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In this paper, we present a systematic study of the effect of growth parameters on the structural and
optical properties of InAs quantum dot~QD! grown under Stranski–Krastanov mode by molecular
beam epitaxy. The dot density is significantly reduced from 1.931010 to 0.631010 cm22 as the
growth rate decreases from 0.075 to 0.019 ML/s, while the island size becomes larger.
Correspondingly, the emission wavelength shifts to the longer side. By increasing the indium
fraction in the InGaAs capping layer, the emission wavelength increases further. At indium fraction
of 0.3, a ground state transition wavelength as long as 1.4mm with the excited state transition
wavelength of around 1.3mm has been achieved in our dots. The optical properties of QDs with a
ground state transition wavelength of 1.3mm but with different growth techniques were compared.
The QDs grown with higher rate and embedded by InGaAs have a higher intensity saturation level
from excitation dependent photoluminescence measurements and a smaller intensity decrease from
temperature dependent measurements. Finally, single mirror light emitting diodes with a QD
embedded in InGaAs have been fabricated. The quantum efficiency at room temperature is 1.3%,
corresponding to a radiative efficiency of 21.5%. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1476069#
-
tu

p
in
ic
s,

g
g

-
em
te
ic
fe
io
er

xy
ted
the

sti-
e,
wth
and

ion
s on

As
ed
cti-

ully
ay

ed
-

I. INTRODUCTION

Semiconductor quantum dots~QDs! have attracted con
siderable interest during recent years. These nanostruc
provide a three dimensional~3D! confinement potential for
the carriers and consequently have a discrete energy s
trum with d-like densities of states and ultranarrow ga
spectrum.1–3 They have already been utilized in electron
and optoelectronic devices, such as semiconductor laser4–7

light emitting diodes ~LEDs!,8–10 single electron
transistors,11 and more recently single photon emitters.12,13

QDs may also allow one to extend the emission wavelen
of GaAs-based devices to the telecommunication wavelen
range of 1.3;1.55 mm. This would be particularly interest
ing, owing to the essential advantages of GaAs-based s
conductor lasers over InP-based ones, such as lower
perature sensitivity, more mature material, and dev
process technology, and in particular, the large index dif
ence between GaAs and AlAs, which allows the fabricat
of high performance vertical cavity surface emitting las
~VCSELs!.

a!Electronic mail: fiore@dpmail.epfl.ch
6710021-8979/2002/91(10)/6710/7/$19.00
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Under Stranski–Krastanov~SK! growth mode, the for-
mation of quantum dots is driven by the strain during epita
growth of In~Ga!As on a GaAs substrate as the deposi
layer exceeds a critical thickness. Correspondingly
growth mode switches from a two dimensional~2D! growth
to a three dimensional growth. The strain is relieved ela
cally without introduction of crystal defects. The dot siz
areal density, and optical properties depend on the gro
parameters, such as growth temperature, growth rate,
group III over V ratio. The emission wavelength of In~Ga!As
QDs can be tuned between 1;1.7mm by varying the growth
conditions, thus covering the important telecommunicat
wavelength range, even though at present most studie
In~Ga!As QDs concentrate on 1.3mm. A common technique
to extend the emission wavelength to 1.3mm is to embed the
quantum dot in an InGaAs matrix rather than in a Ga
matrix. The red shift of InGaAs embedded QDs is attribut
to the increase of the dot height caused by spinoidal a
vated decomposition and to reduced strain.14,151.3mm lasers
with extremely low threshold current have been successf
demonstrated for InGaAs capped QDs. Another possible w
to obtain 1.3mm emission wavelength is to make large siz
dots by reducing growth rate.16 This technique has the ad
0 © 2002 American Institute of Physics
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6711J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Chen et al.
vantage of a smaller total amount of indium as compared
InGaAs embedded dots.

In this paper, we present a systematic study of the ef
of growth rate and InGaAs capping layer on the structu
and optical properties of InAs QDs. We demonstrate that
emission wavelength of In~Ga!As QDs can be extended t
1.4 mm. We compare the optical properties of QDs w
emission wavelength of 1.3mm obtained by the two differen
approaches mentioned above. Finally we report single mi
light emitting diodes~SMLED! with high quantum effi-
ciency.

