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A simple critical thickness for generating lattice misfits is insufficient to describe the onset strain
relaxation in InAs quantum dots (QDs). A predominant dot family is shown to relieve its strain by
In/Ga interdiffusion, rather than by lattice misfits, at the onset of strain relaxation. This argument is
based on photoluminescence spectra, which show the emergence of a fine blueshifted transition at
the onset of strain relaxation, along with a low-energy transition from a dot family degraded by
lattice misfits. From the analysis of the temperature-dependent blueshift and energy separation
between the ground and excited-state transitions, the blueshift is attributed to In/Ga interdiffusion.
Transmission electron microscopy suggests a relaxation-induced indium migration from the
interdiffused dot family to the dislocated dot family. Post-growth thermal annealing can further
relieve strain by inducing more In/Ga interdiffusion in the interdiffused dot family and more
dislocations in the dislocated dot family. This study explains the co-existence of strong carrier
confinement in the QDs and enormous misfit-related traps in the capacitance-voltage spectra, and
C 2012 American Institute of Physics.
an elongated QD electron-emission time. V
[doi:10.1063/1.3675519]
I. INTRODUCTION

When the InAs deposition thickness exceeds a critical
thickness, compressive strain in InAs self-assembled quantum
dots (QDs)1–15 is relaxed and lattice misfits near the QDs and
threading dislocations in the top GaAs layer are
observed.16,17 Relaxation in this way is undesirable because
the induced defects severely degrade the photoluminescence
(PL) spectra of the QDs. By capping the QDs with an InGaAs
strain-relieving layer and carefully controlling the InAs
growth thickness, the threading dislocations in the GaAs layer
can be avoided and the relaxation does not severely degrade
the PL spectra. The PL spectra of the QDs exhibit an abnormal PL blueshift at the onset of strain relaxation.18,19 The
capacitance-voltage (C-V) spectra revealed the confusing coexistence of strong electron confinement in the QD layer and
enormous misfit-related traps at about 0.35 eV.20 Electron
emission time from the QDs is significantly elongated, compared to that from the coherent QDs before relaxation.20
These observations cannot be explained by a simple compressive strain relaxation by lattice misfits, which is expected to
decrease the bandgap of the QDs and cause a redshift. An
understanding of the detailed mechanisms of the onset strain
relaxation is necessary in order to tailor the properties of the
QDs.
When the InAs growth thickness is increased, due to size
fluctuation certain QDs are larger than others and the first
strain is relieved by lattice misfits. The long range strain field
due to these structural imperfections can affect the kinetics of
adatom migrations.21,22 It has been reported that defects such
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as dislocations can be energetically favorable sites for indium
migration.18,23 Given sufficient kinetics, the dislocated QDs
might affect the strain relieving process of the nearby not yet
relaxed QDs. This suggests a more complicated strain relaxation process in the QDs. To study the mechanism of onset
strain relaxation, we minutely increased the InAs growth
thickness to exceed the dislocation-induced critical thickness
with a main purpose to establish the origin of the abnormal
blueshift. We showed a degraded PL transition in concomitance with the emergence of a blueshifted transition at the
onset of strain relaxation. Increasing the InAs growth thickness could increase the blueshift. From analyzing the energy
separation and the temperature dependence of the blueshifted
PL spectra, this blueshift is attributed to In/Ga interdiffusion.
Hence, a predominant dot family is strain relaxed by In/Ga
interdiffusion, in addition to another dot family relaxed by
lattice misfits. Cross-sectional transmission electron microscopy (TEM) images show a predominant dot family with
truncated trapezium shape, as observed in coherent QDs
before relaxation, and another family of large dislocated dots.
Post-growth thermal annealing produces opposite wavelength
shifts in the PL spectra of these two dot families, suggesting
different strain relaxation processes.
II. EXPERIMENT

