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We report on the effects of the As/P intermixing induced by phosphorus ion implantation in InAs/
InP quantum dashes �QDas� on their photoluminescence �PL� properties. For nonintermixed QDas,
usual temperature-dependent PL properties characterized by a monotonic redshift in the emission
band and a continual broadening of the PL linewidth as the temperature increases, are observed. For
intermediate ion implantation doses, the inhomogeneous intermixing enhances the QDas size
dispersion and the enlarged distribution of carrier confining potential depths strongly affects the
temperature-dependent PL properties below 180 K. An important redshift in the PL emission band
occurs between 10 and 180 K which is explained by a redistribution of carriers among the different
intermixed QDas of the ensemble. For higher implantation doses, the homogeneous intermixing
reduces the broadening of the localized QDas state distribution and the measured linewidth
temperature behavior matches that of the nonintermixed QDas. An anomalous
temperature-dependent emission energy behavior has been observed for extremely high
implantation doses, which is interpreted by a possible QDas dissolution. © 2010 American Institute

of Physics. �doi:10.1063/1.3460646�

I. INTRODUCTION

Self assembled quantum dots �QDs� engineering has
long been the subject of intense research over recent years, in
order to exploit the properties of their discrete atomic-like
energy states. Indeed, QDs have several applications in ad-
vanced electronic and optoelectronic devices.1 Furthermore,
the fabrication of monolithically integrated QDs based opto-
electronic devices is strongly dependent on the selective tun-
ing of their emission wavelength. This can be ensured by
highly spatial selective intermixing across the same sample
surface.2 Among the several existing interdiffusion tech-
niques that have been widely and successively used to study
the evolution of the QDs properties, ion implantation and
subsequent annealing turn out to be the most appropriate
one.3–7 Indeed, using suitable ion implantation masks, this
approach, allows the feasibility of selective and controlled
intermixing in QDs’ structures, so one can selectively tune
the optical transition energies in the same sample surface.
This lead to a better control of the QD emission wavelength
which is attractive for the fabrication of multiple-section
photonic integrated circuits.8 The previous works enrolled in
this context have so far been limited to the investigation of
the impact of the ion implantation dose on low temperature

optical properties of the QDs structures. Following the evo-
lution of the temperature-dependent optical properties of in-
termixed quantum islands helps understanding the nature of
the optical transitions that might change with the intermixing
degree. Such study is also important for better understanding
the intermixing process and the accurate control it could of-
fer for designing optoelectronic devices such as broadband
light emitting diodes.

In this work, we study the temperature-dependent pho-
toluminescence �PL� properties of InAs/InP quantum dashes
�QDas� �also called quantum sticks� selectively intermixed
by phosphorus ion implantation and subsequent rapid ther-
mal annealing �RTA�. Our study provides major insight into
the evolution of the temperature-dependent optical properties
of InAs/InP QDas as a function of the intermixing degree.

II. EXPERIMENTS

The samples were grown on sulfur-doped InP substrates
using solid-source molecular beam epitaxy. A 200 nm-thick
buffer layer was first grown at 480 °C. The InAs QDas were
then grown at 520 °C with a 4 monolayers �ML� nominal
thickness of InAs. The QDas were covered at 480 °C with a
70 nm-thick InP layer followed by a 50 nm-thick In53Ga47As
layer used as a sacrificial layer. Structural studies indicate
that the QDas are elongated along the �1-10� direction with
typical size of 50–100 nm in length, 22�1.2 nm in width
and 2.4 nm in height and with a surface density around 7.5
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�1010 cm−2.9 The samples were then subjected to a phos-
phorus ion implantation, at 18 keV, at 200 °C with doses
ranging from 1�1011 to 5�1014 ions cm−2.5 The energy of
phosphorus ions was chosen to confine the damage peak into
the InGaAs sacrificial layer that can be selectively removed
after the RTA process. After implantation, the samples were
annealed at 650 °C for 120 s to set off the atomic intermix-
ing. For comparison, a reference sample �only annealed� was
also prepared.

For the PL measurements, the samples were excited with
the 514.5 nm line of an Ar+ laser and the spectra were col-
lected using a thermoelectrically cooled InGaAs photodetec-
tor using a conventional lock-in technique.