II. EXPERIMENTS

The growth was conducted on a solid source molecu
beam epitaxy system equipped with an As cracker cell. T
InAs quantum dots were formed by continuously deposit
2.9 ML InAs on a GaAs~500 nm!/AlAs~20 nm! GaAs~100
nm! buffer layer on Si-doped~100! GaAs substrate and cov
ered either first with InGaAs or directly with GaAs~100
nm!/AlAs ~20 nm!/GaAs~10 nm!. The growth temperature i
535 °C for the InAs and 620 °C for the other layers. T
InAs growth rate was varied from 0.15 to 0.009 ML/s a
the 2D→3D growth mode transition was followed by mon
toring the change in thein situ reflection high energy elec
tron diffraction~RHEED! pattern. The indium flux was cali
brated at higher growth rate while the cell temperatures
the lower growth rate were deduced by thermal calculati
The background As2 pressure was maintained at 531027

mbar during the growth of all the layers.
Atomic force microscopy~AFM! measurements wer

performed on bare quantum dots. In that case, the gro
stopped after InAs deposition and the temperature
quickly lowered in order to freeze the islands. Transmiss
electron microscopy~TEM! was performed on capped qua
tum dot samples in a JEOL 2000FX microscope. Specim
were prepared in planar and cross-sectional geometry u
conventional mechanical polishing down to;20 mm and
then brought to electron transparency by ion milling. F
photoluminescence~PL! measurements, the samples we
excited with a Ti:sapphire laser (l5800 nm!. The signal was
spectrally dispersed by a grating monochromator and
tected with an uncooled InGaAs photodiode.

III. RESULTS AND DISCUSSION

A. The effect of the growth rate

Three AFM images taken from samples grown at diff
ent growth rate of 0.075, 0.037, and 0.019 ML/s are sho
in Figs. 1~a!, 1~b!, and 1~c!. The QD density is reduced sig
nificantly from 1.931010 to 1.431010 cm22 and further to
0.631010 cm22 as the growth rate decreases, while the isla
size becomes larger. The total amount of deposited InA
the same in the three cases as noted previously. It is inte
ing to point out that the 2D to 3D growth mode transitio
according to the RHEED pattern occurred at the sa
amount of deposited InAs layer, approximately 1.8 ML.

Figure 2~a! shows the room temperature PL spectra
QDs grown at different growth rates and 2~b! depicts the
corresponding peak wavelength and full width at half ma
Downloaded 03 Jul 2008 to 131.155.151.77. Redistribution subject to AIP
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mum ~FWHM! of each spectrum. The emission waveleng
shifts from 1163 to 1265 nm with a concomitant narrowi
of the linewidth from 42 to 32 meV as the growth rate d
creases from 0.15 to 0.019 ML/s. The emission wavelen

FIG. 1. AFM images of InAs quantum dots grown at different growth ra
of 0.075 ML/s~a!, 0.037 ML/s~b!, and0.019 ML/s~c!. The QD densities are
1.931010, 1.431010, and 0.631010 cm22, respectively.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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6712 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Chen et al.
reaches 1280 nm at the growth rate of 0.009 ML/s~not
shown in the figure! and it further increases to 1300 nm,
shown in Fig. 2 by decreasing the growth temperature fr
535 to 520 °C. The narrowing of the FWHM indicates th
the island size dispersion was suppressed by reductio
growth rate. The redshift of emission wavelength can be
rectly linked to the increase in dot size from our AFM o
servation while scanning tunneling microscopy~STM!
studies16 revealed that the indium fraction in the dot was a
dependent on the growth rate, being higher at lower gro
rate.

It is very difficult to exactly explain how growth rat
affects quantum dot structural properties, while some mod
can be employed to qualitatively understand the growth
pendence of the dot density and size. The mean-field
equation theory of Dobbset al.17 was used to reproduce th
dependence of the 3D island density on the growth rate
temperature in the metalorganic vapor phase epitaxial gro
of InP and GaP stabilized GaAs~001!, showing higher island
densities at low temperatures and high growth rate. Un
the same framework, it is not difficult to understand the d
density reduction at lower growth rate in our experimen
Using energetic calculation, Tersoff18 predicts higher indium
fraction in quantum dot at lower growth temperature, wh

