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This contribution reports the metal organic vapor phase epitaxy of InAsP/InP�001� quantum dots
with a voluntary V-alloying obtained owing to an additional phosphine flux during InAs quantum
dot growth. The quantum dots were studied by photoluminescence and transmission electron
microscopy. We show that the additional phosphine flux allows to tune quantum dot emission
around 1.55 �m while improving their optical properties. The comparison of the optical and
structural properties of the InAsP quantum dots allows to deduce their phosphorus composition,
ranging from 0% to 30% when the phosphine/arsine flow ratio is varying between 0 and 50. On the
basis of the compositions deduced, we discuss on the effects of the phosphine flow and of the
alloying on the quantum dot growth, structural, and optical properties. © 2008 American Institute
of Physics. �DOI: 10.1063/1.2968338�

I. INTRODUCTION

Stranski–Krastanow self-assembled III–V quantum dots
�QDs� have attracted a lot of attention in the past two de-
cades due to the promising properties of these nanostructures
for application on high performance optoelectronic devices.
In particular, the maturity of the InAs/GaAs system has led
to the fabrication of low threshold and temperature insensi-
tive QD-based lasers emitting at 1.3 �m.1 Although pos-
sible, the extension of their emission wavelength above
1.3 �m remains difficult. The growth of InAs/InP QDs has
been developed more recently, motivated by their long emis-
sion wavelength that can be tuned to 1.55 �m.2

A first difficulty for the growth of InAs/InP QDs is the
spontaneous formation of elongated nanostructures �quantum
wires or quantum dashes� using molecular beam epitaxy
�MBE� on �001�-oriented InP substrates.3,4 On the contrary,
the metal organic vapor phase epitaxy �MOVPE� of InAs on
InP spontaneously leads to the formation of QDs.5–7 As a
result, this growth technique appears particularly relevant for
QD growth on �001�-oriented InP substrates. A second diffi-
culty in this system is the control of the emission wave-
length, since InAs/InP QDs frequently present emission at a
greater wavelength than the required 1.55 �m.8–10 A lot of
techniques have been proposed and used to tune their emis-
sion toward shorter wavelength. Several studies have shown
that the growth of a thin GaAs interlayer under the QDs can
lead to a blueshift of the emission.8 Although this technique
has been successfully used to obtain 1.55 �m QD-based
lasers,11 one can think that the GaAs interlayer could damage
the efficiency of carrier injection into the QDs. Special cap-
ping procedures have also been developed to reduce the
emission wavelength. In particular, the double-cap procedure

on InAs/InP�113�B QDs grown by MBE allows to tune their
emission wavelength to 1.55 �m while reducing the line-
width of their emission down to 50 meV.2 Such double-
capped QDs have allowed to establish the state of the art of
QD-based lasers on InP.12 However, the double-cap proce-
dure on InAs QDs grown on conventional �001�-oriented InP
substrates by MOVPE gives rise to important emission
linewidth.13 A similar method, based on the reduction in the
cap-layer growth rate,10,14 also allows to reduce the emission
wavelength of InAs/InP�001� QDs, but the emission line-
width remains larger than for double-capped InAs/InP�113�B
QDs grown by MBE.

Another way to tune QD emission to shorter wavelength
is the intentional alloying of the QD material by incorporat-
ing an additional III or V element �III or V alloying�. III
alloying has been successfully done using In1−xGaxAs or
In1−xAlxAs for QD growth on GaAs�001� substrates.15,16

Maltez et al.17 have also shown the possibility to control
emission wavelength using V alloying on InAs1−xPx QDs
grown on GaAs�001� substrates by MOVPE.