The InAs dots were grown by solid source molecular
beam epitaxy on top of a nþ-GaAs (100) substrate, a 0.3 lmthick Si-doped GaAs (7  1016 cm3) barrier layer. The QD
layer was realized by depositing an InAs layer from 1.97 to
3.3 monolayer (ML) at 490  C (at a rate of 0.26 Å/s). After
that, a 60 Å In0.15Ga0.85As capping layer was grown at
490  C, followed by the growth of a low temperature GaAs
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layer for 20 s at 490  C. Then, the growth was interrupted for
3 min to ramp temperature to 600  C for the growth of a
0.2 lm-thick Si-doped GaAs barrier layer to terminate the
growth procedure. The dot sheet density was estimated to be
about 3  1010 cm2. For C-V and deep-level transient spectroscopy (DLTS) probing, Schottky diodes were realized by
evaporating Al with an area of 5  103 cm2.
III. MEASUREMENT AND RESULTS
A. Effect of onset strain relaxation on the PL spectra

Figures 1(a) and 1(b) show the 50 and 300 K PL spectra
of the InAs QDs with different InAs growth thicknesses.
When the InAs thickness is increased from 1.97 to 2.7 ML,
the spectra display a ground-state dominated transition from
a uniform dot family with an expected redshift due to dot
size increase. With the InGaAs capping layer to retard In/Ga
interdiffusion, this redshift saturates at 1300 nm at 300 K
(1250 nm at 50 K) with improved uniformity as seen in the
2.7 ML case. These QDs are coherently strained without detectable defects. However, with increasing the InAs thickness to 2.93 ML, the 1300 nm transition drastically reduces
its intensity, suggesting generation of dislocations, consistent
with the observation of a misfit-related trap at about 0.35 eV
by DLTS20 and lattice misfits by TEM pictures near the QD
layer. Thus, the dislocation-induced critical thickness is
between 2.7 and 2.93 ML. Increasing the InAs thickness to
3.06 and 3.3 ML further degrades this 1300 nm transition.
When the temperature is lowered from 300 to 50 K, its peak
intensity improves by only a factor of about two, suggesting
a detrimental effect of non-radioactive defects through which
photo-generated carriers are recombined. This feature suggests that the related dot family is degraded by lattice misfits
and is denoted by dislocated QDs.
Besides this degraded transition, the PL spectra in Fig. 1
show another transition with an abnormal blueshift from 50
to 70 meV with increasing the InAs thickness at the onset of

FIG. 1. (Color) (a) The 50 and 300 K PL spectra of the non-relaxed 1.97,
2.34, and 2.7 ML and relaxed 2.93, 3.06, and 3.3 ML QDs. Onset strain
relaxation degrades the 1300 nm (at 300 K) transition from the dislocated
QDs and generates a blueshifted spectra from the In-outdiffused QDs.
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strain relaxation. When temperature is lowered from 300 to
50 K, this blueshifted transition enhances its intensity by a
factor of ten and displays well-resolved ground, first- and second-excited spectra Figure 2 illustrates a similar band-filling
effect for the 300 K spectra of the non-relaxed 2.7 ML and
relaxed R-3.3 ML (R stands for relaxed), normalized to the
ground-state peak. With increasing the excitation power, the
ground-state emission begins to saturate and subsequently the
first and second excited-state emissions increase their intensities. This band-filling effect verifies the blueshifted PL spectra are originated from one dot family. It should be noted that
this blueshifted transition is narrower than that of the nonrelaxed QDs (the 1.97 ML) emitting at a similar wavelength.
Hence, the blueshifted transition is relatively high quality and
the associated dot family shall not be severely degraded at the
onset relaxation. This dot family cannot be relieved mainly by
lattice misfits because the blueshift contradicts a compressive
strain reduction, which is expected to decrease the bandgap of
the QDs and redshift the wavelength.
To establish the origin for the blueshift, Fig. 3 shows the
temperature dependence of the ground-state emission energies
for 2.34 and 2.7 ML, and of the blueshifted spectra for R-3.06
and R-3.3 ML, along with the temperature-dependent PL
spectra of 2.34 ML and R-3.06 ML in the inset. When temperature is lowered from 300 to 50 K, the transition energy is
increased by 45 and 46 meV for 2.34 and 2.7 ML and 51 and
53 meV for R-3.06 ML and R-3.3 ML, respectively. Because
the ground-state emission energy and the bandgap of the QDs
usually follow similar temperature dependence, this result
suggests that the bandgap of the blueshifted dot family has a
higher temperature-lowering increment rate than that of the
coherent QDs before relaxation. This trend is consistent with
a reduction of In content (increase of Ga content) in the QDs
because, from the Varshni rule, the bandgap of GaAs (or
InGaAs) has a higher temperature-lowering increment rate
than that of InAs, and the difference between them is 35 meV
from 300 to 50 K. The average increment of 7 meV corresponds to about 20% loss of indium using a linear proportion
between the increments of the ground-state emission energy
and the bandgap. This estimated In loss is very rough because