FIG. 2. PL spectra~a! and peak wavelength and FWHM~b! of InAs QDs
grown at different grown rates. All samples were grown at substrate t
perature of 535 °C, except the sample with 0.009 ML/s growth rate, wh
was at 520 °C.
Downloaded 03 Jul 2008 to 131.155.151.77. Redistribution subject to AIP
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is qualitatively consistent with our finding that emissio
wavelength further red-shift as the growth temperature
creases from 535 to 520 °C. Generally speaking, under
growth mode, the incident atoms diffuse across the rec
structed surface and arrange themselves, starting from
step edges, to form a continuous layer@wetting layer~WL!#.
As growth proceeds, 3D islands form to minimize the to
energy, which includes surface, interfacial, and elastic str
energies of the epitaxial film. After the formation of the 3
islands, the incident adatoms are preferably incorporated
existing islands since this is energetically favorable. As
growth rate decreases, the adatoms have a higher chan
be incorporated into the existing islands since their diffus
length increases. Thus, the reduction of the growth rate
duces the dot density and increases the island size co
spondingly.

B. The effect of InGaAs capping layer

The InGaAs capping layer thickness was fixed at 5
while the indium fraction was varied in our experiments. T
InAs islands were grown at two different growth rates
0.15 and 0.009 ML/s. Figure 3 shows the ground state~GS!
transition wavelength of QDs at 0.15 ML/s growth rate a
the ground transition and first excited state~FE! transition
wavelength of QDs at 0.009 ML/s. For the QDs grown
0.15 ML/s, the wavelength shifts from 1.16 to 1.3mm as the
capping layer varies from GaAs to In0.15Ga0.85As. Further
increase of indium fraction of InGaAs capping layer leads
further wavelength redshift as shown in Fig. 3. The sa
effect was observed for the quantum dot grown at the rat
0.009 ML/s. For QDs grown at this rate, the longest G
transition wavelength of 1.4mm with FE transition wave-
length of 1.32mm was achieved as the indium fraction
InGaAs capping layer reaches 0.3. More indium than
leads to a drastic decrease of PL intensity, which may
caused by dislocation formation. Since the FE provide
larger density of states~hence larger maximum gain!, these
QDs may be used as high gain material for 1.3mm applica-
tion.

-
h

FIG. 3. Emission wavelength of QDs grown at rates of 0.15 and 0.009 M
as a function of In fraction in InGaAs capping layer.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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C. The comparison of optical properties of two kinds
of QDs at 1.3 mm

Both approaches, quantum dots with extremely l
growth ~LG! rate of 0.009 ML/s and GaAs capping~short-
ened as LG-QDs hereafter! and QDs grown at 0.15 ML/s an
capped with InGaAs~shortened as InGaAs-QDs hereafte!,
can provide the emission wavelength of 1.3mm. It is very
interesting to compare the radiative properties of the t
kinds of dots. We performed excitation and temperature
pendent PL measurements on both dots. The evolution
the PL spectra~not shown here! at different excitation levels
are similar. Only the ground and the first excited state tr
sition were detectable at low excitation, while peaks cor
sponding to the second and the third excited state trans
are observed at an excitation of 220 W/cm2. The appearance
of the excited states is due to the saturation of the gro
state. Figure 4 shows ground and the first excited state t
sition peak intensity as the function of excitation power.
power increases, both the ground state and the first exc
state of InGaAs-QDs increases much faster than that of
QDs. At excitation of 980 W/cm2, the ground and the firs
excited state peak intensity of the InGaAs-QDs are 2.8
2.9 times higher, respectively, than those of the LG-Q
The higher saturation level of the InGaAs-QD is the result
the higher areal density since the density of state is pro
tional to the areal density of quantum dots, which is cons
tent with our AFM measurements.

The line shape of the PL spectra of the two kinds of d
at different temperature are similar, as shown in Figs. 5~a!
and 5~b!. The ground state transitions dominate each sp
trum while the two smaller peaks on the short wavelen
side correspond to the first and second excited state tra
tions. With increasing temperature, the emission peaks s
toward longer wavelength, maintaining their shapes up
room temperature. The evolutions of the FWHM with tem
perature are also similar: 36 nm at 5 K and 47 nm at room
temperature for LG-QDs, and 37 nm at 5 K and 45 nm at
room temperature for InGaAs-QDs. At FWHM of less th
150 meV have been reported for single QDs, the broaden

FIG. 4. Ground transition and first excited transition peak intensity
LG-QD and InGaAs-QD as a function of excitation power.
Downloaded 03 Jul 2008 to 131.155.151.77. Redistribution subject to AIP
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at low temperature should be caused by dot size dispers
while the linewidth increase at higher temperature is due
phonon-mediated homogeneous broadening.