Alloying possibilities are reduced for InAs QDs grown
on InP substrates due to the small lattice mismatch between
QD material and substrate �3.2% instead of 7.2% in the
InAs/GaAs system�. Actually, Stranski–Krastanow growth
mode needs a sufficient lattice mismatch to occur. Theoreti-
cal works18,19 have shown that the critical thickness for
Stranski–Krastanow growth transition depends on the lattice
mismatch ratio �a /a proportionally to ��a /a�−4 or
��a /a�−8. Leon et al.15 have experimentally evidenced this
increase in the Stranski–Krastanow transition critical thick-
ness when decreasing the lattice mismatch between dot ma-
terial �In1−xAlxAs� and GaAs substrate. Particularly, for a
lattice mismatch smaller than 2.3%, no growth transition is
observed. A similar critical lattice mismatch value was also
found by Kamath et al.16 for In1−xGaxAs QDs grown ona�Electronic mail: isabelle.sagnes@lpn.cnrs.fr.
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GaAs substrates. Enlightened by these results, an ideal
InAsX alloy for QD emission tuning on InP substrate have to
increase its bandgap while maintaining a sufficient lattice
mismatch for Stranski–Krastanow transition. Under this
point of view, InAs1−xPx appears as an appellant alloying
possibility to control QD emission wavelength. For example,
an InAs0.75P0.25 alloy would present a bandgap of 620 meV
at room temperature �instead of 354 meV for InAs� �20�
while keeping enough lattice mismatch �2.4%� for Stranski–
Krastanow transition. Another advantage of the phosphorus
alloying is that the phosphorus is already present during
growth, so the alloying would not strongly modify the
growth mechanisms of the QDs. In spite of its potential and
of its apparent simplicity, very few works have been done on
the growth of InAsP/InP�001� QDs.6,21 In the only two pre-
cedent works, the evidences of phosphorus incorporation
into the QDs were given by optical characterizations by
means of photoluminescence �PL� using Ge detector with a
cutoff around 1.6 �m, so that the PL spectra presented in
these studies could be cut by the Ge detector, not giving
evidence of phosphorus incorporation into the QDs.

This letter reports the growth by MOVPE of
InAs1−xPx / InP�001� QDs with a voluntary V alloying ob-
tained by adding a phosphine flux during InAs QD growth.
This additional phosphine flux allows to tune QD emission
wavelength to 1.55 �m while improving their optical prop-
erties. The optical study by PL and the structural character-
izations by transmission electron microscopy �TEM� allow to
deduce the compositions of the QDs in part III, and in part
IV, to discuss on the effects of the phosphine flux and of the
alloying on the QD growth, structural, and optical properties.

II. EXPERIMENTS

The samples were grown in a vertical-reactor low-
pressure MOVPE system using hydrogen as carrier gas and
standard precursors �arsine �AsH3�, phosphine �PH3�, and tri-
methylindium �TMI��. The reference sample �sample A1�
was grown using the following growth sequence. First, a 250
nm thick InP buffer layer was grown at 650 °C on an
InP�001� substrate. Then, the growth temperature was
ramped down to 510 °C for the QD growth. The QDs were
formed by a 18 s InAs deposition under an arsine flow rate of
10 SCCM �SCCM denotes cubic centimeter per minute at
STP� and an hydrogen-diluted TMI �hereafter called TMI�
flux of 50 SCCM. This TMI flux leads to an InAs growth rate
of 0.4 ML/s, and then to a nominal thickness of InAs depo-
sition of 7.2 ML �1 ML�0.3 nm�. Without growth inter-
ruption, the QDs were covered by a 60 nm thick InP cap
layer grown under a phosphine flux of 300 SCCM and a TMI
flux of 50 SCCM �growth rate of 0.2 ML/s�.

Samples B1–F1 were grown with identical conditions
than for sample A1, except that a phosphine flux was added
during the InAs deposition while keeping constant the arsine
flux at 10 SCCM. The phosphine flux was adjusted to corre-
spond to PH3 /AsH3 ratios of 5, 20, 30, 40, and 50 for
samples B1, C1, D1, E1, and F1, respectively. We have also
grown two samples with a reduced cap-layer growth rate.
Samples A2 and D2 are similar to samples A1–D1, respec-

tively, except that the QDs were embedded with a cap-layer
growth rate of 0.05 ML/s �instead of 0.2 ML/s for the other
samples�. The growth conditions are summarized in Table I.

