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Evolution of surface morphology and photoluminescence
characteristics of 1.3-µm In0.5Ga0.5As/GaAs quantum dots

grown by molecular beam epitaxy
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Evolution of surface morphology and optical characteristics of 1.3-µm In0.5Ga0.5As/GaAs quantum dots
(QDs) grown by molecular beam epitaxy (MBE) are investigated by atomic force microscopy (AFM) and
photoluminescence (PL). After deposition of 16 monolayers (ML) of In0.5Ga0.5As, QDs are formed and
elongated along the [11̄0] direction when using sub-ML depositions, while large size InGaAs QDs with
better uniformity are formed when using ML or super-ML depositions. It is also found that the larger size
QDs show enhanced PL efficiency without optical nonlinearity, which is in contrast to the elongated QDs.
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In recent years, there is a continuing interest in self-
organized In(Ga)As/GaAs quantum dots (QDs) struc-
ture, because it has been recognized as a new candidate
for potential applications in high performance semicon-
ductor lasers emitting at the wavelengths of 1.3 − 1.55
µm[1−6]. In general, In(Ga)As/GaAs QDs are expected
to have more advanced optical performance and cheaper
in technology than that of 1.3-µm InP based lasers.
However, in In(Ga)As/GaAs heteroepitaxial systems,
elastic strain arising from the lattice mismatch greatly
influences the growth and microstructure of the over
layer. As a result, many aspects concerning size, shape,
and composition fluctuations of the QDs are still not
understood extensively. Whether the strain can be re-
leased efficiently decides the composition and the size
distribution of three-dimensional (3D) QDs. Thus, it is
very necessary to study the surface morphology evolu-
tion of 1.3-µm emission In(Ga)As/GaAs QDs which can
result directly from the strain relaxation mechanism of
the deposited InGaAs layer.

It is well known that low growth rate, alternate supply
growth, and InGaAs strain-reducing layer are the keys
to attain 1.3-µm emission in In(Ga)As/GaAs QDs[7−11].
But increasing the amount of deposited In(Ga)As is
found to be another important factor. For example, it
needs ten or more monolayers (ML) InGaAs QDs for the
1.3-µm photoluminescence (PL) emission[1]. Recently,
we found that by depositing 16 ML InGaAs via cycled
ML (InAs)1/(GaAs)1 deposition, the formed island can
reach a room temperature ∼ 1.35-µm PL with good op-
tical properties[3].

In this letter, we report a systematic investi-
gation of the morphological evolution and optical
properties of molecular beam epitaxy (MBE)-grown
In0.5Ga0.5As/GaAs QDs via cycled (InAs)n/(GaAs)n

ML deposition method, where n stands for the number
of the deposited ML ranging from 0.0 to 2.0 (n < 1,
sub-ML; n = 1, ML, n > 1, super-ML, respectively).

It is demonstrated, from the atomic force microscopy
(AFM) results, that the style of the deposition can di-
rectly control the surface morphology of the deposited
InGaAs layer. Therefore, it is possible to obtain strain
released 1.3-µm emssion InGaAs QDs or highly strained
QDs via cycled (InAs)n/(GaAs)n ML deposition.

Samples studied here were grown in a VG V80H MKII
MBE system on (100) semi-insulating GaAs substrates.
A first 500-nm GaAs buffer layer was grown at a sub-
strate temperature of 600 ◦C. Then the growth was
interrupted in order to reduce the substrate tempera-
ture to 510 ◦C, which was then kept constant for the
growth of the rest layers. The 16 ML In0.5Ga0.5As
QDs were formed by alternatively growing n ML InAs
and n ML GaAs, where n = 0.25, 0.5, 1.0, 1.5, and
2.0. For all samples, 30-seconds As4 exposure pause
was introduced between each cycled InAs and GaAs
layer. In order to carry out AFM measurements, af-
ter the In0.5Ga0.5As island deposition, the samples were
quickly cooled to 300 ◦C, while the arsenic pressure
was maintained to reduce surface reorganization. For
samples designed for PL measurement, the In0.5Ga0.5As
QDs were covered by overgrowth layers including a 3
ML Indium-segregation-suppressing AlAs layer, a 3-nm
strain-reducing In0.2Ga0.8As layer and finally a 50-nm
GaAs cap layer. For comparison, a special 16-ML-thick
In0.5Ga0.5As island structure (nominated as n = 0.0
sample) was grown with In and Ga sources supplied si-
multaneously, also sandwiched by the same buffer and
overgrowth layers as above for PL measurement. The
growth rates of InAs and GaAs were 0.1 and 0.5 ML/s
calibrated by reflection high-energy electron diffraction
(RHEED) intensity oscillations. The back pressure of
As4 was maintained at 2×10−8 mbar during the growth.

