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The effect of a high N incorporation in self-assembled InAs quantum dots 共QDs兲 is investigated by
analyzing the electronic and structural properties around QD region. Capacitance-voltage profiling
and admittance spectroscopy shows that N incorporation into the InAs QD layer leads to drastic
carrier depletion in the QD layer and neighboring GaAs layers due to the formation of a deep defect
state at 0.34–0.41 eV. The signature of this defect state is similar to those defects observed in strain
relaxed QDs or InGaAs/GaAs quantum wells when the InAs deposition thickness exceeds a critical
thickness. Accordingly, the N incorporation might result in strain relaxation either by increasing
localized strain or by inducing composition inhomogeneities, which provide nucleation sources for
strain relaxation. The argument of strain relaxation is supported by transmission electron
microscopy that reveals lattice misfits at the QD layer and neighboring GaAs layers. © 2008
American Institute of Physics. 关DOI: 10.1063/1.3028235兴
I. INTRODUCTION

Self-assembled quantum dots 共QDs兲 共Refs. 1–19兲 have
recently attracted a great deal of attention due to their scientific studies and promising technological applications. There
is increasing interest in extending the emission wavelength
for communication applications. Capping InAs QDs by a
strain reducing InGaAs layer can achieve the wavelength
extension16 by enlarging the dot size. Incorporating N atoms
into the InGaAs cap layer can further redshift the emission
by penetrating the wave function into the cap layer due to the
reduction in the potential barrier of the cap layer.17,18 However, this wavelength extension is rather limited. N atoms
can also be incorporated directly into an InGaAs QD layer to
form GaInNAs QDs for achieving a long emission
wavelength.19 Unfortunately, photoluminescence 共PL兲 spectra are severely degraded at a high N content.19 This degradation is usually attributed to a formation of deep levels such
as bulk20 or interfacial21 traps observed in 共In兲GaAsN alloys
grown on GaAs. However, the origin of these defects has not
yet been established. In a previous work,22 an abnormal blueshift of the emission wavelength was observed when a high
N content was incorporated into an InAs QD layer. The PL
spectra became very broad and asymmetric with a very long
low-energy tail extending to 1.5 m.22 In this study, we continue this work to characterize the detailed electronic and
structural properties of the QDs in order to establish the underlying reasons for the PL degradation and the abnormal
N-incorporation induced blueshift. We showed that the N
incorporation led to drastic carrier depletion near the QD
region due to an induction of a deep defect state at 0.34–0.41
eV. The signature of this defect is similar to those states
observed in strain relaxed InAs QDs and InGaAs/GaAs
a兲
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quantum wells 共QWs兲 when the InAs or the InGaAs deposition thickness exceeds a critical thickness, suggesting that
the N incorporation might lead to localized strain relaxation
of the QDs. This conclusion is supported by the crosssectional transmission electron microscopy 共TEM兲 that
shows lattice misfits near the QD region. Accordingly, the
abnormal PL blueshift is attributed to strain relaxation, consistent with the previous observation of a blueshift23 when
strain relaxation in InAs QDs occurs by increasing the InAs
deposition thickness beyond a critical thickness.
II. EXPERIMENTS

Samples were grown on an n+-GaAs 共100兲 substrate by
molecular beam epitaxy in a Riber Epineat machine. An
InAs QD structure consisting of a 2.4 ML 共monolayer兲 InAs
layer and a 60 Å In0.15Ga0.85As cap layer grown at a rate of
1.86 Å / s at 480 ° C, was sandwiched between two 0.3 m
thick Si-doped GaAs 共⬃7 ⫻ 1010 cm−3兲 barrier layers. Indium and gallium were supplied from Knudsen cells, and As
in the form of As2 was supplied from a cracker source. N
atoms were incorporated into the InAs layer using an EPIUnibulb radio-frequency plasma source to supply active nitrogen species from ultrapure N2 gas. Assuming the added N
is completely incorporated into the InAs sublattice, we estimated the N content to be 17% from the growth rates of the
InAs 共0.26 Å / s兲 and GaAs 共2.78 Å / s兲 layers assuming the
N incorporation efficiency is similar to that in GaAsN
layer.24 Such a high N composition is due to the very low
growth rate of the InAs QD layer for gaining a high density
of the QDs. If the same N source is incorporated into a GaAs
layer at a growth rate of 2.78 Å / s, the resulted N composition would be about 2%. Schottky diodes were realized by
evaporating Al with a dot diameter of 1500 m after a slight
chemical etch on the sample surface.
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FIG. 1. 共a兲 Depth profiles of the N-incorporated InAs QD and a reference
InAs QD without N incorporation measured at 300 K and 105 Hz. N incorporation induces a defect state that results in drastic carrier depletion in the
QD and neighboring GaAs layers. 共b兲 Temperature-dependent C-V and 共c兲
the corresponding depth profiles of the N-incorporated InAs QD, illustrating
a C plateau 共from −1.5 to −2.5 V兲 and a corresponding peak related to
electron emission from the defect state.