FIG. 2. (Color) 300 K power-dependent band filling for the non-relaxed
2.7 ML and relaxed 3.3 ML QDs, normalized to the ground transition.
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FIG. 3. (Color) Temperature-dependent energy of the ground-state transitions of the non-relaxed 2.34 and 2.7 ML QDs and the In-outdiffused QDs
of the relaxed 3.06 and 3.3 ML samples. An obvious increase of the
temperature-lowering energy increment can be seen in the relaxed samples,
suggesting a reduction of In content in the QDs. The inset shows the
temperature-dependent PL spectra of the non-relaxed 2.34 ML and the
relaxed R-3.06 ML.

it does not consider a detailed relationship between groundstate emission energy and bandgap. However, the trend is
consistent with a composition change from InAs toward
InGaAs in the blueshifted dot family, relative to the coherent
dots just before relaxation. This result along with the PL blueshift strongly suggests that the blueshifted dot family relieves
strain by In/Ga interdiffusion at the onset of relaxation.
Further evidence for In/Ga interdiffusion is provided by
a smaller energy separation between the ground and excited
emissions, because the occurrence of In/Ga interdiffusion
can alter the energy band structure and the excited state
would have a wider width (see the simple conduction-band
diagram in Fig. 2). As shown in Fig. 2, the abnormal blueshift is 84 meV from 2.7 ML to R-3.3 ML and yet the energy
separation between the ground and second-excited emissions
is decreased by 21 meV (from 0.132 eV to 0.111 eV). Similarly, the energy separation between the ground and firstexcited emissions is decreased in the blueshifted dots, as
shown by Fig. 4. The slight decrease from 2.34 to 2.7 ML is
due to dot size enlargement before strain relaxation. A sharp
drop (about 8 meV) from 2.7 ML to R-3.06 ML is clearly
visible. This energy-separation reduction along with the
blueshift is consistent with the effect of In/Ga interdiffusion
on the energy band structure of the QDs. On the basis of the
above analysis, we believe that, at the onset of strain relaxation, a predominant dot family relieves its strain mainly by
In/Ga interdiffusion, rather than by lattice misfits, to retain
their fine well-resolved PL spectra. We denote this dot family as In-outdiffused QDs. Because of size fluctuation, certain QDs are larger than others to relieve strain by lattice
misfits at the critical thickness. With further increasing the
InAs coverage, one would expect that all the other QDs
would eventually relax by lattice misfits. However, on the
basis of the above PL analysis, a predominant dot family
relieves its strain by In/Ga interdiffusion even when the InAs
coverage is increased to 3.3 ML, which is far beyond the
critical thickness. Thus, the relaxation by lattice misfits in
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FIG. 4. Energy differences between the ground-state and first excited-state
transitions of the non-relaxed 2.34 to 2.7 ML QDs and the In-outdiffused
QDs of the relaxed R-3.06 ML and R-3.3 ML. The sharp drop from 2.7 to
3.06 ML supports the occurrence of In/Ga interdiffusion.

certain QDs might affect the adatom migration kinetics and
prevent the nearby QDs from strain relaxation by lattice
misfits.
B. TEM analysis

To see the microstructures, Figs. 5(a) and 5(b) show the
cross-sectional TEM images of 2.4 ML and R-3.06 ML,
respectively. Their statistical distributions of widths and
heights are summarized in Fig. 6. The non-relaxed sample
shows a uniform trapezium-shaped dot family with an average height of 8.5 nm and an average base width of 20 nm.
The relaxed sample shows a similar trapezium-shaped dot
family with an average height of 8.8 nm and an average base
width of 27 nm, in addition to a few large-size dots with an

FIG. 5. TEM images of (a) non-relaxed 2.4 ML and (b) relaxed R-3.06
ML. The 3.06 ML sample shows a predominant family of trapezium
shaped dots, and a minor substantially large island-like dot family (indicated by arrows).
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FIG. 6. (Color) Distributions of the
widths and heights for the relaxed
R-3.06 ML and non-relaxed 2.4 ML
samples. The relaxed sample displays
two dot families.