AFM morphology measurements were carried out us-
ing a Park Science Instruments (PSI) microscope, model
VP, operating in the contact mode. Images were an-
alyzed using PSI pro scan image processing software,
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version 1.5. The He-Ne laser with the wavelength of
632.8 nm was used as an excitation source for the PL
measurement. Excitation power and sample temperature
were changeable from 0.03 to 30 mW and from 10 to 300
K, respectively. A liquid nitrogen cooled Ge detector
detected the PL signals from the samples.

Figures 1(a)—(f) show typical AFM images of all the
samples with their height profiles. Besides the flat areas
corresponding to the wetting layer, the surface of the
n = 0.0 sample (Fig. 1(a)) consists of QDs with a lateral
size of 80 nm and a height of about 10 nm. When the
InGaAs QDs are formed via cycled (InAs)n/(GaAs)n de-
position (n > 0.0), their shapes, sizes, and lateral distri-
butions are quite different depending on the ML number
n. For n = 0.25, QDs as shown in Fig. 1(b) are elongated
along the [11̄0] direction with a bigger size and smaller
density than those of the n = 0.0 sample. With increas-
ing ML number to n = 0.5, coalescence of the elongated
QDs occurs, resulting a ripple morphology. However, for
n = 1.0, the elongated QDs coalesce with each other only
in the [11̄0] direction whereas a quite uniform periodicity
of about 90 nm along the [110] direction can be recog-
nized as shown by Fig. 1(d), which can be referred to
as mounds structure. Further increasing ML number n

to 1.5, the deposited InGaAs materials nucleate to QDs
again, but the QDs are still elongated slightly along the

Fig. 1. Typical ex situ AFM images of the surface morpholo-
gies of the In0.5Ga0.5As QDs corresponding to the ML number
n from 0.0 to 2.0.

[11̄0] direction, especially for the QDs with a smaller lat-
eral size along the [110] direction. Finally, when n = 2.0,
uniform QDs, which have an average lateral size of 95
nm and a height of about 10 nm, are formed without
obvious direction preferential.

We attribute the surface morphology mainly to the lat-
tice mismatch between GaAs and InGaAs with different
Indium mole fraction. It is well known that larger In frac-
tion results in larger lattice mismatch between GaAs and
InGaAs. When the InGaAs layer is formed via cycled
(InAs)n/(GaAs)n (n > 0.0) depositions, the mismatch
between the first deposited InGaAs layer and the GaAs
substrate is smaller for n < 1.0 than for n ≥ 1.0, because
In and Ga exist simultaneously in the first n < 1.0 de-
position layer while there is only In component in the
first n ≥ 1.0 deposition layer. Therefore, sub-ML de-
position is similar to the n = 0.0 sample case, but for
bigger ML number, the deposition mechanism turns to
InAs/GaAs case. As a result, when n < 1.0, because
16 ML exceed the critical thickness of In0.5Ga0.5As, is-
land saturation occurs and disordered morphology is
observed in Fig. 1(a)[12]; for n = 0.25 and 0.5, sur-
face adatom diffusion is more sufficient for the QDs to
reach the optimal size of lower strain state, so the QDs
are elongated along the [11̄0] direction, which gives the
typical anisotropic surface morphology for As-stabilized
surface[13]. Particularly, it should be noted that the
ripple morphology when n = 0.5 results in large stress
state of the QDs, which will be proved in our PL mea-
surements. When n ≥ 1.0, due to the high strain in the
first deposited atom layer, preferential sites exist for dots
formed in successive InAs layers, also new QDs tend to
nucleate directly above buried QDs[14,15], therefore QDs
are formed with different size and distribution other than
those for n < 1.0.