The room temperature PL spectra were obtained using a
Fourier transform infrared spectrometer with a cooled MCT
detector �cutoff around 10 �m�, while the optical excitation
was provided by the 514 nm line of an Ar laser. The low
temperature �77 K� PL spectra were obtained using a grating
monochromator with a cooled Ge detector �cutoff around
1.6 �m�, while the optical excitation was provided by the
532 nm line of a doubled Nd:yttrium aluminum garnet laser.
The TEM views were obtained on a Philips CM20 working
with an acceleration voltage of 200 kV. The samples were
mechanically and chemically thinned down to 200 nm before
observations. The thinning was completed with ionic thin-
ning for cross-section observations.

III. OPTICAL AND STRUCTURAL
CHARACTERIZATIONS: DETERMINATION
OF THE QDS COMPOSITIONS

Normalized room temperature PL spectra of samples
A1–F1 are presented in Fig. 1�a�. The emission of sample A1
�grown without phosphine flux during QD growth� is cen-
tered around 660 meV. When adding an increasing additional
phosphine flux during QD growth, the emission is shifted
toward high energy and reaches 910 meV for a PH3 /AsH3

ratio of 50 �the fine structure of the emission from sample F1
will be discussed later�. By varying the PH3 /AsH3 ratio dur-
ing QD growth, the emission can be tuned around 1.55 �m
�800 meV�. The linewidth �measured at half maximum� and
the integrated intensity corresponding to the spectra pre-
sented in Fig. 1�a� are plotted as a function of the PH3 /AsH3

ratio in Fig. 1�b�. When increasing the PH3 /AsH3 ratio, the
integrated intensity increases, reaches a maximum, and de-
creases, while the linewidth follows an opposite behavior.
Sample D1, obtained with a PH3 /AsH3 ratio of 30, presents
an intense emission peaked at 780 meV �1.59 �m� with a
reduced linewidth of 80 meV �160 nm�. A first result of this
study is that an additional phosphine flux during InAs QD
growth allows to tune QD emission to the technologically
important wavelength of 1.55 �m while improving their op-
tical properties for applications.

The strong blueshift of the emission observed when add-
ing a phosphine flux during QD growth can be due to an
increase in the bandgap of the material forming the QDs due

TABLE I. PH3 /AsH3 ratios and cap-layer growth rates of the studied
samples.

Sample PH3 /AsH3 ratio Cap-layer growth rate �ML/s�

A1 0 0.2
B1 5 0.2
C1 20 0.2
D1 30 0.2
E1 40 0.2
F1 50 0.2
A2 0 0.05
D2 30 0.05

043504-2 Michon et al. J. Appl. Phys. 104, 043504 �2008�

Downloaded 27 Aug 2008 to 129.175.97.14. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



to phosphorus incorporation into the QDs. Nevertheless, the
behavior shown in Fig. 1 is not sufficient to prove it. The
additional phosphine flux could have some other important
effects affecting the sizes and shapes of the QDs, in addition,
or not to a bandgap increase. Even in the case where there is
no phosphorus incorporation into the QDs, the increase in
the phosphine flux can, for example, modify the diffusivity
of the adatoms22,23 �kinetics effects� or the surface energy7

�thermodynamics effects�. A phosphorus incorporation will
also modify surface and elastic energies. The modification of
the elastic energies, due to the reduction in the lattice mis-
match, could increase the critical thickness and decrease the
QD density.18,19 In this case, the reduction in the QD density
would be correlated with an increase in the QD sizes, and
finally to a decrease in their emission energies, contrary to
what is hunted. Elsewhere, the irregular variation of the op-
tical properties �Fig. 1� seems to indicate that many effects
occur when the phosphine flow is varying. In the following,
we present further optical and structural characterizations to
discuss on the effects of the phosphine flux on the QD
growth and on their properties.