The peak energy shift with increasing temperature,
found, can be described by the Varshni equation for semic
ductor bulk material:

Eg5Eg~0!2
aT2

T1b
, ~1!

as shown in Fig. 6. The fitting parametersa, b are 4.58
31024 eV/K, 243 K, and 4.5431024 eV/K, 210 K for LG-
QDs and InGaAs-QDs, respectively. A more detailed ana
sis reveals that the energy shifts of the ground state trans
of the two kinds of QDs fall in between of that of the bu
InAs and GaAs band gaps. This shows that the energy s
with temperature is due to temperature dependent band
shrinkage of QDs and WL layers.

Figure 7 displays the temperature dependence of the
malized integrated PL intensity of the ground state transit
~the dominating transition in the PL spectra!. The intensity
remains constant with temperature up to 100 K for LG-Q
and 150 K for InGaAs-QDs. The intensity at room tempe
ture drops a factor of 12 for LG-QDs compared to that of lo

f

FIG. 5. PL spectra of InGaAs-QD~a! and LG-QD~b! at different tempera-
tures.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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6714 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Chen et al.
temperature, and a factor of only 4 for InGaAs-QDs. T
very small intensity decrease of a factor of 4 demonstra
the high quality of the InGaAs-QDs. The intensity evolutio
is fitted by assuming two thermally activated nonradiat
recombination processes to compete with the radiative
combination:

I}
1

11B1e2E1 /kT1B2e2E2 /kT
. ~2!

The relatively soft decrease at temperatures below 20
corresponds toE1 ~105 and 71 meV for InGaAs-QDs an
LG-QDs, respectively!, and the steep decay above;200 K
corresponds toE2 ~285 and 345 meV for InGaAs-QDs an
LG-QDs, respectively!. Interestingly, these values are com
parable to the values reported by Heitzet al.19 for QDs
grown with a different technique. The exact process is un
tain though there are several possibilities to explain the th
mal quenching of PL intensity. One possible mechanism
E1 is the thermal escape of carrier from ground state to
excited states. If this is the case, E1 corresponds to the

FIG. 6. PL peak energy of InGaAs-QD and LG-QD as a function of te
perature.

FIG. 7. Temperature dependence of the normalized integrated PL inte
of the ground state transition for InGaAs-QD and LG-QD.
Downloaded 03 Jul 2008 to 131.155.151.77. Redistribution subject to AIP
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ergy difference between the ground state and the first exc
state, which is around 60 meV for two kinds of QDs. A
other possibility for PL quenching is that the nonradiati
transitions in the barrier compete with carrier capture a
radiative transitions in the QDs. Then the E1 and E2 cor
spond to the thermal activation energy of the nonradiat
center. It should be noted that the carrier capture process
slow down at elevated temperature, too.

D. Stacking of the QDs

One important issue in QD structures is the gain satu
tion due to the finite number of states in the QD arrays. T
gain saturation of the ground state transition will force Q
structures to lase at higher state transitions resulting in hig
thresholds. A simple method to over come gain saturatio
to stack quantum dot layers. In our experiments, growth
three stacks of QD layers with different spacer thickness
10 nm and 25 nm has been tested. Figure 8 shows the c
sectional TEM images of samples. The stacked QDs with
nm spacer Fig. 8~a! are vertically correlated, while no clea
vertical alignment is observed for QD stacks with 25 n

-

ity

FIG. 8. @110# cross section dark-field (g5200) images of multiple QD
layers grown with~a! 10 nm and~b! 25 nm thick spacers.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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6715J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Chen et al.
spacer~b!. The vertical alignment of the stacked QDs resu
in a dot size increase in the top layers, as shown in Fig.

Figure 9 shows the 100 K PL spectra of one QD lay
three stacked QD layers with 10 and 25 nm spacing, res
tively. The one QD layer and three stacked QD layers wit
25 nm spacer have similar spectra shape and intensity, w
the intensity of three stacked QDs with a 10 nm spacer dr
a factor of 2, with a broader spectrum. By fitting the spe
trum, it is obvious that there are two groups of QD wi
different sizes, which is consistent with our TEM observ
tion. The decrease in PL intensity of the three stacked
layers with a 10 nm spacer indicates the deterioration of
structure.