PL measurements can give us the information about
the stress state of the lattice-mismatched InGaAs/GaAs
system. Figure 2(a) shows the PL spectra from the six
samples taken at 10 K under constant excitation power of
0.3 mW. The PL peak energy and the full-width at half-
maximum (FWHM) of spectra are displayed in Fig. 2(b)
for clarity. In Fig. 2(a), the PL signals are quite strong for
n > 0.0 samples, while a sharp drop in PL intensity is ob-
served for n = 0.0 sample. For the curve n = 1.0, besides
the main peak at about 1.00 eV (marked as (1)), there is

Fig. 2. (a) PL spectra taken at 10 K under excitation power
of 0.3 mW for all the cycled (InAs)n/(GaAs)n (n = 0.0−2.0)
grown island samples. The separated higher energy peak of
n = 1.0 curve (marked as peak (2)) is positioned at about
1.17 eV; (b) PL peak energy and the FWHM of spectra with
different ML number n.



54 CHINESE OPTICS LETTERS / Vol. 7, No. 1 / January 10, 2009

a fairly separated PL peak at about 1.170 eV (marked as
(2)). From Fig. 2(b), it is clear that n ≥ 1.0 samples show
lower emission energy and narrower FWHM compared
to n < 1.0 samples. The lowest PL peak energy obtained
here is 0.99 eV from the n = 1.5 island structure, which
is 180 meV red-shifted compared to the peak of 1.17 eV
from the n = 0.0 sample. In particular, PL peak of the
n = 0.5 curve is located at energy position of about 1.22
eV, which is the highest among those PL spectra. For
FWHM, the narrowest linewidth of 28.8 meV is obtained
from the PL spectra of the n = 1.0 sample. The FWHM
of the n = 0.0 sample reaches the maximum value of
73 meV.

It is known that strain relaxation of the InGaAs island
greatly influences the energy band structure[16]. The
higher the stress state, the higher energy it emits. In our
case, since the widths of all the samples are the same
and they are covered by the same overgrowth layers,
so it is easy to conclude that elastic strain of n ≥ 1.0
QDs relaxed more than that of n < 1.0 QDs. Thus, the
lower stress state of the InGaAs mounds and large size
InGaAs QDs of n ≥ 1.0 reduces the interband transition
energy and thereby increases the energy shift up to 180
meV at 10K compared with the n = 0.0 structure. This
conclusion can further be proved by the following optical
nonlinearity of the n < 1.0 samples.

The narrower FWHM of the PL of the n ≥ 1.0 samples
originates from the uniformity of the InGaAs mounds or
QDs. Because from AFM images, it can be seen that for
n = 1.0, the lateral width of the mounds along the [110]
direction is roughly the same, and the height has a quite
small fluctuation. It is also true for the large size QDs
formed by the super-ML depositon (n > 1.0). However,
the surface of the n < 1.0 InGaAs QDs has a bigger
width fluctuation, which results in the broader FWHM
of the PL spectrum. For the n = 0.5 QDs, the PL peak
intensity is the highest of 1.22 eV which may due to the
less defects of the n = 0.5 QDs than other QDs. While
the two PL features appeared only for the n = 1.0 sample
may be attributed to their elongated shapes of the QDs
and distributions of carriers at room temperature.

The above observations confirm that the PL perfor-
mance of the samples correlates to the surface morpholo-
gies of the In0.5Ga0.5As QDs, which play an important
role for strain relaxation of the InGaAs QDs. Moreover,
the strained QDs should show optical nonlinearity due
to internal piezoelectric fields effect, but this effect does
not exist in unstrained QDs[17]. Evidence has been ob-
tained when we measure the PL peak energy from the
ground states of all samples and the separated peak of
n = 1.0 sample under different excitation intensities and
Fig. 3 shows the results.