The room temperature PL spectrum of sample F1 �Fig.
1�a�� presents a peak structure due to the emission of QD
families with height varying by monolayer steps. Such peak
structure has already been observed and described in several

studies of InAs/InP�001� quantum wires or quantum dashes
grown by MBE �Refs. 3 and 24� and InAs/InP�001� QDs
grown by chemical beam epitaxy14 or MOVPE.13,25,26 In par-
ticular, Refs. 25 and 26 give clear demonstrations on the
basis of the comparison of the luminescence and of the struc-
tural properties studied either by TEM �Ref. 25� or by scan-
ning transmission microscopy.26 The peak structure observed
on room temperature PL spectrum of sample F1 appears
more precisely at low temperature �Fig. 2�a�� due to the re-
duction in the thermal spreading of the emission from a
single QD family. The emission from QD families with
height varying by monolayer step is characteristic of QDs
presenting low aspect ratios and flat interfaces. In the case of
InAs�P�/InP�001� QDs, the monolayer stepping is mainly
due to the desorption of integer monolayers on the top of the
QDs during cap-layer growth27 that gives very flat and well
defined top interfaces.26 The bottom interface is also flat but
less well defined, as commonly observed for standard bidi-
mensional growth. It is well known that the emission energy
of low aspect ratio QDs can be approximated by the emis-
sion energy of a quantum well with the same thickness and
composition than that of the QDs.13,25 We can compare the
calculated emission energies from InAs1−xPx / InP quantum

FIG. 1. �Color online� �a� Normalized room temperature PL spectra of
samples A1–F1 and �b� corresponding linewidth ��� and integrated intensity
��� as a function of the PH3 /AsH3 ratio. Samples A1–F1 were obtained
with PH3 /AsH3 ratio ranging from 0 to 50 during QD growth.

FIG. 2. �Color online� �a� Normalized low-temperature �77 K� PL spectra of
samples D1–F1 and �b� of samples A2 and D2. Samples A2 and D2 are
similar to samples A1 and D1, respectively, except that the QDs were
capped with a lower cap-layer growth rate �0.05 ML/s instead of 0.2 ML/s�.
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wells to the emissions from different QD families with thick-
ness varying by monolayer step, as expressed by h=h0+ i
�a, with h0 an height offset, i an integer, and a the thickness
of 1 ML. We have plotted in Fig. 3�a� the calculated emission
energy of an InAs1−xPx / InP quantum well �eight band k.p
calculus taking into account strain effects28� with a phos-
phorus composition of x=29.0%. We have also plotted, as
cross marks, the emission energies from the four different
peaks which were resolved on the low temperature PL spec-
trum of sample F1 �Fig. 2�a��. There is a unique set of quan-
tum well composition x and QD height offset h0 which al-
lows to match the emission energies. In this case, the heights
are supposed varying between 7.6 and 10.6 ML. The use of
noninteger QD heights is justified by the presence of a
gradual interface under the QDs. This simple method evi-
dences the phosphorus incorporation into the QDs and gives
moreover an estimation of their composition.

Figure 2�a� also presents the low temperature PL spectra
of samples D1 and E1. The well defined fine structure of the
spectrum from sample E1 also allows to deduce the compo-
sition of the QDs of this sample in the same way presented

above for sample F1. We obtain a phosphorus composition of
x=23.3% �emission energy versus thickness are plotted on
Fig. 3�a��. The low temperature PL spectrum of sample D1
presents only two peaks. We did not observe peak structure
for samples A1–C1 principally due to the narrowing of the
QD family emission energy spacing toward shorter energies.
To deduce the composition of the QDs in the same way that
presented above, we need to observe a peak structure due to
the emission of QD families. We have studied the low tem-
perature PL of samples A2 and D2 �plotted in Fig. 2�b��,
similar to samples A1 and D1, except that the QDs of these
samples were capped using a smaller cap-layer growth rate.
It has led to a decrease in the QD heights, so that their
emissions are shifted toward higher energies.10,27 The broad-
ening of the QD family emission energy spacing toward high
energies allows to distinguish the different QD families. It is
now possible to estimate the compositions of the QDs of
samples A2 and D2 in the same way than presented above. It
gives phosphorus compositions x=0.5% and x=17.5% for
samples A2 and D2, grown under PH3 /AsH3 ratios of 0 and
30. The emission energies of the QD families and of the
quantum wells are plotted on Fig. 3�a�. As will be verified in
the following, the reduction in the cap-layer growth rate does
not modify the composition of the dots, especially for the
low growth temperature used for QDs and cap-layer growth,
so that the composition of the QDs into A1 and D1 would be
identical than those into A2 and D2, respectively.