III. RESULTS AND DISCUSSION

Figure 1 shows the 10 K PL spectra of the as-grown
sample, the reference sample and the samples implanted at

various doses and subsequently annealed. The presence of
sharp water-vapor absorption bands between 0.85 and 0.91
eV are artifacts of our detection system and unfortunately
tends to deform the PL emission band in that spectral range.
The absence of PL shift between the as-grown and the refer-
ence sample allows the investigation of the intermixing
purely produced by the phosphorus ion implantation. In-
creasing the ion doses induces a blueshift in the emission
energy and fluctuation of the PL linewidth. Indeed, previous
study5 of these structures revealed that the QDas emission
wavelength can be selectively tuned up to 350 nm. This
value corresponds to the band gap tuning limit for this sys-
tem which is achieved for an implantation dose of 5
�1013 ions cm−2. Higher implantation doses result in a satu-
ration of the blueshift and a decrease in the integrated PL
intensity. The QDas are also found to be inhomogeneously
intermixed for ion implantation doses up to 1012 ions cm−2

resulting in an increase in the PL linewidth. For higher im-
plantation doses, a decrease in the PL linewidth has been
found to occur suggesting that the QDas size, composition
and the strain distributions evolve toward more uniform
ones. Such behavior has also been reported for InAs/GaAs
QDs system where an onset of active point defects per dot is
required for homogeneous intermixing.10

A complete set of temperature-dependent PL spectra
have been obtained for each sample. Figure 2 shows the PL
spectra obtained for three significant samples of the investi-
gated series of QDas structures, at temperatures ranging from
10 K to 300 K. The temperature-dependent QDas PL line
shape and emission energy are found to be strongly depen-
dent on the intermixing degree. For the nonintermixed
sample a continuous redshift in the emission band is ob-
served which is characteristic of a Varshni-like temperature
dependence of the band gap energy �see Fig. 2�a��. Atypical
sigmoidal emission energy and V-shaped PL linewidth have
been observed for intermediate ion implantation doses in the
5�1011–1013 ions cm−2 range �see Fig. 2�b��. For implan-
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FIG. 1. �Color online� 10 K-PL spectra of InAs/InP QDas samples as a
function of the ion implantation dose.
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FIG. 2. �Color online� Temperature induced changes in the PL spectrum for three studied QDas samples: a nonintermixed QDas sample �a�, and two samples
implanted with phosphorous ions at a dose of 1012 ions cm−2 �b� and 5�1013 ions cm−2 �c�, respectively. All spectra are normalized to the PL peak
maximum.
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tation doses beyond the band gap tuning limit ��5
�1013 ions cm−2�, the temperature dependence of the emis-
sion energy is similar to the one observed for nonintermixed
sample �see Fig. 2�c�� and the PL linewidth exhibits only a
slight increase with increasing temperature.

The above-mentioned behaviors are better revealed in
Fig. 3 in which we have plotted the energy of the emission
band maximum versus the temperature, for each sample. Ex-
cept for samples showing a very large PL linewidth, these
data points are well reproduced using the empirical Varshni
relation11

Eg�T� = Eg�0� −
�T2

� + T
,

with � and � parameters approaching those found for the
InAs material.12 The as-grown sample data points are best
reproduced for parameters �=220 K and �=3.9
�10−4 eV K−1, within a 10% confidence on these values.
The same fitting parameters have been used for the bottom
four curves �solid lines�. For these samples, the low tempera-
ture data points ��50 K� are systematically below the em-
pirical curves by about 5 meV. Similar behavior has been
reported for InAs/GaAs QDs and attributed to the carriers’
localization at low temperature.13,14 For the topmost three
curves corresponding to a high degree of intermixing, the
bowing of the curves at high temperatures is reduced com-
pared to the one observed for the four bottom curves. We
thus use �=220 K and a smaller value of �=2.9
�10−4 eV K−1 in order to pass through these high-
temperature data points �160–300 K�. It is interesting to note

that the 10 K-data points are again below the empirical
curves for this set of samples. The corresponding energy dif-
ference reaches about 11 meV for the sample ion-implanted
at the highest dose. Additionally, the discrepancy between
experimental data and empirical curves extend up to 160 K.
In this situation, the large energy difference might be related
to an extra confinement of the exciton. This behavior is simi-
lar to that observed for III-V-N quantum wells.15 In fact, for
that system the low temperature PL emission arises from
localized states located a few tens of millielectron volt below
the quantum well’s ground state. In our case, the high im-
plantation doses �around the band gap tuning limit� are ex-
pected to create a high density of point defects that may
agglomerate into complex defects and stable clusters becom-
ing hard to restore after annealing. Furthermore, when the
QDas structures are highly intermixed, the partial dissolution
of the QDas to form a quasi-two-dimensional �2D� layer with
potential fluctuation becomes very probable.16,17 This is
likely to be the origin of the carrier’s localization at low
temperature since carriers collected by the well preferentially
locate in regions where the 2D layer/well width is maximum
and/or the local strain is minimum. The difference in PL
energy between experiment and theory at lowest temperature
usually represents the depth of localization.18