III. MEASUREMENT AND RESULTS
A. Capacitance-voltage „C-V… profiling

The effect of N incorporation on the electronic properties of the QDs is illustrated in Fig. 1共a兲, which shows the
free-electron depth profiles converted from roomtemperature C-V curves at a high modulating frequency of
105 Hz for 2.4 ML InAs QDs with and without N incorporation. The InAs QDs 共without N incorporation兲 shows
strong electron accumulation at the QDs and nearly symmetric carrier depletion with a valley concentration of 5
⫻ 1016 cm−3 on both sides of the QDs. The peak position
共0.27 m兲 is slightly less than the expected QD depth of
0.3 m, which is due to a slight chemical etching on the
sample surface before Schottky metal evaporation. When
temperature is lowered, a right shoulder 共at a larger reverse
bias兲 can be resolved from the carrier peak. The main peak
and the shoulder are attributed to the depopulation of the QD
excited states and the ground state, respectively. The emis-
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sion time from the shoulder 共QD ground state兲 can be resolved to yield an activation energy Ea of ⬃58 meV,25
which is close to the energy difference between the ground
and first-excited PL transitions. Accordingly, the shoulder is
attributed to electron emission from the QD ground to the
first-excited state and a subsequent tunneling to the bottom
GaAs. Detailed properties of this two-stage emission process
can be found elsewhere.15,25
Upon N incorporation, the carrier distribution is changed
to drastic carrier depletion 共with a deepest valley concentration of 8 ⫻ 1015 cm−3兲 around the QD. The carrier depletion
can be seen to extend far into the GaAs barrier layers. This
carrier distribution suggests the presence of a deep defect
state, which traps the electrons in the QD states and neighboring GaAs layers. Due to a long emission time of the defect state, the electron emission from the defect state is incapable of following the modulated frequency 共F = 105 Hz兲.
Increasing temperature or lowering modulating frequency
can reduce the emission time and allow for the modulation of
the electrons trapped on the defect state. As shown in Figs.
1共b兲 and 1共c兲, for T ⬎ 300 K and at F = 3 kHz, an additional
capacitance plateau emerges from −1.5 to −2.5 V, which
converts to a peak with a large full width at half maximum
共FWHM兲 of ⬃20 nm 共at 350 K兲. The long tail on both side
of the peak in Fig. 1共c兲 suggests the spatial extension of the
defect state into neighboring GaAs layers. Since the peak
position 共0.31 m兲 in Fig. 1共c兲 represents the position of the
edge of the depletion region when Fermi level intersects the
defect state, the FWHM of 20 nm corresponds to an energy
downward shift of about 100 meV for the Fermi level at a
depth of 0.3 m, based on a simple Schottky depletion
model. Thus, the defect state is considered to have a spectral
broadness of about 100 meV.
B. Admittance spectroscopy

The energy position of the defect state is obtained from
the activation energy of the electron emission from the defect
state by performing admittance spectroscopy on the capacitance plateau 共from −1.5 to −2.5 V兲 in Fig. 1共b兲. Figures
2共a兲–2共c兲 show the conductance/frequency-frequency 共G/
F-F兲 spectra for −1.5, −2, and −2.5 V, respectively, measured at several temperatures as shown 共with a step of 10 K兲.
The conductance will reach a peak when frequency is comparable to the emission rate. A strong peak E1 is seen at the
three voltages and a very weak peak E2 is seen only at
−1.5 V. From their Arrhenius plots, emission energies 共capture cross sections兲 of E1 are determined to be 0.34 eV
共4.16⫻ 10−16 cm2兲, 0.38 eV 共5.74⫻ 10−16 cm2兲, and 0.41
eV 共3.10⫻ 10−16 cm2兲 for −1.5, −2, and −2.5 V, respectively, as shown in Fig. 3. Treating the different activation
energies as a spectral broadness, this defect state E1 lies at
⬃0.38 eV with a linewidth broadness of about 70 meV,
which is comparable to the value estimated from the FWHM
of the peak in Fig. 1共c兲. Since the defect extends into the
GaAs barrier layers, it is reasonable to assume that the observed emission energy is related to the GaAs conduction
band. Thus, the defect state shall lie at ⬃0.38 eV below the
GaAs conduction band. Kapteyn et al.15 estimated the con-
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FIG. 4. Arrhenius plots of the E1 defect state induced by N incorporation
and previously observed plots of the defect states in relaxed 3.4 ML InAs
QDs 共Ref. 26兲, 3.3 ML InAs QDs with an InGaAs capping layer 共Ref. 25兲,
relaxed 2.8 ML InAsSb QDs 共Ref. 27兲, and relaxed InGaAs/GaAs QW 共Ref.
28兲. The comparability suggests that the E1 defect state is associated with
strain relaxation in the QDs.