average height of 16 nm and an average base width of
38 nm [as indicated by the arrows in Fig. 5(b)]. A typical
large-size dot and trapezium dot are shown in the left and
right pictures in the bottom of Fig. 5. According to the statistics, the number ratio between the trapezium and the largesize dots is 33:6. In terms of the shape and size, there are two
distinctive dot families: a predominant dot family similar to
the coherently strained QDs and a minor dot family of largesize dots. To examine lattice misfits, Fig. 7(a) shows the TEM
image (the left picture) of a typical trapezium dot in
R-3.3 ML and the corresponding Fourier-transformed TEM
image (the right picture). The Fourier-transformed TEM
reveals no lattice misfits inside the dot but a few misfits under
the dot and around the edge, as indicated by circles. This trapezium dot family whose contrast is similar to that of the
coherent QDs can be correlated to the In-outdiffused QDs. On
the other hand, the large-size dots are associated with lattice
misfits. The typical large-size dot in Fig. 7(b) reveals 10 lattice misfits inside the dot and 8 in the neighboring bottom
GaAs layer (two in each of the two small loops and four in the
large middle loop) right under the QD. These considerable lattice misfits inside the dot can severely degrade the dot and
thus the large-size dots are correlated to the dislocated QDs.
On the basis of these TEM observations, we consider
the likely onset strain relaxation, as indicated by the schematic diagram in Fig. 8. The InAs deposition produces QDs
in Fig. 8(a). The subsequent InGaAs covering can alter the
shape of the QDs. Indium atoms can detach from the tops of
the QDs and migrate to the base region of the QDs,24,25 leading to the truncated trapezium-shaped QDs. With the InGaAs
covering, the emission wavelength can be extended to about
1300 nm by increasing the dot size and retarding In/Ga interdiffusion. This evolution of growth is generally considered
for the coherent QDs. However, when the InAs thickness

exceeds the critical thickness, some QDs are larger than
others and are strain relieved by lattice misfits, probably during the InGaAs covering or the initial GaAs covering. These
dislocated QDs may attract indium adatoms from the nearby
still strained QDs,18,23 as indicated in Fig. 8(b). This indium
detachment leads to In/Ga interdiffusion to relieve strain in
the In-outdiffused QDs, yielding the abnormal PL blueshift.
The base width extension observed in the In-outdiffused

FIG. 7. (Color) Cross sectional TEM pictures of (a) a typical In-outdiffused
QD and its Fourier-transformed image and (b) a typical dislocated QD and
its Fourier-transformed image in the R-3.3 ML sample. The dislocated dot
has a significant number of lattice misfits inside the dot and in the bottom
GaAs layer under the dot.
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Figure 9 shows the effect of a post-growth rapid thermal
annealing at 650 and 700  C for one minute on the 300-K PL
spectra of the R-3.3 ML. For a clear comparison, the spectra
of the 700  C annealing are shifted up by multiplying a factor
of 3. As shown, similar to what is observed in coherent QDs,

thermal annealing can blueshift the transition from the Inoutdiffused QDs. Hence, thermal annealing induces In/Ga
interdiffusion in the In-outdiffused QDs. Because this interdiffusion is driven by strain, this result suggests retention of
considerable strain in the In-outdiffused QDs before thermal
annealing. On the other hand, thermal annealing can shift the
transition from the dislocated QDs toward low energy, and
generate a tail up to 1500 nm after 700  C annealing. Hence,
the dislocated QDs undergo strain relief not by In/Ga interdiffusion but by introducing more dislocations to decrease
the bandgap of the QDs. Note that the opposite PL shift is
consistent with the different nature of strain distribution in
the two dot families, supporting the claimed bimodal strain
relaxation.
Relative to annealing at 650  C, annealing at 700  C can
produce a low-energy tail up to 1500 nm. To understand this
large change, Fig. 10 shows the DLTS spectra of the 650  C
and 700  C annealing samples, measured for different voltage
sweepings. The spectra of the 650  C annealing (shifted up for
clarity) reveal a misfit-related trap at 0.35 eV near the QD
region (approximately 2/3.5 V) while the top GaAs layer
is almost defect-free (with a very weak intensity of the misfitrelated trap). These spectra are similar to those observed in
the as-grown sample.20 This result suggests that annealing at
650  C does not significantly introduce more dislocations to
relieve strain and the redshift is not appreciable. On the other
hand, annealing at 700  C significantly alters the DLTS spectra. A prominent trap at 0.61 eV (r ¼ 9.1  1015 cm2) with
significant intensity is detected in the top GaAs layer with an
emission time two orders of magnitude longer than that of the
misfit trap. This trap displays a signature of threading dislocations from a comparison with previously reported Arrhenius
plots.27,28 The intensity of this trap shows no saturation even
when the filling pulse duration time is increased to 100 ms,
characteristic of a threading-dislocation trap, which shall exhibit a logarithmic function with filling pulse duration time
and is reflective of Coulombic repulsion of the carriers captured at the traps along the linearly arrayed dislocation lines.27
Hence, thermal annealing at 700  C provides sufficient thermal energy for the generation of threading dislocations in the