Finally, for samples implanted at intermediate doses �5
�1012 and 1�1013 ions cm−2� it is impossible to reproduce
their data points over all the temperature range using a
simple empirical Varshni relation. The position of the PL
peak decreases rapidly with increasing temperature, an in-
flexion point is observed in the 100–180 K temperature
range, and the curve tends to recover a normal Varshni-like
behavior at higher temperatures. The fast redshift in the PL
emission energy is typical of thermally activated carrier re-
distribution from smaller QDas having small activation en-
ergy to larger QDas with deeper confining potential.19,20

Then the temperature dependence of the PL peak energy ob-
served in the high temperature range is well explained by
that fact that PL signal mainly comes from carrier recombi-
nation into the smaller QDas.

Further understanding of the influence of the ion implan-
tation dose on the size/compositional distribution of a large
ensemble of QDas can be obtained by investigating how the
emission peak linewidth evolves with the temperature. The
PL peak linewidth of the investigated samples is plotted as a
function of the temperature in the Fig. 4. For nonintermixed
QDas, namely the as-grown sample, the reference sample
and sample implanted at 1011 ions cm−2, the initial QDas
size dispersion is preserved. The linewidth exhibits a slight
continual increase with increasing temperature meaning that
the electron phonon scattering is the dominant broadening
factor in the whole temperature range.21,22 As also, revealed
by the evolution of the emission energy �Fig. 3�, the
temperature-dependent luminescence properties of noninter-
mixed QDas are not sensitive to carrier’s redistribution
within the localized states.23 However, by further increasing
the ion implantation dose in the 5�1011–1012 ions cm−2

range, the linewidth first decreases at low temperatures �20–
150 K� and then increases slightly at higher temperatures.
The position of the minimum seems to depend on the ion
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FIG. 3. �Color online� Temperature dependence of the PL peak energy of
the investigated samples. The symbols are experimental data and the solid
lines are calculated according to the Varshni law.
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implantation dose. For the samples implanted at 5�1012 and
1013 ions cm−2 the linewidth remains nearly constant at low
temperature �up to 180 meV� and increases monotonically at
high temperature. For the intermediate implantation dose
range �5�1011–1013 ions cm−2�, the appearance of such
low temperature PL peak linewidth behavior, indicates that
the luminescence properties are dominated by carriers redis-
tribution within the broadened localized states induced by
the QDas size fluctuation which is strongly affected by the
inhomogeneous intermixing. Accordingly, when the tempera-
ture increases the carriers predominantly repopulate the
QDas of larger sizes having deeper confining potential result-
ing in the observed PL peak linewidth behavior. This effect is
more important for the sample implanted at a dose of 1
�1012 ions cm−2 which appears to be the one with the wid-
est size dispersion. For most of the investigated samples, the
PL peak linewidth temperature-dependent behavior still re-
sults from the dominant contribution of the electron phonon
scattering at high temperatures.24 The PL linewidth is never-
theless smaller at 300 K for the 1�1012 ions cm−2 sample.
The carrier confinement potential is important for this
sample and this value increases as carriers get trapped in
bigger dashed of the ensemble. Consequently the linewidth
broadening mechanism related to carrier-phonon scattering is
less important for this sample because only quantum levels
of these bigger dashes have to be considered. For higher
implantation doses, the QDas initial size distribution is ex-

pected to be recovered and the PL peak linewidth variation
with temperature follows that of nonintermixed QDas.

IV. CONCLUSION

The PL emission energy and linewidth temperature be-
haviors of InAs/InP QDas are found to be strongly dependent
on the degree of intermixing showing three different re-
gimes. Usual temperature-dependent PL properties have been
observed for both slightly and strongly intermixed QDas
structures although the emission energy behavior from
highly intermixed QDas suggests the possibility of dissolu-
tion to a rough 2D layer. On counterpart, atypical tempera-
ture dependences are observed for samples implanted with
phosphorous ions at intermediate doses �5
�1011–1013 ions cm−2�. This result is explained by the
broadening of the localized QDas states distribution due to
inhomogeneous As/P intermixing and consequent carriers’
redistribution within these states. Such analysis reveals the
actual limitation of this intermixing process that one has to
take into account for the design of optoelectronic devices. It
can also be used to guide the development of approaches to
further optimize this fabrication process.
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