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We present detailed studies of the onset of strain relaxation in InAs/ InGaAs quantum dots. We show
that the ground-state photoluminescence �PL� emission redshifts with increasing the InAs coverage
before relaxation and blueshifts when relaxation occurs. PL spectra of the relaxed samples show two
predominant families of dots with very different temperature-dependent efficiency. By comparison
we show that the dots emitting at long wavelength are degraded by relaxation while the dots
emitting at short wavelength remain coherently strained. Consequently, the PL spectra are
dominated by the dots emitting at short wavelength, leading to the observed blueshift. This result
suggests that the relaxation does not occur uniformly. In addition, we show that the relaxation occurs
in the dot bottom interface. © 2005 American Institute of Physics. �DOI: 10.1063/1.2081132�
The InAs/GaAs self-assembled quantum dots �QDs�
�Refs. 1–5� have attracted considerable attention for their
promising technological applications.6–8 Increasing the InAs
coverage can increase the dot size. However, when the InAs
coverage is increased beyond a critical thickness, strain
relaxation9 in the QD occurs. Local strain has been shown to
alter the properties of the QD. Strain-induced intermixing10

and In segregation11 has been reported. However, the experi-
mental data concerning the effect of relaxation on the size
distribution of the dots and their properties have seldom been
reported. We have previously characterized the strain relax-
ation in InAs QD capped with GaAs �Ref. 9� and found
complete carrier depletion in the QD. Capping the QD with
an InGaAs layer has been shown to reduce the strain and
achieve an emission at over 1.5 �m.12 This strain-reducing
InGaAs layer is expected to influence the relaxation process.
Therefore, in this work, we have capped the InAs dots with
an InGaAs layer and investigated the strain relaxation by
carefully increasing the InAs coverage thickness.

The QD structures were grown on n+-GaAs �100� sub-
strates by solid source molecular beam epitaxy in a Riber
Epineat machine. On top of a 0.2 �m-thick Si-doped GaAs
�6–10�1016 cm−3� barrier layer, an InAs layer with different
thickness from 1.97 to 3.33 ML was deposited at 490°C to
form the QDs. Then the QDs were capped with a 60 Å
In0.15Ga0.85As layer and a 0.2 �m-thick Si-doped GaAs
�6–10�1016 cm−3� barrier layer to finish the growth. Detail
growth conditions can be found elsewhere.13 A QD sheet
density about 3�1010 cm−2 was observed by atomic field
microscopy �AFM� images. For capacitance-voltage �C−V�
profiling, Schottky diodes were realized by evaporating Al
on the sample. PL measurements were carried out using a
double frequency yttrium-aluminum-garnet �YAG�: Nd laser
at 532 nm.

Figures 1�a� and 1�b� show the 300- and 50-K PL spectra
for different InAs coverage of 1.97, 2.34, 2.7, 3.06, and 3.33

ML. The laser power was kept at 10 mW for all samples. A
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redshift of the ground-state emission from 1238 to 1300 and
to 1310 nm can be seen as the InAs coverage is increased
from 1.97 to 2.34 and to 2.7 ML. This redshift was previ-
ously observed and explained by an increase in the dots
size.14 DLTS measurement shows no trapping signals in
these samples, indicating coherent QD formation. However,
as the InAs coverage is increases to 3.06 ML, the ground-
state peak is blueshifted to 1223 nm accompanied with
broadening spectra. Further increasing the InAs coverage to
3.33 ML, the peak is further blueshifted to 1215 nm. This
sudden blueshift and linewidth broadening are indicative of
strain relaxation. Consequently, the InAs critical thickness
for the relaxation shall be between 2.7 and 3.06 ML.

Detailed examination of the PL spectra shows the pres-
ence of two predominant families of dots in the relaxed
samples. In the 3.06 ML coverage, besides the dots emitting
at 1223 nm, another family of dots emitting at about 1300
nm can be seen in Fig. 1�a�, suggesting that the relaxation
does not occur uniformly. From their excitation power de-
pendence, the possibility that these two peaks are related by
ground and excited state is excluded. The dots emitting at
1300 nm are relatively weak in intensity. Figure 2 shows the
temperature-dependent PL spectra of this sample. The two
families of the dots show very different temperature depen-
dence of the radiation efficiency. At 300 K, the peak intensity
of the dots emitting at 1223 nm is only slightly stronger than
that of the dots emitting at 1330 nm. However, as tempera-
ture decreases to 50 K, the peak intensity at 1223 nm in-
creases in efficiency by a factor of 10 as compared to only 2
for the peak at 1300 nm, indicating that the dots emitting at
1300 nm are degraded by relaxation defects through which
carriers are recombined. By comparison, the dots emitting at
1223 nm are not degraded by relaxation because its intensity
is even stronger than that of the nonrelaxed dots emitting at
1238 nm in the 1.97 ML coverage at low temperatures as
shown in Fig. 1�b�, suggesting that the dots emitting at 1223

nm are still coherently strained. Consequently, the PL spectra
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are dominated by the dots emitting at 1223 nm, explaining
the observed blueshift. The 3.33-ML sample shows similar
two predominant families of dots emitting at 1215 and 1300
nm, respectively. The peak around 1300 nm is weaker than
that of the 3.06 ML sample, consistent with a larger degree
of relaxation.