FIG. 9. (Color) 300 K PL spectra of the relaxed R-3.3 ML sample subjected
to a post-growth rapid thermal annealing at 650  C and 700  C for one minute. Thermal annealing can blueshift the spectra of the In-outdiffused QDs
and distend the spectra of the dislocated QDs toward a low-energy side.

FIG. 10. (Color) DLTS spectra of the relaxed 3.3 ML sample after 650  C
and 700  C annealing. The spectra of 650  C annealing display the misfit
trap near the QD region (at approximately 3/3.5 V) while the spectra of
700  C annealing reveal a threading-dislocation trap at 0.61 eV in the top
GaAs layer.

FIG. 8. (Color) Schematic diagram of strain relaxation. (a) Initial growth of
the InAs QDs, (b) strain relaxation of the right dot by lattice misfits attracts
indium migration from the In-outdiffused dot, and (c) the bimodal strain
relaxation.

QDs is characteristic of In/Ga interdiffusion. An increase of
the lateral size seen by TEM was previously reported after
the InAs QDs were subjected to post-growth thermal annealing and was explained by strain-driven In/Ga interdiffusion.26 The lack of height increase (compared with the
coherent QDs) is consistent with the deposited indium adatoms not being accumulated in the In-outdiffused QDs, but
migrate to the dislocated dots as shown in Fig. 8(c). Therefore, we speculate that the misfit-driven indium migration
can detach indium atoms from the In-outdiffused QDs, causing In/Ga interdiffusion to relieve strain.
C. Post-growth thermal annealing
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top GaAs, layer probably by the gliding process through the
lattice misfits near the QDs due to elastic acting as a shear
stress.28 The generation of these threading dislocations can
cause significant strain relieving in the QDs to decrease the
bandgap of the QDs, leading to the redshift toward 1500 nm.
Therefore, a pure strain relieving by lattice misfits (without
In/Ga interdiffusion) near the QDs does not significantly
relieve strain to decrease the bandgap, and only by the generation of threading dislocations in the GaAs layer can strain significantly be relieved to reduce the bandgap for observing an
apparent redshift. This can explain why the dislocated dots
emit a wavelength similar as that of the coherent dots before
relaxation, as shown in Fig. 1.
D. C-V spectra

The lattice misfits at 0.35 eV (relative to the GaAs
conduction-band edge) are effective electron traps that can
compensate the ionized impurity in the bottom GaAs layer
and cause drastic carrier depletion.29 This compensation
extends to the regions under the In-outdiffused QDs, forming
a completely connected depletion layer in the bottom GaAs
layer. This can be seen by the 300 K apparent-carrier concentration profiling (converted from C-V spectra) of the R-3.3
ML sample in Fig. 11. Although the top GaAs layer displays
a normal depletion near the QDs with a designed background
ND ¼ 9  1016 cm3, the bottom GaAs layer displays a nearly
double depletion width. On the basis of a simple Schottky
depletion model V ¼ ðq=2eÞND L2 , a double depletion width
would require a decrease of the background concentration
from 9  1016 cm3 to 2.25  1016 cm3, yielding an average
trapped electron concentration Nt ¼ 6.75  1016 cm3.
Detailed differential capacitance analysis has yielded a similar concentration.29 As shown in Fig. 11, the CV spectra
show a sharp electron-confinement peak related to the Inoutdiffused QDs and the drastic carrier depletion. Further
decreasing reverse voltage can push down the Fermi level to
intersect with the misfit-related traps, and more reverse voltage is needed for the Fermi level to sweep out the trapped