We have plotted the phosphorus composition of the QDs
deduced above as a function of the PH3 /AsH3 ratio in Fig.
3�b�. As can be seen, the phosphorus composition is propor-
tional to the PH3 /AsH3 ratio during QD growth. The excel-
lent alignment of the experimental points corroborates the
reproducibility and the reliability of our method. However,
we have to remind that this method is based on the compari-
son of the emission energy of the QD families with the cal-
culated emission energies of quantum wells assuming abrupt
interfaces. The effects of the smooth lower interfaces or of
the lateral confinement in the QDs could create gradual de-
viations of the emission energy between QD families and
quantum wells, so that the error on the phosphorus compo-
sition could be greater than expected from the good match
between experimental and theoretical plots on Fig. 3�a�.

The increase in the PH3 /AsH3 ratio leads to a greater
phosphorus incorporation. We have to notice that significant
phosphorus incorporation requires high PH3 flux: a
PH3 /AsH3 ratio of 50 gives a phosphorus incorporation of
29% �sample F1�. This is due to the poor cracking efficiency
of the phosphine compared to that of the arsine at the low
growth temperature used.23 We also notice that the higher
phosphorus incorporation �x=29%� obtained for sample F1
corresponds to a lattice mismatch between QD material and
substrate of 2.3%. This lattice mismatch is near the lower
limit of lattice mismatch allowing Stranski–Krastanow tran-
sition in Refs. 15 and 16. Finally, the phosphorus incorpora-
tion evidenced here leads to an increase in the bandgap of the
material forming the QDs. Thus, it is at least partly respon-
sible for the increase in the emission energy observed above.
In the following, we will study the structural properties of

FIG. 3. �Color online� �a� Comparison of the emission energy of the QD
families �cross marks� observed on the low temperature PL spectra of
samples A2, D2, E1, and F1 �see Fig. 2� to the theoretical emission energy
of InAs1−xPx / InP quantum wells �continuous lines� as a function of the
thickness. The compositions of the quantum wells have been adjusted to
deduce the composition of the QDs. �b� Composition of the QDs deduced
from Fig. 3�a� as a function of the PH3 /AsH3 ratio during QD growth.
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the InAsP/InP�001� QDs in order to discuss on the other
effects of the phosphine flow on the QD growth and proper-
ties.

We have studied using TEM the reference sample A1 �no
phosphine flow during QD growth� and sample D1, contain-
ing QDs emitting around 1.55 �m �PH3 /AsH3 ratio of 30
during QD growth�. TEM plane views were obtained using
220 dark field �DF� and bright field �BF� under 001 zone axis
imaging conditions, and cross-section micrographs were ob-
tained using 002 DF imaging condition �we conventionally
consider the growth direction as a �001� crystallographic di-
rection�. Figures 4�a� and 5�a� present 220 DF TEM plane
views from samples A1 and D1. BF TEM plane views are
presented in the insets. Figures 4�b� and 5�b� present cross-
section TEM micrographs of two typical QDs of samples A1
and D1. Table II summarizes the measured structural proper-
ties. The main difference between the two samples is that
sample A1 contains a low density of plastically relaxed QDs
�slightly less than 1�108 cm−2, not shown here�, while
sample D1 is defect-free. We also observe an increase in the
wetting-layer thickness, from 0.8 nm for sample A1 to 1.5
nm for sample D1 �experimental uncertainty about 0.3 nm�.

Otherwise, the two samples contain QDs with similar mor-
phological properties, although their emissions are clearly
different. First of all, the two samples contain about the same
QD densities within the estimated errors: 1.47�1010 cm−2

for sample A1 and 1.44�1010 cm−2 for sample D1 �error of
�0.05�1010 cm−2�. The QDs of the two samples present a

parallelogram shape with sides along the �13̄0� and �31̄0�
crystallographic directions, as already observed for InAs/
InP�001� QDs grown using MOVPE.29,30 We have measured