E. Single mirror LEDs

An excellent method to measure the radiative efficien
of QDs is to fabricate light emitting diodes. In LED stru
tures, spontaneous radiation is coupled out without amp
cation and therefore permits a direct evaluation of the ra
tive efficiency of the active layer. A LED at 1.3mm itself is
also very attractive for telecommunications due to its re
tively simple epitaxial structure compared to a VCSE
There are few reports on surface emitting diodes based
1.3 mm InAs/GaAs QDs, and in most cases the reported
ficiencies are much below those of InGaAs/GaAs quant
well structures~the typical radiative efficiency of InGaAs
GaAs quantum well at 1.0mm is 80%–90%!.

Bottom emitting single mirror light emitting diodes hav
been grown and processed. The whole epitaxial struct
are as following: 0.6mm n-GaAs buffer, 50 nmn-AlAs, 25
nm n-Al0.5Ga0.5As, 50 nm GaAs, active layer~InAs QDs
1In0.15Ga0.85As), 50 nm GaAs, 25 nmp-As0.5Ga0.5As, 40
nm p-AlAs, and finally 142 nmp-GaAs. The InAs QDs were
grown on a 2 nm In0.15Ga0.85As surface~QDs on InGaAs!.
The insertion of 2 nm In0.15Ga0.85As increases the dot area
density while not degrading the optical efficiency, as we ha
previously shown.10 The SMLED is designed in such a wa
that the radiation emitted upwards and reflected by a bro
band Au mirror constructively interferes with that emitte
downwards, resulting in fourfold enhancement of light e

FIG. 9. PL spectra of one QD layer, three stacked QD layers with a 10
spacer and three stacks with 25 nm spacer QD layer.
Downloaded 03 Jul 2008 to 131.155.151.77. Redistribution subject to AIP
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traction from the bottom side. Devices with active area
1.2531023 cm2 were fabricated by wet etching andp ~Au!
and n ~AuGeNi! contact evaporation. The topp contacts
were not alloyed in order to keep a high reflectivity of the A
mirror.

Light–current measurements were performed un
pulsed injection with 100ms pulse width and 10% duty
cycle. The light from the SMLED was collected and me
sured by a Ge detector via an integrating sphere. The e
troluminescence output power is measured versus injec
current while the external quantum efficiency~QE! is con-
verted from the measured power by

hex5
e

hn

Pout

I
, ~3!

wherehex is the external quantum efficiency,Pout the power
output, I the injection current, andn the optical frequency.
Figure 10 shows the power output and the external QE a
function of injection current density for the fabricated SM
LEDs. The maximum external quantum efficiency is 1.3
The external efficiencyhex can be expressed ashex

5h i "hextr ~assuming 100% injection efficiency!, where h i

andhextr are internal radiative efficiency and extraction ef
ciency, respectively. The output coupling efficiency of t
radiation was calculated using the simulation method ba
on the plane wave expansion of an electrical dipole emi
inside a multilayer structure.20 The simulation gives an ex
traction efficiency of 6.2% after including the light absor
tion of the substrate. The radiative efficiency of the InA
QDs can then be deduced to be 21.5%. To our knowledg
21.5% radiative efficiency is the best one ever reported
active layers on GaAs at 1.3mm. The high quantum effi-
ciency of our samples is attributed to optimized growth
the QDs.

VI. CONCLUSION

In summary, we performed a systematic study of t
effect of growth parameters on the structural and opti
properties of InAs QDs grown under Stranski–Krastan

m

FIG. 10. The power output and the external QE as a function of injec
current density.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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6716 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Chen et al.
mode. The dot density is significantly reduced as the gro
rate decreases while the island size becomes larger. M
while the emission wavelength shifts to longer side. By
creasing the indium fraction in InGaAs capping layer, t
emission wavelength increases accordingly. A ground s
transition wavelength as long as 1.4mm with excited state
transition wavelength of around 1.3mm has been obtained
The optical properties of QDs grown by different techniqu
have been compared. Finally SMLEDs with QDs embedd
in InGaAs have been fabricated. The quantum efficiency
room temperature is 1.3%, corresponding to a radiative e
ciency of 21.5%.
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