FIG. 11. (Color) Apparent-carrier concentrations of the R-3.3 ML sample,
measured at 90 K, 30 kHz, and 300 K, 70 kHz, respectively. These concentrations are converted from C-V spectra, as is the one measured at 80 K and
1 kHz in the inset.
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electrons and yield the misfit-related C-V plateau (from 3.5
to 4 V), as shown in the inset of Fig. 11. In order to sweep
out the trapped electrons, the edge of the depletion region
needs to move a width of 0.358  0.328 ¼ 0.03 lm, determined from C ¼ 175 to 160 pF in the misfit plateau. This
width and the trapped electron concentration (6.75
 1016 cm3) yields trapped electrons of 2  1011 cm2. This
is about one order of magnitude higher than the QD density
(about 3  1010 cm2) and is comparable to the total electrons confined in the In-outdiffused QDs.
Because the drastically depleted region can suppress tunneling, electrons in the In-outdiffused QDs need a substantial
time to emit to the bottom GaAs layer. The long emission
time can be easily measured by the resolvable frequency dispersion in Fig. 12. To obtain the electronic band, we use the
high-frequency capacitance at 100 kHz (where the QD electrons cannot follow to be modulated) to obtain the depletionregion width L, and the confinement energy E (relative to the
GaAs conduction-band edge) of the Fermi-level probed electrons in the QDs, from a simple Schottky depletion model,
E ¼ ðq=2eÞND ðL  0:2Þ2 þ ðkT=qÞInðNC =ND Þ, where ND is
the compensated concentration in the bottom GaAs layer,
0.2 lm is the distance of the QD layer from the surface and Nc
is the effective density of states in the GaAs conduction band.
Thus, each reverse bias can be converted to an E. The corresponding electron density of states in the QDs (at this E), CQ,
can be obtained from the low-frequency capacitance (at 3
ðC þC ÞC
kHz) using CL ¼ ðC11þCQQÞþC22 , where C1 ¼ e=ðL  0:2Þ and
C2 ¼ e=0:2 are the geometric capacitance from the QD layer
to the edge of the depletion region and from the sample surface to the QD layer, respectively.30 The obtained electronic
band is shown in the inset of Fig. 12, which can be correlated
to the capping layer, first-excited, and ground sates of the Inoutdiffused QDs and dislocated QDs by a comparison with
the PL spectra. The dislocated QDs peaked at 0.3 eV are
47 meV below the ground state of the In-outdiffused QDs.
Comparing with the difference of 71 meV in the 300 K PL
spectra (1.019 and 0.948 eV from the In-outdiffused and dislocated QDs, respectively), the ratio for the band-offsets
between electrons and holes is 6.6:3.4, a value close to that

FIG. 12. (Color) 90 K C-V spectra of the R-3.3 ML sample, which shows
the electron confinements of the capping layer, the first-excited and ground
states of the In-outdiffused QDs and the dislocated QDs, as illustrated by the
converted electronic band in the inset.
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previously reported.31 Hence, the electronic band displays a
bimodal structure. Also, the C-V plateau at around 3 V can
be attributed to the electrons in the In-outdiffused QDs even
though its emission time is five orders of magnitude longer
than that of the coherent QDs before relaxation. This analysis
explains the co-existence of strong dot-carrier confinement
and enormous misfit-related traps. The elongation of the emission time is due to the alteration of the electron emission process in the In-outdiffused QDs.
IV. CONCLUSIONS

This work presents a detailed study of onset strain relaxation in InAs QDs. Evidence is presented to show a bimodal
strain relaxation in which a minor dot family is relaxed by
lattice misfits and a predominant dot family is relaxed by In/
Ga interdiffusion. This bimodal strain relaxation is supported
by TEM pictures, which display a predominant family of trapezium shaped dots, similar to those observed in the coherent QDs, and a minor dot family of large-size dislocated
dots. A likely mode of strain relaxation is discussed to
explain the observed PL blueshift. Thermal annealing can
produce opposite wavelength shift in the two dot families.
This bimodal strain relaxation can explain the elongated
electron emission time in the relaxed QD samples.
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