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Comparison of radiative and structural properties of 1.3 mm InxGa
„1Àx …As

quantum-dot laser structures grown by metalorganic chemical vapor
deposition and molecular-beam epitaxy: Effect on the lasing properties
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~Received 14 October 2002; accepted 27 March 2003!

We have studied the radiative and structural properties of identical InxGa(12x)As quantum dot laser
structures grown by metalorganic chemical vapor deposition~MOCVD! and molecular beam
epitaxy ~MBE!. Despite the comparable emission properties found in the two devices by
photoluminescence, electroluminescence, and photocurrent spectroscopy, efficient lasing from the
ground state is achieved only in the MBE sample, whereas excited state lasing is obtained in the
MOCVD device. Such a difference is ascribed to the existence of the internal dipole field in the
MOCVD structure, induced by the strong faceting of the dots, as observed by high-resolution
transmission electron microscopy. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1578182#
n
e

ec
n

on
n

ho
in
th

th

D
io

a
by
.3
o
s-

so
lf-

nal
si-
nce
re
s-
te

ruc-
g
e

of
As.
ick
to

rs

t 3

g a
ting
ion
ea-
00

ci-
hma

,

InGaAs/GaAs self-assembled quantum dots~QDs! are
attracting considerable interest due to their zero-dimensio
properties and their potential for device applications. Las
emitting at room temperature in the 1.3mm region and with
a low threshold current have been demonstrated by mol
lar beam epitaxy~MBE!.1–4 However, so far there have bee
no reports on lasing in 1.3mm from QD laser structures
grown by metalorganic chemical vapor depositi
~MOCVD!. Only a few works have shown luminescence a
electroluminescence at 1.3mm in QDs fabricated by
MOCVD.5–7

A variety of theoretical8 and experimental9 studies have
recently reported the existence of a permanent electron-
dipole moment in a QD, which is related to the built-in stra
field inside the dots. The permanent dipole is sensitive to
detailed structure of the dots, which is strictly related to
growth conditions. In our previous work7 we demonstrated
the existence of a large dipole moment in our MOCV
grown QD lasers, which strongly influences the emiss
spectra.

In this letter we investigate the structural and optic
properties of identical QD laser structures grown
MOCVD and MBE, emitting in the spectral range around 1
mm. More specifically, we show that the different shape
the dots@truncated pyramid in the MOCVD samples, len
shape in MBE samples# results a larger built-in dipole field
in the MOCVD samples. The strong piezoelectric field as
ciated to the~111! lateral surface, developed with the se

a!Author to whom correspondence should be addressed; electronic
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organized growth, strongly enhance the effect of the inter
dipole field, related to the built-in strain field and compo
tional profile. Therefore, even though the photoluminesce
~PL! spectra from the MBE and the MOCVD samples a
identical, the MBE devices exhibit efficient ground state la
ing, whereas the MOCVD devices exhibit only excited sta
lasing.

The investigated samples consist of in-plane laser st
tures grown on (100)n1 doped GaAs substrates, containin
a single QD active layer. A detailed description of th
samples is reported elsewhere.6,10 The MBE QDs were
grown by depositing 2.9 MLs of InAs at the growth rate
0.13 ML/s and at a substrate temperature of 530 °C on Ga
The dots were subsequently covered by 7-nm-th
In0.15Ga0.85As layer to shift the emission wavelength up
1.3 mm.11

The areal QD density and uniformity of the QDs laye
was investigated by atomic force microscopy~AFM! and by
plan-view TEM micrograph~not shown here!. In both
samples the areal QDs density was found to be abou
31010 cm22, with a comparable size dispersion~lower than
7%!. Cross-sectional samples were investigated by usin
JEOL 4000 EX transmission electron microscope, opera
at 400 kV accelerating voltage. The optical characterizat
of the samples was performed by photoluminescence m
surements~PL! in a temperature range between 10 and 3
K. Electroluminescence~EL! and photocurrent~PC! experi-
emental conditions are described in Refs. 7 and 12.

Figure 1 shows the RT PL spectra recorded at low ex
tation intensity for the MOCVD and MBE sample. Bot
samples exhibit a sharp peak around 1.3mm with compa-
rable full width at half maximum~around 27 meV for the
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MOCVD sample and 24 meV for the MBE sample! Compa-
rable results are also obtained by analyzing the tempera
dependence of the PL integrated intensity of the two sam
~shown in the inset of Fig. 1!, and the PL intensity as a
function of the excitation power~not shown!. The room tem-
perature radiative efficiency of the two samples decrea
only by a factor 7 between 10 and 300 K and the integra
intensity remains nearly constant for both samples in
range of 10 K,T,150 K. Nonradiative recombination be
comes important only above 150 K.

Despite the comparable distribution and optical prop
ties of the dots suggests that both samples are suitable
didates for laser application, the dots exhibit a different
havior when they are inserted in a laser structure, where
energetic states are affected by the internal electric field

Figures 2~a! and 2~b! show the room temperature PL
EL, and PC spectra of the QD samples, grown by MOCV
and MBE, respectively. The ground state PL of the MOCV
sample occurs at the designed wavelength~above 1.3mm!,

FIG. 1. Room temperature PL spectra recorded at low excitation intensi
the MOCVD ~solid line! and MBE sample~dashed line!. Inset: temperature
dependence of the PL integrated intensity for the two samples.

