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Optical and structural properties of InAsP ternary self-assembled quantum
dots embedded in GaAs

E. Ribeiro,a) R. L. Maltez,b) W. Carvalho, Jr., D. Ugarte, and G. Medeiros-Ribeiro
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We report on the growth of self-assembled ternary InAsP quantum dots embedded into GaAs. A
comparison between average sizes and recombination energies for different dot species~InAs,
InAsP, and InP! confirms the formation of the ternary alloy islands. By carefully changing the
growth conditions, we determined a global growth map for InAs, InAsP, and InP dots, showing that
it is possible to tailor the optical characteristics of the InAsP species, thus covering the energy range
between InAs and InP quantum dot emission. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1513215#

The development of the fabrication techniques for
defect-free self-assembled quantum dots~QDs!1–3 has
opened the possibility of using their unique properties for
device applications.4 QD lasers,5,6 optical memories,7,8 and
normal-incidence midinfrared photodetectors,9,10 among oth-
ers, are some examples of how one can explore the particu-
larities offered by incorporating zero-dimensional systems
into devices.

The ability to tune the luminescence wavelength is of
particular interest for optoelectronic applications. That can
be achieved by either controlling the growth kinetics3,11

and/or the chemical composition. IIIxIII 12xV-type QDs, such
as InGaAs/GaAs11,12 or InAlAs/AlGaAs,11,13–15 are already
well established. However, the stoichiometry of III
2VxV12x compounds is hard to control and, in fact, there
are limited reports on QD growth of these materials.16,17An
early attempt by Vinokurov and collaborators16 consisted of
growing InAsP QDs on InGaP and they found no appreciable
shift in energy, all samples emitting around the InP/InGaP
QD luminescence. In the present work, we investigate the
nucleation of high optical quality InAsP QDs embedded in
GaAs, allowing us to cover the full energy range from InAs
to InP QD emissions. By using different growth rates and
phosphine (PH3) flux, we were able to change the relative
rate of incorporation for the V materials~P and As!, leading
to a variation of the InAsP alloy composition and thus dif-
ferent QD recombination energies.

The samples were grown by low-pressure metalorganic
vapor phase epitaxy~reactor pressure of 70 Torr, H2 flow of
12 l/min! on GaAs:Cr nominally flat~001! substrates. The
precursors were trimethylindium, trimethylgallium, PH3,
and arsine (AsH3). A 3000 Å thick GaAs buffer layer was
grown on the substrate, followed by the deposition of the QD
layer ~InAs, InAsP, or InP!. The dots were annealed under a
H2 flux for 60 s ~except for the InP samples! and then cov-
ered by a 500 Å GaAs capping layer. The growth tempera-
ture Tg was 640 °C for the GaAs buffer and 550 °C for the
remaining layers. The amount of deposited material was 2.1

monolayers~MLs! for InAs, near the coherence/incoherence
transition, and 4 ML for the remaining samples. The AsH3

flux was kept constant at 0.8 sccm; InAsP QDs of different
compositions were obtained by varying the growth rate and
the PH3 flux.

Photoluminescence~PL! experiments were performed at
77 K ~liquid-nitrogen immersion cryostat! using the 5145 Å
line of an Ar1 laser as excitation source. Power density var-
ied from 1.5 to 400 W/cm2. The PL emission was dispersed
by a 0.75 m single spectrometer and detected by a cooled Ge
photodiode. Cross-sectional and plan-view transmission
electron microscopy~TEM! micrographs were taken using
an atomic resolution JEOL JEM-3010 microscope operating
at 300 kV of acceleration voltage. Specimens were prepared
by mechanical polishing and dimpling, followed by ion mill-
ing using a nitrogen-cooled stage.

Figure 1 shows normalized PL spectra of samples with
different QD compositions: InAs~A!, InAsP~B and C!, and
InP ~D!, all grown at the same nominal growth rategr
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FIG. 1. Normalized PL spectra of samples A~InAs!, B and C~InAsP!, and
D ~InP!, for an excitation of 77.5 W/cm2. State filling occurs only for
sample A at this excitation conditions. All spectra were taken at 77 K.
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50.2 ML/s ~see Table I!. First, sample A exhibits typical
InAs QD PL line shape: A single peak atEA51.094 eV and
a small tail for higher energies~excited states are beginning
to be populated!. The addition of a PH3 flux during the InAs
QD growth allows one to form InAsP QDs, for example,
samples B and C~5 and 10 sccm of PH3), that present PL
recombination at energies which are intermediate between
InAs and InP QDs (EB51.224 eV andEC51.264 eV). Fi-
nally, sample D spectrum~pure InP QDs! sets an upper limit
for recombination energies (ED51.350 eV) within the
growth parameters used in this work. The PL linewidths
were 87, 70, 49, and 39 meV for samples A through D,
following a monotonic trend. For the laser excitation range
used, no excited states were found for InAsP and InP
samples. However, sample D presents a noticeable blueshift
with increasing optical excitation~23 meV!. This is consis-
tent with recently reported results where a similar energy
blueshift was associated with the type-II band alignment of
InP on GaAs.18 In this light, the absence of a blueshift for
samples A to C may indicate that InAsP QDs still keep the
type-I band alignment of InAs/GaAs. This suggestion re-
quires further detailed studies of the InAsP QD electronic
properties since, to the best of our knowledge, there is no
report on the band alignment of InAsP/GaAs~even for two
dimensional films! so far.

