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The electron-emission properties of nitrogen-induced (N-induced) localized defects in INnAsN/GaAs quantum dots (QDs) are investigated in detail
by capacitance—voltage (C-V) profiling and bias-dependent deep-level transient spectroscopy (DLTS). The incorporation of nitrogen (N) into InAs
QDs is shown to produce localized defects near QDs and threading-dislocation-related defects in the top GaAs layer. The threading dislocation is
associated with an electron-emission energy of approximately 0.648 eV and emission from the sample surface toward the QDs. The electron-
emission energy from the QDs associated with the localized defects increases from 0.19 to 0.36 eV, indicating that both types of defect near QDs
have low electron emission energies. Therefore, the change in emission energy is attributable to the defects across the QD interface where a band
offset exists. The C-V profile at 300K shows extended carrier depletion near the QDs. As ac frequency increases, an electron-emission peak
emerges at the QDs; this peak is followed by another prominent peak, suggesting that the localized defect that is responsible for this latter peak
has an energy below the QD electron ground state. On the basis of a C—V profile simulation, this defect is located at the QD at the observed
emission energy below the GaAs conduction band, 360 meV. A comparison with INnAsN QD and strain relaxation InAs QD samples reveals that the
localized defect arises from a nitrogen alloy fluctuation in the QD. The energy location of this defect reveals a possibility that incorporated N is

associated with a particular mode. © 2011 The Japan Society of Applied Physics

1. Introduction

InAsN/GaAs self-assembled quantum dots (QDs) have
recently attracted considerable attention' ™ because of
their potential use in the realization of long-wavelength
optoelectronic devices. Lasers that are made of this material
and emit at 1.3 or 1.55um have been demonstrated.>®
However, the incorporation of nitrogen (N) considerably
reduces photoluminescence (PL) efficiency owing to the N
composition fluctuation effect.>” The effects of composition
fluctuation in this material system have been studied by
PL measurement, transmission electron microscopy (TEM),
and deep-level transient spectroscopy (DLTS).5'? Despite
these efforts, little is known about the details of the
relationship between N content and electrical properties.
Furthermore, although the optical states that are induced
by composition fluctuation have been investigated,'® to the
best of the authors’ knowledge, electrical states that are
induced by composition fluctuation have seldom been
investigated. However, many researchers who have sought
to elucidate electrical states have focused on experimentally
determining the electronic band structure of a QD by
analyzing electron emission from the QD. Therefore, in
this investigation, we study the properties of the nitrogen-
induced (N-induced) trap that is formed by the incorporation
of N into InAs QDs. The electrical properties of such an
N-induced trap were characterized by frequency-dependent
capacitance—voltage (C-V) and DLTS measurements. How-
ever, as the probed sample does not have a simple bulk
structure, analysis of DLTS spectra is difficult because the
band structure affects the emission parameters (like deple-
tion region), which therefore depend on the applied voltage.
This investigation demonstrates an important effect of the
electronic band structure. The selection of a small step
voltage enables the resolution of the DLTS spectra of
N-induced traps. A simple C-V profile is obtained and the
band structure is simulated to obtain important information
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about the electron-emission parameters of an N-induced
trap.

2. Experimental Methods

InAsN QDs were grown on an n+-GaAs(100) substrate
by molecular beam epitaxy in a Riber Epineat machine. An
InAs QD structure, consisting of a 2.2 monolayer (ML) InAs
layer and a 60 A Ing.15Gag gsAs cap layer that was grown at
a rate of 1.86/—\/5 at 480°C, was sandwiched between
two 300-nm-thick Si-doped GaAs (~8 x 10'¢ cm™—?) barrier
layers. Indium and gallium were supplied from Knudsen
cells, and arsenic in the form of As, was supplied from a
cracker source. N atoms were incorporated into the InAs
layer from ultra pure N, gas using an EPI-Unibulb radio-
frequency (RF) plasma source at a N, flow rate of 0.15 sccm
and an RF power of 250 W. Based on the assumptions that
all of the added N was incorporated into the InAs sublattice
and that the efficiency of N incorporation was similar to that
in the GaAsN layer, the N content must have been much
larger than 3%, as determined from the growth rates of the
InAs (0.26 A/s) and GaAs (2.78 A/s) layers. Such a high N
content is associated with the very low growth rate of the
InAs QDs layer and is responsible for the high density of
QDs. As N atoms are incorporated into the InAs layer, N
atoms are obvious on the surface of the InAs QD layer. Post
growth rapid thermal annealing was performed. Schottky
diodes were realized by evaporating Al with a dot diameter
of 1500 um after the sample surface had been slightly
chemically etched. In other respects, the sample of N-free
InAs QDs had the same layered structure as it would have
without the incorporation of N. A typical InAs QD sheet
density of about 1 x 10'°cm™2 was observed by atomic
force microscopy (AFM). C-V profiling and admittance
spectroscopy were performed using an HP 4194A im-
pedance analyzer. PL measurements were made using a
double-frequency Nd-doped yttrium aluminum garnet laser
at 532 nm.