the lateral sizes perpendicularly to the �13̄0� and �31̄0� QD
edges on BF TEM views, as described in Ref. 30. The aver-
age lateral sizes are Wmin=30.6 nm and Wmax=36.7 nm for
sample A1 and Wmin=33.5 nm and Wmax=42.3 nm for
sample D1 �about 40 QDs measured on each sample; experi-
mental uncertainty on the average lateral sizes about 0.5 nm�.
Finally, we have measured the heights of the QDs on cross-
section views �about 15 QDs measured on each samples�.
The mean QD heights �including wetting-layer thickness� are
about the same, 3.9 nm for sample A1 and 3.8 nm for sample
D1 �uncertainty on the average heights about 0.3 nm�, while
the height dispersions slightly decrease, from 0.70 nm for
sample A1 to 0.55 nm for sample D1.

FIG. 5. Typical TEM micrographs of sample D1, grown with a PH3 /AsH3

ratio of 30 during QD growth. �a� plane view in 220 DF condition. �Inset�
BF condition. �b� 002 DF condition TEM cross section.

FIG. 4. Typical TEM micrographs of the reference sample A1. �a� Plane
view in 220 DF condition. �inset� BF condition. �b� 002 DF condition TEM
cross section.

TABLE II. Structural properties of the QDs from sample A1 and sample D1 �TEM measurements�. Uncertainties are indicated after the symbol “�.”

Average QD widths

Sample
PH3 /AsH3

ratio QD density Wmin �nm� Wmax �nm�
Average

QD height �nm�
QD height

dispersion �nm�
Wetting layer

thickness �nm�

A1 0 �1.47�0.05� �30.6�0.5� �36.7�0.5� �3.9�0.3� 0.7 �0.8�0.3�
�1010 /cm2

D1 30 �1.44�0.05� �33.5�0.5� �42.3�0.5� �3.8�0.3� 0.55 �1.5�0.3�
�1010 /cm2
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These structural characterizations are coherent with the
phosphorus incorporation into the QDs evidenced before.
First, we observe that while the two samples contain QDs
with similar shape and sizes, only sample A1 contains plas-
tically relaxed QDs. This indicates that the material forming
the QDs of sample D1 is less stressed than the material form-
ing the QDs of sample A1. An increasing phosphorus incor-
poration will reduce the lattice mismatch between QD mate-
rial and substrate and then reduce the strain from sample A1
to sample D1. The increase in the wetting-layer thickness
from sample A1 to sample D1 is also coherent with the ex-
pected increase in the critical thickness for Stranski–
Krastanow growth transition when decreasing the lattice mis-
match between QD material and substrate.18,19 The
comparison of the optical and structural properties of
samples A1 and D1 also evidences the phosphorus incorpo-
ration. Actually, the blueshift of the emission when increas-
ing the PH3 /AsH3 ratio can only be explained by a phos-
phorus incorporation into the QDs of sample D1, since
samples A1 and D1 present very similar morphological prop-
erties, and more particularly, about the same average heights.
Furthermore, we can estimate the composition of the alloy
forming the QDs by comparing the emission energies ob-
served on PL spectra and the mean QD heights deduced from
cross-section TEM views. The QDs of the two samples
present low aspect ratios of about 0.12. The low aspect ratios
allow to calculate the emission energy of the QDs using a
quantum well model. We have calculated the emission ener-
gies of quantum wells with different compositions, and
thicknesses equals to the mean QD heights of samples A1
and D1. The calculated emission energies using composi-
tions of the well of x=2.5% for sample A1 and x=17.9% for
sample D1 produce a good match with the energies of the
peaks observed on room temperature PL spectra �656 and
781 meV for samples A1 and D1, respectively�. These com-
positions match the compositions deduced from the study of
the low temperature PL spectra of samples A2 and D2 �x
=0.5% and x=17.5%, respectively�. The small phosphorus
incorporation into the QDs of samples A1 and A2 is due to
the presence of residual phosphine during QD growth. Fi-
nally, the good match between the compositions deduced in
two different ways validates the adequacy of these methods
to deduce the composition of the dots. This also indicates
that the cap-layer growth does not significantly affect the
compositions of the QDs, as expected for the low growth
temperature used for QD growth.