FIG. 2. G/F-F spectra of the N-incorporated InAs QD measured at 共a兲
−1.5 V, 共b兲 −2 V, and 共c兲 −2.5 V, respectively. A dominant E1 peak with
0.34, 0.38, and 0.41 eV can be seen for −1.5, −2, and −2.5 V, respectively.
This peak is attributed to an emission from the N-induced defect state. Aside
from this peak, the G/F spectra at −1.5 V show another weak peak E2 with
0.15 eV, which is tentatively attributed to an emission from the QD state.

finement energy of 0.19 eV for the electron ground state
共EGS兲 of InAs QDs emitting a wavelength close to our
N-incorporated InAs QDs 共⬃1.02 eV at 300 K兲. Taking this

FIG. 3. Arrhenius plots of the E1 and E2 states observed in the G/F spectra
in the N-incorporated InAs QDs.

energy for the EGS, the defect state would be ⬃0.19 eV
below the EGS, allowing for the carrier depletion of the
QDs.
As to the origin of the weak emission E2 whose emission
energy 共capture cross section兲 is determined to be 0.15 eV
共1.46⫻ 10−18 cm2兲 as shown by its Arrhenius plots in Fig. 3,
it is only observed at −1.5 V and thus it is spatially confined
in a very narrow QD layer. This emission is very weak and
thus the experimental uncertainty for the activation energy is
rather large. It could be another defect state induced by N
incorporation or an electron emission from the QD state.
Postgrowth thermal annealing is found to enhance the E2
emission and diminish the E1 emission, suggesting that annealing can remove the defect state at ⬃0.38 eV, which can
in turn lead to a recovery of electrons in the QDs. Accordingly, the E2 emission is tentatively assigned to an emission
from the QD state. Our experimental data show no apparent
redshift by incorporating N into the InAs QD deposition
layer. This observation leads us to suspect that either the
InAs band gap is not reduced by N substitution of As sublattice or the incorporated N atoms do not occupy the As
sublattice. If the incorporated N atoms do not occupy the As
sublattice, they are likely in defect sites. We found that a
postgrowth thermal annealing can redshift the PL emission
from the InGaAs cap layer, suggesting a diffusion of the
incorporated N atoms into the InGaAs cap layer to form an
InGaAsN cap layer during annealing. Hence, the incorporated N atoms actually enter into the InAs QDs during the
growth. Thermal annealing can diffuse the N atoms to the
InGaAs cap layer, leading to the recovery of free electrons in
the QDs and the emission from the QD states, E2. Further
investigation is currently underway to make further argument.
To establish the origin of the defect state E1共0.38 eV兲,
Fig. 4 compares its Arrhenius plots 共the solid circles兲 with
the previously observed plots of those defects reported in
relaxed 3.4 ML InAs QDs,26 3.3 ML InAs QDs with an InGaAs capping layer,25 relaxed 2.8 ML InAsSb QDs,27 and
relaxed InGaAs/GaAs QW.28 These plots are comparable,
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FIG. 5. 共Color online兲 Cross-sectional TEM picture of the N-incorporated
InAs QD 共the top figure on the left兲. The wetting layer is indicated by a line
for guiding the eyes. Figures indicated by 共a兲, 共b兲, and 共c兲 are the Fourier
transformed images for the area in the neighboring top GaAs layer, in the
QD, and in the neighboring GaAs bottom layer, respectively. Significant
lattice misfits can be clearly seen, as indicated by the circles.

suggesting that the defect E1 is likely related to strain relaxation in the QDs. This comparability also suggests that the
nature of the defect is only related to strain relaxation, irrelevant of QD or QW or In or Sb composition. Hence, the N
incorporation might lead to strain relaxation either by increasing the strain between the QD and the GaAs barrier
layers or providing nucleation sites for strain relaxation. This
0.38 eV defect state can also be detected by deep-level transient spectroscopy.22 As those defects in the above references, the peak amplitude of this defect state displays a saturation of its amplitude with increasing filling pulse duration
time, suggesting a regular point-defectlike property in contrast to threading dislocations that show an unsaturated logarithmic dependence on filling pulse duration time.29 This result suggests a high structural regularity for the defects
induced by strain relaxation. These defects are well confined
near the relaxed QD or QW region, in contrast to threading
dislocations that penetrate deep into the GaAs barrier
layer.26,27
C. TEM characterization