© 2011 The Japan Society of Applied Physics
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Fig. 1. (a) 300-K C-V and (b) concentration profiles measured at

1 M KHz for the normal InAs QD and InAsN QD samples. The
concentration profile of the normal InAs QD reveals two carrier
accumulations, ES and GS, related to the first excited state and ground state
in the InAs QD, respectively. On the other hand, N incorporation into InAs
QD produces N-induced traps, and the traps cause carrier depletion near the
dot (300 nm) and neighboring GaAs layers.

3. Results and Discussion

3.1 Carrier distribution and DLTS measurement

In previous studies of transmission electron emission,'® the
incorporation of N into InAs QDs has been shown to relax
by the induction of threading dislocations in the top GaAs
layer and localized defects near the QDs. The threading
dislocations that propagate from the QDs to the surface
of the sample are probably generated by the gliding of
interfacial dislocations, because elastic strain is associated
with a shear stress.'>'® In contrast, a N-induced localized
defect (Ejoca defect) does not propagate into the GaAs layers
but is confined near QDs, suggesting the presence of N
composition fluctuation. Figures 1(a) and 1(b) show the
300-K C-V and converted concentration profiles of InAs and
InAsN QD samples, respectively, measured at 1 MHz. The
InAsN QD sample is relaxed because the localized defect
state is similar to the states of those defects observed in
strain-relaxed QDs or InGaAs/GaAs quantum wells when
the InAs deposition thickness exceeds a critical thickness.'”
The 2.2 ML InAs QD sample exhibits two strong electron
accumulations that originate from the electron ground
energy state (GS) and the electron first excited state
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Fig. 2. DLTS spectra of the normal InAs QDs and InAsN QDs, measured
at different quiescent voltages with a fixed sweeping step of 0.5 V. In the
InAs QDs sample, no signals are observed in the GaAs layer. For a
quiescent voltage of —2.0V (—2.0 to —2.5V), a trap signal can be seen at
approximately 220 K with an activation energy of 293 meV for the InAsN
QD sample. On fixing the depletion bias (—2.5 V) and reduced step pulse
bias to —0.5V, the signal of N-induced localized defect is saturated. In
addition, as Vp increases to 0V gradually, the peak has a downward
temperature shift, which would reduce electron emission time and activation
energy. This result shows that the N-induced localized defect causes an
upward energy shift in the QD. These phenomena reveal the finite density of
states property of N-induced localized defects.

(ES) of the InAs QDs, and the depths of these electron
accumulations are smaller than the depth of the QDs
(300 nm) because this sample was slightly chemically etched
before Schottky metal evaporation. The InAsN QD sample
exhibits carrier depletion at the dots (300 nm) and neighbor-
ing GaAs layer and induces the formation of electron
defects, which depletes the electrons of QDs. DLTS
measurements were made to identify the electron defects.
Figure 2 shows the obtained spectra of the InAs and InAsN
QD samples. The sweeping voltages are as indicated.
Whereas the InAs QD sample exhibits no defects, the
InAsN QD sample exhibits a broad signal at a low tem-
perature, superimposed upon a background signal, suggest-
ing the presence of significant Ejoc, defect. Furthermore, the
DLTS spectra of InAsN QDs are obtained at a reverse bias
maintained at —2.5 V, which is sufficiently high to enable all
electrons in the Ejo, defect to be depleted and step pulse
bias is reduced to —0.5V. The spectra clearly reveal a
saturated peak at —0.5/—2.5V. The rate window is 4.3 ms
and the filling pulse time is set to 10 ms to ensure saturation
of the height of the peak from the Ejo, defect. The dashed
line indicates that the peak temperature of the Ej,, defect
shifts as the pulse bias decreased. This strong dependence
on bias explains the fact that the last trace represents the
maximum filling of the dots, and hence a systematic shift of
the peak temperature downward by approximately 6K is
observed as pulse bias is reduced. Figure 3 reveals that when
the step voltage is reduced to —0.5 V (superimposed upon a
quiescent bias in the range from 0 to —3.5V), the spectrum
can be resolved into two prominent defects (Ejocq defect and
Enread defect), namely, Ejocq defect from —1.0/—1.5V to
—3.0/—3.5V (activation energy from 190 to 360 meV) and
Ethread defect from —0/—0.5V to —2.5/—3V (activation
energy from 842 to 648 meV); the rate window is 4.3 ms

