellent char-
acteristic temperature (T,) of about 500 K was
obtained at low temperature. The T, of 69 K was
obtained between 180 K and 240 K, at which point
the threshold current increased following the las-
ing level shift from the ground level to the second
level. At near room temperature, the T, was over
80 K, which is about twice that of our SK-dot la-
sers.?” However, the value near room tempera-
ture is significantly smaller than the expected
value for quantum-dot lasers. We assume that
there are two factors dominating the temperature
characteristics. The first one is related to the PL
intensity. The PL intensity is dependent on tem-
perature, especially in the high-temperature re-
gion, reflecting the decrease in the emission effi-
ciency. This decrease in emission efficiency
requires the additional injection of carriers into
the quantum dots, which results in a proportion-
al increase in the threshold current. The second
factor is the thermal excitation of carriers to the
second sublevel. The energy separation between

the ground level and the second level is 45 meV.
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As shown in Figure 5, the carrier distribution to
the second level cannot be neglected at room tem-
perature. To further improve the temperature
characteristics, we must optimize the energy sep-
aration between the sublevels of quantum dots as
well as improve the emission efficiency.

An even lower threshold current and higher
output power were achieved from columnar-dot
lasers with HR-coated facets*®. For a laser with a
cavity length of 300 pm and HR coating on both
facets, lasing oscillation occurred at a threshold
current of 5.4 mA at 25°C (Figure 12). For a la-
ser with L = 900 pym and HR coating on both fac-
ets, we calculated that the threshold current den-
sity was as low as 160 A/cm? by assuming, based
on the near field pattern, that the current injec-
tion area was about twice the ridge width. The
lasing occurred at the ground level in these devic-
es. For a laser with L = 900 pym and HR coating
on one side of the facets, an output power of 110
mW was achieved (Figure 13). Even at 70°C, an
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L-I characteristics of columnar-dot laser with L = 900 pm
and HR coating on one facet at temperatures between
25 and 70°C.
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output power of 75 mW was obtained. To our
knowledge, such a low threshold current and high
output power have never been reported for edge-
emitting quantum-dot lasers.

Figure 14 shows the EL and lasing spectra
of lasers with as-cleaved facets and a cavity length
of 300 pm. Clear differences can be observed in
the spectra between 110 K and 298 K. At 298 K,
the threshold current is large, and the EL spectra
below threshold have an asymmetric shape. Near
room temperature, the threshold carrier density
is large because of nonradiative recombination and
thermal excitation of carriers. The EL peak shifts
to the shorter wavelength side as the injection
current is increased. The lower threshold currents
at lower temperatures lead to reduced broaden-
ing of the EL spectra, resulting in suppressed
emission from higher-order sublevels. The EL

E
8
b
‘D
c
2
=
Ll TR T T T O TN N TN T T 1 il 1
.95 1.0 1.05 1.10 1.15 1.2 1.25
Wavelength (um)
Figure 14

Lasing spectra and EL spectra of columnar-dot laser at
110 K and 298 K.
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spectrum at 110 K is nearly symmetric and is at-
tributed to the reduction of threshold carrier den-
sity and the suppression of thermal excitation of
carriers into higher-order sublevels. The thresh-
old current density is about 80 A/cm?, which is
about one order of magnitude smaller than that
of the ALS-dot laser.

Lasing occurred at many wavelengths at 110
K. This was not the multi-mode oscillation ob-
served in ordinary Fabry-Perot lasers. Various
quantum dots with different sizes and composi-
tions were simultaneously lasing, since the gains
in the various dots can reach the threshold due to
decreased nonradiative carrier recombination at
110 K. The wavelength span became smaller as
the temperature was increased. This result gives
a clear indication that each quantum dot is spa-
tially separated but optically coupled. Also, it sug-
gests the possibility that operation may be possi-
ble at even lower threshold currents if the
uniformity of the quantum dots is greatly im-
proved to enable lasing in narrower wavelength
ranges.

We suspect that the high uniform energy lev-
els and rare nonradiative emission in the colum-
nar dots were the decisive factors that enabled us
to achieve a high gain from a quantum-dot laser
structure. In addition, we think that the electri-
cally-coupled wetting layers increased the rate of
carrier injection into the dots by acting as a carri-
er reservoir. (We have discussed whether the close-
ly stacked wetting layers around the dots are elec-
trically coupled.) Carriers were possibly more
easily captured by the deep and wide wetting lay-
ers than by the single (and therefore, shallow) wet-
ting layer of SK dots. The deeper the wetting lay-
ers, the more strongly restricted is the thermal
carrier diffusion from the wetting layers to GaAs
layers. The good carrier capture efficiency con-
tributes to the high output power. Moreover, the
high areal coverage and multiple dot layers pro-
vide advantages over the ALS dots.

FUJITSU Sci. Tech. J.,34,2,(December 1998)

5. Conclusion

This paper reported on the low threshold
current and high output power of self-assembled
quantum-dot lasers. The uniformity and emission
efficiency of dots fabricated by MOVPE (ALS dots)
and MBE (columnar dots) were improved by grow-
ing the dots with alternate supply of InAs and
GaAs on a GaAs substrate. We showed that the
improved uniformity, emission efficiency, and nu-
merical density of these quantum dots greatly im-
prove the performance of quantum-dot lasers.
Using the columnar dots, we achieved the follow-
ing records for edge-emitting quantum-dot lasers:
a low threshold current of 5.4 mA, and a high out-
put power of 110 mW. The static performance of
quantum-dot lasers is comparable with that of
quantum-well lasers. One of the most important
issues regarding dot lasers for the near future is
1.3 um lasing. Since 1.3 pm emission of the ground
level has been achieved by ALS dots, we believe

that the alternate supply technique is promising.
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