FIG. 2. Room temperature PL emission compared with and EL and
spectra of the QD MOCVD grown structure~a! and MBE grown structure
~b!.
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as shown by Fig. 2~a!, but the EL peak, which corresponds
the first excited state, is shifted to lower wavelength, up
1242 nm in this sample. The PC measurements perform
without bias confirm the absence of the ground state re
nance, showing measurable absorption only at the energ
the first excited state. On the contrary, the EL emission of
MBE sample shows only a moderate shift~around 15 nm!
with respect to the PL ground state energy position@centered
around 1300 nm, Fig. 2~b!#. Consistently, the PC spectrum
exhibits a clear ground state resonance at 1.3mm and the
excited state absorption peak at higher energies.

As described in Ref. 7, we explain the strong bluesh
occurring in the MOCVD sample by the existence of a lar
permanent electron-hole~e–h! dipole, which separates spa
tially the ground state wave functions of the hole and of
electron. We want to point out that the limited height of t
dots ~3–5 nm! is not enough to reduce the ground state e
overlap substantially, even at very strong fields. The in-pla
separation of the e–h wave functions should be invoked
explain the observed reduction of the ground level emiss
and photocurrent. To confirm this hypothesis we need a
three-dimensional map of the electric field in the dots~with-
out separating thez andxy components!. This study is cur-
rently in progress, and will be the subject of a forthcomi
article. However, it has been demonstrated8 that the direction
and the strength of the permanent dipole moment depen
the shape and on the composition profile of the QDs. A
consequence, the different behavior found in the MBE- a
MOCVD-grown samples should be related to microstructu
differences of the QDs grown with the different technique

In Fig. 3 we show the cross-sectional HRTEM micr
graph of QD samples grown by MOCVD@Fig. 3~a!# and
MBE @Fig. 3~b!#, respectively. The first remarkable diffe
ence between the two samples is that the MOCVD sam
shows a truncated pyramidal shape and a strong face
whereas the MBE sample exhibits a disk shape, without e
dent faceting. The precise dimensions could not be de
mined with high accuracy because the complex image c
trast is affected by strain, composition, and sample thickn
However, the images clearly show a larger lateral extens
~around 30 nm! for the MBE QD as compared to th
MOCVD QDs ~around 15 nm!. Despite this larger basis, th

of

C

FIG. 3. Cross-sectional HRTEM micrograph of QD samples grown
MOCVD ~a! and MBE ~b!. The ~111! sidewalls of the MOCVD QD are
evidenced.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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MBE QDs do not have a proportionally larger height~around
4–4.5 nm for MBE and 3–3.5 for MOCVD!, resulting in a
height to base ratio (h/b) roughly half of the corresponding
ratio in the MOCVD samples, as confirmed by AFM obs
vations. The lowerh/b ratio obtained by the MBE growth
technique is probably a consequence of the slower gro
rate employed for the growth of the QDs, which results
larger island size,10,12 and/or of the stronge
interdiffusion13,14 of In in the barrier, which reduces the do
height and smears out the dot interfaces. However, the hi
QDs h/b ratio obtained with the MOCVD growth leads t
the appearance of well defined~111! lateral sidewalls, which
generate strong piezoelectric fields. The components of
fields parallel to the growth direction reinforce the streng
of dipole field associated with the built-in strain field, whic
is directed from the base of the dots to their apex.8,9

Due to the lowerh/b ratio, in the MBE sample the lowe
interface is connected to the upper interface with differ
high index surface of small extension, with a reduced pie
electric field.

The stronger influence of the internal fields in the Q
MOCVD grown samples is dramatically reflected in the la
emission of the structures. In Fig. 4, we compare laser
vices containing three QD layers as active material, gro
by MOCVD @Fig. 4~a!# and MBE @Fig. 4~b!#, respectively.
Due to the combined effect of the piezoelectric field with t
internal dipole field, in the MOCVD structure lasing action
achieved only from the excited states, even in relatively lo
devices, the ground state population being completely
pleted by the internal fields~piezoelectric, dipole and junc
tion field!.7 On the contrary, ground state lasing at around

FIG. 4. Laser emission of QD devices containing three QD layers as a
material, grown by MOCVD~a! and MBE~b!. Lasing from the ground state
is obtained in the MBE sample at room temperature, for a device lengt
2 mm. Inset: laser emission of QWs device; the active layer consists of
In0.17Ga0.83As quantum wells 8 nm thick.
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mm at room temperature is observed from the MBE15,16

sample for device length of 2 mm and threshold current d
sity of 140 A/cm2. The lack of ground state lasing in th
MOCVD sample is not related to higher cavity losses
processing problems. In order to verify the quality of t
MOCVD growth and laser device processing, a test proc
has been performed on two identical devices, embedding
InGaAs/InGaAs quantum dots layers or two In0.17Ga0.83As
quantum wells 8 nm thick, designed to have the ground s
emission at 980 nm. Lasing from the quantum wells samp
has been easily obtained at 980 nm with a current thresh
below 200 A/cm2, @inset of Fig. 4~a!# comparable to state o
the art results in literature.

In conclusion, temperature dependent photolumin
cence, electroluminescence, and photocurrent spectros
were employed to compare the optical properties of ident
QD laser structures emitting at 1.3mm, grown by MOCVD
and MBE. Despite both structures exhibit comparable sp
tra, efficient lasing from the ground state is obtained only
the MBE sample. In the MOCVD laser structure the ex
tence of a larger built-in dipole field prevents lasing from t
ground state, allowing emission only from the excited sta
The stronger electric field in the MOCVD sample is asso
ated to well defined~111! sidewalls, evidenced by HRTEM
whose piezoelectric field adds to the internal dipole fie
induced by the built-in strain field and compositional profi

This work was supported by the E.U. Project ‘‘GaA
based second-window quantum dot Lasers~GSQ!.’’ The au-
thors would like to acknowledge the financial support of Ag
lent Technologies and A. Melcarne for his valuable techni
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