IV. DISCUSSION ON THE EFFECTS OF PHOSPHINE
FLOW ON QDS GROWTH, STRUCTURAL, AND
OPTICAL PROPERTIES

We have evidenced phosphorus incorporation into the
InAs QDs when adding a phosphine flux and deduced their
composition by two different ways. This allows to discuss on
the effects of the phosphine flow and of the alloying on the
QD growth, structural, and optical properties.

Under III element-limited growth conditions, the growth
rate is proportional to the III element flow rate.23 The QDs in
samples A1–F1 were obtained using a TMI flux of 50
SCCM. In our growth conditions, this TMI flow rate added

to an arsine flow leads to an InAs growth rate of 0.40 ML/s.
The same TMI flow rate added to a phosphine flow leads to
an InP growth rate of 0.20 ML/s. This difference between
InAs and InP growth rates under III element-limited growth
conditions can be due to the complex interactions between
precursors at different steps of their pyrolysis, as frequently
observed in MOVPE. Under phosphine and arsine flow, we
expect that the InAs1−xPx growth rate GR is proportional to
the As and P compositions of the alloy grown,

GRInAs1−xPx
= �1 − x� · GRInAs + x · GRInP.

This gives for sample D1 �x=17.5%� an InAsP growth rate
of about 0.36 ML/s. Consequently, the QDs of sample D1
were grown with a nominal thickness of 6.5 ML, slightly less
than for sample A1 �7.2 ML�. Elsewhere, we observe on the
cross-section TEM views that the wetting-layer thickness in-
creases from 0.8 nm �2.7 ML� for sample A1 to 1.5 nm �5.0
ML� for sample D1. Consequently, the additional phosphine
flux leads to a decrease in the amount of material for QD
formation, on one hand due to the decrease in the InAsP
growth rate �decrease of about 0.7 ML�, and on the other
hand due to the increase in the wetting-layer thickness �in-
crease of about 2.3 ML�. This decrease in the amount of
material for QD formation �from 4.5 ML for sample A1 to
1.5 ML for sample D1� could result in a decrease in the QD
density.9,31,32 Moreover, some theoretical and experimental
works have shown that the decrease in the lattice mismatch
between QD material and substrate leads to a decrease in the
QD density.18,19 Contrary to what is expected from these re-
sults, the density is quite unchanged from sample A1 to
sample D1, although their compositions correspond to lattice
mismatch decreasing from 3.2% to 2.7%. Kinetic effects,
such as a reduction in the diffusivity of the adatoms due to
the occupation of surface sites by V elements,22 could ex-
plain the absence of density decrease from sample A1 to
sample D1.

The precise shape of the QDs after their formation re-
mains difficult to know, especially for InAs�P�/InP QDs
grown by MOVPE. On one hand, the shape and the heights
of the QDs can be strongly changed during temperature de-
cay �for uncapped samples25� or during overgrowth �for
capped samples10,33�. On the other hand, the lack of in situ
growth monitoring in MOVPE impedes to check such evo-
lutions. Despite of these difficulties, we can discuss on the
shape of InAs�P�/InP QDs on the basis of the structural char-
acterizations presented above. We have evidenced that the
nominal thickness of InAsP contributing to the formation of
the QDs decreases from 4.5 to 1.5 ML from sample A1 to
sample D1, while the QD density remains quite unchanged.
It indicates that the volume of InAs�P� for the formation of
each QD is decreased from sample A1 to sample D1. We
have also observed a slight increase in the lateral sizes of the
QDs from sample A1 to sample D1 �of about 13%�. Only a
decrease in the QD heights �before cap-layer growth� from
sample A1 to sample D1 can be coherent with the expected
decrease in the volume of the QDs. The reduction in the QD
heights, and consequently of their aspect ratios, could be due
to the apparition of shallow facets on the top of the QDs.
High aspect ratios for QDs generally allow to have an im-
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portant lateral strain relaxation, on the cost of the formation
of steep facets. It is not surprising that the reduction in the
lattice mismatch between QD material and substrate—and
consequently of the strain in the QDs—promotes the reduc-
tion in the QD aspect ratios, possibly by the formation of
shallower facets on the top of the QDs.