Figure 3 shows the temperature dependence of the full-
width at half-maximum �FWHM� of the ground-state peaks
for the samples. The 1.98 ML coverage has the largest low-
temperature FWHM ��70 meV�, reflecting the inhomoge-
neous distribution of dots size. When temperature is in-
creased, the FWHM decreases gradually for temperatures
higher than 150 K. A fast redshift of the peak energy is
accompanied with this reduction of FHWM. This behavior
has been previously reported15 and explained by the transfer
of electrons from small to large dots that have confined states
at lower energies. When InAs coverage is increases to 2.34
and 2.7 ML, FWHM decreases to about 35–40 meV, due to
improved size homogeneity for large dots.14 When tempera-
ture is increased, the effect for the electron transfer is less
apparent and the FWHM is nearly invariable. Relaxation
leads to a large FWHM about 60–67 meV �at 50 K� for the
3.06 and 3.33 ML coverage. These samples contain two
families of dots. The FWHM shown here is obtained from
the dots emitting at shorter wavelength. Since these dots are

FIG. 1. �a� 300 K PL spectra for InAs coverage of 1.97, 2.34, 2.7, 3.06, and
3.33 ML, showing a redshift from 1238 to 1310 nm with increasing the InAs
coverage from 1.97 to 2.7 ML and a blueshift as the InAs coverage is
increased to 3.06 and 3.33 ML. �b� The corresponding PL spectra at 50 K.

ticle is copyrighted as indicated in the article. Reuse of AIP content is 

coherently strained, probably due to better size homogeneity,

140.113.38.11 On: Thu, 0
the low-temperature FWHM is narrower than that of the non-
relaxed 1.98 ML. When temperature is increased, the elec-
trons transfer from the dots emitting at 1223 nm to the dots
emitting at 1300 nm, leading to a rapid decrease in the in-
tensity and increase in the FWHM of the peak at 1233 nm
for temperatures higher than 200 K. This trend is even more
pronounced in the 3.33 ML, where the FWHM rapidly in-
creases with increasing temperature higher than 150 K.

Figure 4 shows the 300-K concentration profiles at 1
MHz for the different InAs coverage. It can be seen that the
non-relaxed samples show a strong accumulation peak in the
dots and symmetric depletion on both sides. In contrast, the
relaxed samples show a relatively weak peak with drastic
depletion in the neighboring bottom GaAs layer. This carrier
depletion must be induced by relaxation by producing defect
traps which were previously reported to be acceptorlike.9,16

The irregular heavy doping around 0.3 �m provides the evi-
dence of the presence of the relaxation traps in the depletion
region. Due to a long emission time, the electrons that cannot
follow ac signal to emit out of the traps will be swept out

FIG. 2. Temperature-dependent PL spectra for the 3.06 ML InAs coverage,
showing two predominant families of dots emitting at 1223 and 1300 nm �at
300 K�, respectively. While their peak intensities are nearly comparable at
300 K, as temperature decreases to 50 K, the peak intensity at 1223 nm
increases in efficiency by a factor of 10 as compared to only 2 for the peak
at 1300 nm, suggesting that the dots emitting at 1300 nm are degraded by
relaxation.

FIG. 3. Temperature dependence of the FWHM of the ground-state peaks
for different InAs coverage. In the 3.06 and 3.33 ML samples, the FWHM isct to the terms at: http://scitation.aip.org/termsconditions. Downloade

obtained from the dominant peaks at 1223 and 1215 nm, respectively.
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when dc bias shifts Fermi level well below the traps level.
Deep-level transient spectroscopy �DLTS� spectra reveal a
broad trap at 0.37 and 0.41 eV �with capture cross sections of
5.45�10−17 and 9.78�10−16 cm2� for the 3.06 and 3.33 ML
coverage, respectively. We detect no traps in the top GaAs
layer. Consequently, this trap is the relaxation trap that
causes the carrier depletion. This result shows that the large
strain induced in the bottom interface by the evolving dots is
relieved by the formation of this defect trap. Given the dot
size fluctuation, a certain degree of spatial randomness sets
in, thus giving rise to the nonuniform strain relaxation ob-
served in the PL data. Our results demonstrate the important
role of the evolving strain fields16 as a source of driving
force for self-assembled growth, consistent with a phenom-
enological model proposed by Xie et al.17 In terms of its
Arrhenius plots, the trap detected here is similar to the trap
observed in relaxed InGaAs/GaAs quantum-well structures
and shall be related to the relaxation-induced dislocations.18

The fact that the bottom GaAs layer is depleted by re-
laxation is different from what we observed previously in
relaxed InAs dots without the InGaAs cap layer,9 in which
we observed complete carrier depletion in the dots and both
the neighboring GaAs layers. We found that, by adding the
InGaAs layer, together with a careful control of the InAs
coverage, the relaxation-induced depletion can occur only in

FIG. 4. 300-K concentration profiles measured at 1 MHz for different InAs
coverage of 1.97, 2.34, 3.06, and 3.33 ML. The relaxed 3.06 and 3.33 ML
samples show a relatively weak accumulation peak in the dots and drastic
depletion in the bottom GaAs layer.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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the bottom GaAs layer and the QD region still contains free
electrons. This result shows that the InGaAs layer has the
effect of alleviating the strain12 in the top GaAs layer and, as
a result, the top GaAs layer remains strained. Since the
depletion is caused by relaxation, the fact that the depletion
only in the bottom GaAs layer strongly suggests that the
relaxation occurs in the QD bottom interface. Similar relax-
ation has been observed in GaAs/ InGaAs quantum well
structures,19 in which the relaxation takes place in the bottom
interface while the top interface still remains strained.
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