Despite the consistent picture drawn from PL measure-
ments for the growth of the InAsP ternary alloy, it is very

important to assess two key points:~1! the existence of is-
lands, and~2! their morphology. The later is crucial because
smaller, pure-InAs QDs would also result in a blueshifted PL
spectrum. Figure 2 shows dark-field 002~DF 002! cross sec-
tion TEM micrographs of samples A through D. The forma-
tion of InAsP islands is evident from Figs. 2~b! and 2~c!
~white regions!. The dot densitiesrdot ~extracted from plan-
view TEM, not shown! are (2.160.5)31010 cm22, (3.9
60.3)31010 cm22, (4.260.3)31010 cm22, and (3.060.3)
31010 cm22 for samples A through D. TEM also shows the
presence of few defective islands in samples A, B, and C
~about one order of magnitude lower in density!. Regarding
the QD morphology, the average height of the islands is
about the same for all samples within the experimental error
~see Table I!. However, the most relevant result observed in
Fig. 2 is the monotonic trend found for the dot average di-
ameter: It increases from (1362) nm for InAs QDs to (32
66) nm for InP QDs, while the InAsP QDs present an in-
termediary size@(1563) and (2065) nm for samples B and
C#. Since the island equilibrium sizeL depends inversely on
the strain« squared (L}«22),19 the observed continuous
shape change, as inferred by the island aspect ratios~see
Table I! is consistent with the formation of the ternary InAsP
QDs. This trend also accounts for the progressive reduction
of the PL linewidths discussed herein. In a QD, the confined
energies depend inversely onL2 (E}L22); thus, the energy
dispersion~broadening of the PL linewidth! will be given by
DE}DL/L3, which decreases drastically asL increases~for

FIG. 2. ~a!–~d! Cross section TEM DF 002 micrographs of samples A
~InAs!, B and C~InAsP!, and D ~InP!, respectively. Dot densities are (2.1
60.5)31010 cm22, (3.960.3)31010 cm22, (4.260.3)31010 cm22, and
(3.060.3)31010 cm22, as measured via plan-view images.

FIG. 3. PL peak position as a function of the growth rate for the QD
samples grown for the present study: InAs~solid circles!, InAsP~open dia-
monds!, and InP~solid squares!. Labels indicate the samples presented in
Figs. 1 and 2, and the PH3 flux ~sccm! for the InAsP samples. The line is a
guide for the eye.

TABLE I. Sample identification, QD material, PH3 flux, average dot densities and dimensions~from TEM!, and island aspect ratio for selected samples of the
present work.

Sample Material
PH3 flux
~sccm!

Dot density
(1010 dots/cm2)

Dot diameter/dot
high ~nm!

Aspect
ratio

A InAs ¯ (2.160.5) (1362)/(3.660.6) 3.6
B InAsP 5 (3.960.3) (1563)/(2.660.5) 5.8
C InAsP 10 (4.260.3) (2065)/(2.960.7) 6.9
D InP 10 (3.060.3) (3266)/(461) 8.0
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a fixed DL). On the other hand, it is expected that the for-
mation of an InAsP alloy will lead to an additional broaden-
ing of the emission spectra. However, this effect is not ob-
served for samples B and C because the dominant
contribution for the PL linewidths comes from the size dis-
persion of the islands.

Figure 3 presents a global map of the samples grown for
the present study, by plotting their PL peak position as a
function ofgr . Samples A through D are indicated by labels,
as well as the PH3 flux ~in sccm! used for each growth. First,
one can infer that the InAs QDs~solid circles! decrease their
volume~leading to an energy blueshift of their PL peak! with
increasinggr . Second, for all growth conditions used, InAsP
QDs ~open diamonds! are obtained with PL energies always
intermediate between InAs and InP island emission. Forgr

50.1 ML/s, it was impossible to grow InAsP QDs with re-
combination energies below 1.28 eV because the incorpora-
tion of P seemed to prevail over As, even for the lowest
measurable PH3 flux. For higher growth rates~0.2 and 0.4
ML/s!, the incorporation of As into the InAsP alloy was fa-
vored, allowing us to reach energies as low as 1.208 eV. For
all the experiments described herein, the AsH3 flux was kept
constant. Alternatively, in attempting to improve As incorpo-
ration by increasing the AsH3 partial pressure at lowgr , a
severely degraded PL emission was obtained.

TEM analysis performed on InAsP samples grown under
different gr ~not shown! indicates that InAsP QDs require
low gr for growing defect free, similar to what has been
determined for InAs.3 However, there is an additional and
important mechanism that is inherent to this ternary alloy:
By increasinggr , one also increases the incorporation of As,
which leads to a larger mismatch~between QD and host
materials! and, thus, to a higher probability of defect nucle-
ation. The same physical reasoning~lower mismatch! ac-
counts for the observation of defect-free InP QDs, even for
gr50.4 ML/s ~TEM not shown!. In this light, in order to
achieve InAsP QD growth with the best optical quality and
the lowest defect density, one should limit the growth rate to
values in the range 0.1,gr,0.4 ML/s ~see Fig. 3!, for thick-
ness of about 2 ML.

In summary, we report on the growth of good optical and
structural quality InAsP QDs embedded in GaAs. The forma-

tion of QDs with different InAsP alloys is consistent with PL
and TEM results. By carefully changing the growth condi-
tions, we determined a global growth map that explores most
of the possible growth conditions for InAsP QDs on GaAs.
Based on this map, it is possible to tailor the optical charac-
teristics of the InAsP dots, leading to the possibility of cov-
ering the full energy range between InAs and InP QD emis-
sions.

The authors wish to thank H. Gazetta Filho for technical
support on crystal growth and gratefully acknowledge finan-
cial support from FAPESP, CAPES, and CNPq-MCT.
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