We notice that while the qualitative material balance in-
dicates that the QD heights before cap-layer growth decrease
from sample A1 to sample D1, cross-section TEM observa-
tions of the capped samples have shown about the same QD
heights. Once again, we have to remind that the cap-layer
growth strongly affects the QD morphology in the InAs�P�/
InP system, and that the capped QDs studied here have un-
dergone a strong decrease in their heights during overgrowth.
A smaller desorption of the top of the InAsP QDs during
overgrowth compared to that for “pure” InAs QDs could
explain the lack of QD height variations from sample A1 to
sample D1, contrary to what was expected from the material
balance.

We have observed a small reduction in the linewidth of
the emission from sample A1 to sample D1 �Figs. 1�a� and
1�b��. This is coherent with the slight decrease in the height
dispersions from sample A1 to sample D1 evidenced by the
TEM study. The reduction in the height dispersion could be
partly due to the reduction in the aspect ratio of the QDs,
especially in the case of the apparition of shallow facets on
the top of the QDs when the lattice mismatch is decreased.
However, we observe an increase in the linewidth of the
emission on the PL spectra from sample D1 to sample F1. In
particular, we can count on the low temperature PL spectra
the number of QD families, the heights of which are varying
by monolayer steps. We count about 2, 8, and 5 QD families
on samples D1, E1, and F1, respectively. We believe that
both the QD heights and the height dispersions before cap-
layer growth are monotonically decreasing with the
PH3 /AsH3 ratio increase, and that the increase in the height
dispersions observed on the capped samples D1–F1 �Figs.
1�a� and 1�b�� is due to cap-layer growth effects occurring on
smaller QDs. Such complex cap-layer effects �observed, for
example, on the PL spectra of samples D1 and D2, contain-
ing identical QDs embedded with different cap-layer growth
rates� are beyond the scope of this study and will be dis-
cussed elsewhere.10 In summary, we suggest that both
heights and height dispersions of the QDs are decreased
when increasing phosphorus incorporation. The reduction in
the height dispersion is preserved by the cap-layer growth for
the thickest QDs �samples A1–D1�, but cap-layer growth ef-
fects are occurring on thinnest QDs �samples D1–F1�, lead-
ing to an increase in their height dispersions.

We can finally discuss on the evolution of the integrated
intensity of the QD emission when their energy is changed
due to the phosphorus incorporation. Figure 1�b� presents the
integrated intensity of the room temperature PL spectra as a
function of the PH3 /AsH3 ratio using a low excitation inten-
sity of about 50 W /cm2, an excitation intensity for which
we do not observe a saturation of the emission. We observe
an increase in the intensity from sample A1 to sample D1
and a decrease from sample D1 to sample F1. Since struc-
tural characterizations have shown that the density is almost

unchanged from sample A1 to sample D1, we think that the
efficiency of the emission is increased from sample A1 to
sample D1. The decrease in the intensity from sample D1 to
sample F1 could be due to the increase in thermally activated
escape of the holes from QD states toward wetting-layer
states or due to a decrease in the QD density. Further optical
characterizations are in progress and will be presented else-
where.

V. CONCLUSION

We have grown InAsP/InP�001� QDs with a voluntary
phosphorus incorporation using MOVPE. The structural and
optical properties of the InAsP/InP�001� QDs have been
studied using PL and TEM characterizations. We first show
that PH3 /AsH3 ratio between 0 and 50 during QD growth
allows to grow QDs with phosphorus composition between
0% and 30%. We have discussed on the various effects oc-
curring due to the phosphine flux and to the phosphorus in-
corporation into the QDs. The interpretation of the observa-
tions involves kinetic effects due to the additional phosphine
flow, energetic effects due to the reduction in the lattice mis-
match between QD material and substrate, and capping-layer
growth effects. The phosphorus incorporation allows to tune
QD emission to shorter wavelength while decreasing the
linewidth and increasing the intensity of the emission. In
particular, a PH3 /AsH3 ratio of 30 allows to obtain a high
density �about 1.5�1010 cm−2� of InAsP QDs �phosphorus
composition about 18%� presenting an intense emission
around 800 meV �1.55 �m� with a reduced linewidth of 80
meV.
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