In Fig. 3, in contrast to the blueshift of PL peak energy
shown by the InGaAs QDs of n < 1.0 when the excita-
tion power is raised, the n ≥ 1.0 InGaAs mounds or QDs
do not show optical nonlinearity. The n = 0.5 QDs show
a strong blueshift up to 0.69 eV for an increase of the
excitation power from 0.03 to 30 mW, whereas the peak
energies of n = 0.25 and 0.0 sample show appropriately
the same value of shift at high excitation power. For
samples of n ≥ 1.0, increases of excitation power do not
result in the blueshift of PL peak of ground states but
a slight redshift that need further investigation. For the

Fig. 3. Spectra of PL energy peak versus excitation power
intensity taken at 10 K from all the cycled (InAs)n/(GaAs)n

(n = 0.0 − 2.0) grown QDs. For n = 1.0, the peak change of
ground state is marked as (1), and the separated peak marked
as (2).

separated peak marked (2) of n = 1.0 sample, it shows a
similar blueshift as the n = 0.5 sample with the excita-
tion power.

The strongest optical nonlinearity shown by the
n = 0.5 sample suggests that large strain exists in the
InGaAs QDs layer. This can be explained by the fact
that the InGaAs QDs, which are in contact with each
other (Fig. 1(c)), may result in the large stress state of
the InGaAs layer. Some features of this remains for the
n = 1.0 sample and results in the separated PL peak,
which shows a similar optical properties of the n = 0.5
sample. The same energy shift for the n = 0.25 and 0.0
samples suggests that small ML number n is not suitable
for the strain relaxation of the InGaAs layer. However,
absence of optical nonlinearity of n ≥ 1.0 samples proves
that strain relaxation has been achieved through the
quite uniform surface morphology of these mounds or
QDs. Therefore, from the experiment results, we have
obtained a critical value of n = 1.0 for strain released
1.3-µm emssion in InGaAs QDs formation.

Finally, it is necessary to compare the PL efficiency

Fig. 4. Comparison of the temperature dependent spectra of
PL integrated intensity measured under the constant excita-
tion power of 0.3 mW. (a) No detectable PL emissions from
the n = 0.0, 0.25 and 0.5 samples, if the temperature is in-
creased above 77, 100 and 200 K, respectively; (b) strong PL
signals from samples n = 1.0, 1.5 and 2.0 can be detected
until the measured temperature about 300 K.
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for all samples under different temperatures, as shown
in Fig. 4. In Fig. 4(a), no PL signal can be detected
at higher temperatures for the n < 1.0 samples, because
the PL intensities are very weak even at low temperatures
(n = 0.0 and 0.25) or decrease dramatically with increas-
ing temperature (n = 0.5), and the highest temperature
at which the PL signal can be detected is 200 K for the
n = 0.5 sample. While quite strong PL signals under
excitation power of 0.3 mW measured from 10 to 300 K
are detectable for all the n ≥ 1.0 samples (Fig. 4(b)), and
the peak position of the three samples at 300 K is about
1.35 µm. Moreover, for the n = 1.0 sample, the PL in-
tensity is higher than that of the n = 1.5 and 2.0 samples
at the same temperature. From the measurement results
discussed above, the PL efficiencies of the samples grown
by ML and super-ML depositions (n ≥ 1.0) compared to
the samples grown by sub-ML depositions (n < 1.0, in-
cluding n = 0.0) are clearly enhanced as evidenced.

In summary, we have studied the morphology evo-
lution and PL properties of In0.5Ga0.5As/GaAs island
structures grown by cycled (InAs)n/(GaAs)n deposition
method. The strain relaxation of the InGaAs QDs
achieved through the evolution of surface morphology has
been proved by the optical nonlinearity of PL spectra
taken from the n < 1.0 QDs under different excitation
intensities. The n ≥ 1.0 depositions result in efficient
strain relaxation of the InGaAs layer and enhancement
of 1.3-µm PL efficiency till room temperature.
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ural Science Foundation of China (No. 10734060)
and the National Basic Research Program of China
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