To clarify whether the QDs are strain relaxed, Fig. 5
shows the cross-sectional TEM picture of the N-incorporated
QD sample. A line of the QDs can be seen 共the wetting layer
is indicated by a line for guiding the eyes兲. In contrast to the
QDs without N incorporation, the color contrast of QDs is
unclear, and thus precise determination of dot size is difficult. A rough estimation is ⬃10 nm in height and ⬃20 nm
in base width. To illustrate detailed structures, we show the
Fourier transformed image in the neighboring top GaAs
layer, in the QD, and in the neighboring GaAs bottom layer
共indicated by 共a兲, 共b兲, and 共c兲, respectively兲. A significant
number of lattice misfits 共encircled兲 can be seen in all three
areas. Their Fourier images are similar as those previously
observed in relaxed InAs QDs.30 Note that no such misfits
are observed in 2.4 ML thick InAs QDs without N incorpo-
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ration. Although N is only incorporated during the deposition
of the InAs QD layer, the misfits are observed in the neighboring GaAs barrier layers and in the intervening GaAs region between the QDs. These misfits do not propagate deep
into the GaAs barrier layers; they are confined around the
QD of about 60 nm in total thickness. This spatial distribution is consistent with that of the 0.38 eV defect state, which
displays long tails on both sides of the emission peak 共at 350
K兲 as shown in Fig. 1共c兲. These misfits act as the electrontrapping defect state, and since most of the misfits are located in the GaAs material 共rather than in the QDs兲, the
observed electron emission process should be relative to the
GaAs conduction band, as assumed for the 0.38 eV defect
state above. These misfits are well confined near the QD
layer, rather than penetrating deep into the top or bottom
GaAs layers. They have much higher structural and electronic regularity than threading dislocations, consistent with
the defect states associated with lattice misfits.25,27 These results support that N incorporation into the InAs QD layer
results in strain relaxation in the QDs. This could occur either by increasing the strain between QD and GaAs layers or
induced defects, which provide nucleation sites for strain relaxation. However, as in GaAs, N substitution of As in InAs
is expected to decrease lattice constant, which would decrease the lattice mismatch between the QD layer and the
GaAs layers and reduce strain. Hence, we tend to exclude the
strain increase as the cause for relaxation. On the other hand,
due to a large difference between the radii of As and N
atoms, a high N incorporation into As-related alloys often
leads to significant composition fluctuation or even phase
separation,19 although the lattice mismatch with the GaAs
layers is decreased. Thus, the composition inhomogeneity
caused by N incorporation is attributed to the cause for strain
relaxation of the QDs. The composition inhomogeneity may
lead to the very long low-energy tail up to 1.5 m 共Ref. 22兲
observed in the PL spectra. The carrier depletion caused by
the misfit related defect state can lead to a large conductionband protrusion in the vicinity of the QD, preventing the
photogenerated carriers from entering the QD layer and degrading the PL emission.
Strain relaxation in the QDs can cause blueshift of the
PL emission. In the previous work,23 when the InAs deposition thickness is below the critical thickness 共⬃3 ML兲 for
strain relaxation, increasing InAs deposition thickness can
redshift the emission due to an increase in dot size. However,
when the InAs deposition thickness is further increased from
2.7 to 3.06 ML, the PL emission undergoes an abnormal
blueshift of 68 meV 共from 1310 to 1223 nm at 300 K兲. This
blueshift is accompanied with the generation of lattice misfits and the 0.38 eV defect state. Hence, the blueshift is explained by the relief of built-in strain. Before relaxation, due
to the underlying GaAs layer, the InAs QD is compressed
perpendicular to the growth direction, giving rise to tensile
strain in the QDs along the growth direction. Since the dot
height is much smaller than the lateral dimension, the sizeconfinement effect and the related PL emission shift are
dominated by the lattice constant along the growth direction.
The tensile strain along the growth direction can extend the
dot height, which extends the emission wavelength. Strain
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relaxation relives this strain and causes a blueshift. This can
explain the observed blueshift from 1215 to 1060 nm 共at 50
K兲 when N is incorporated into the InAs layer.22
IV. CONCLUSIONS

A high N incorporation into the InAs QD layer is shown
to change the carrier distribution from accumulation to drastic depletion near the QD. When temperature is increased
and frequency is lowered, a broad peak emerges from the
depletion region. This peak is interpreted as an electron
emission from a deep defect state. Admittance spectroscopy
reveals an emission energy of ⬃0.38 eV for this defect state.
Judging from its Arrhenius plots, this defect state is likely the
state previously observed in strain relaxed QDs or relaxed
InGaAs/GaAs QW, suggesting that N incorporation might
result in strain relaxation in the QDs. This argument is confirmed by the TEM data that clearly show lattice misfits in
the QD layer and the neighboring GaAs layers. From their
similar spatial distribution, the 0.38 eV defect state is attributed to the lattice misfits. Hence, N incorporation results in
strain relaxation in the QDs by the accommodation of the
lattice misfits, which act as electron-trapping centers to deplete the electrons in the QDs.
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