© 2011 The Japan Society of Applied Physics
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Fig. 3. DLTS spectra of the InAsN QD sample, showing two traps; Ejocal
defect is associated with the N-induced localized defects near the QD and
Etnread defect is associated with the threading dislocations in the top GaAs.
With increasing reverse quiescent bias, the peak temperature of the Ejoca
defects shifts toward a higher temperature, reflecting the presence of
continuous energy states below the GaAs conduction band edge, to which
electrons are emitted from the Ejo, defects. On the other hand, the peak
temperature of the Eye,q defects seems to be fixed at 350 K, suggesting the
presence of continuous state distribution below the GaAs conduction band
edge from 842 to 648 meV. This result can be explained that traps are
present across the QD interface where a band offset exists.

Table I. Electron thermal emission energies and capture cross sections of
the N-induced localized defect and threading dislocation defect, measured at
different quiescent voltages with a fixed sweeping step of 0.5V for the as-
grown sample.

Capture cross Capture cross

Bias Etocal section Ethreaa section
V) (meV) (cmz) (meV) (sz)
-0.5/—1.0 193 9.8 x 1071 842 7.6 x 10717
-1.0/-1.5 199 1.1 x 1018 772 2.2 x 10710
—1.5/-2.0 210 1.4 x 10718 768 34 x 1075
—2.0/-2.5 293 2.0 x 10717 741 8.8 x 10~
—2.5/-3.0 320 1.8 x 10717 712 3.1 x 1071
—3.0/-3.5 360 6.3 x 1077 648 49 x 1071

and the filling pulse time is set to 10 ms. Table I shows a
summary of the bias-dependent activation energies and
capture cross sections of the InAsN QD sample. The DLTS
spectra in Figs. 2 and 3 and the C-V curve in Fig. 1(a) are
used to determine the concentrations and spatial locations
of the E),, defect. The effective density of Ej,, defects
(Nioca) 1s calculated using the equation Ny = Ng -
(AC/Cy?) - 8Gans€oA, and Nigea is about 4 x 10'cm—2.
Here, the Schottky constant area (A) is 5 x 1073 cm?; the
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saturated peak height (AC) is 1pF; Ng =8 x 10'%cm~3,
and the capacitance (Cy) of the C-V plateau is 105 pF. This
density is larger than QD sheet density (about 1 x 10'° cm?
for InAs QD sheet density measured by AFM). Thus, the
concentration of defect states is large enough to deplete all
of the electrons in the QDs. This finding explains why both
the peak of quantum dot emission (QE) and that of Ejyc,
defect are obtained. These peaks are consistent with the
PL spectra, which clearly show the QD GS and Ejoc, defect
state at 300K. The spatial location is simply obtained
from the edge of the depletion region of the C-V curve.
For Ejya defect observed at —0.5/—1.0V, the depletion
bias of —1.0V is used to identify the edge of the depletion
region. A defect donates carriers only when the Fermi level
crosses Ejoa defect. However, at this point, the energy
depth of the Ej,, defect causes the edge of the depletion
region to be deeper than the crossing point, and thus the
obtained location is deeper than the actual location of the
defects. In a simple simulation, a trap that is located at the
QDs (300nm) and 360 meV below the GaAs conduction
band edge yields a signal at 350 nm. Thus, the location in
Fig. 1(b) at which the depth is 350 nm can be roughly treated
as the location of the QDs; hence, the Ej,a defect is
between the surface of the sample and a depth that is near

QDs.

3.2 Properties of the threading dislocation defect

As shown in Fig. 3 and Table I, the electron emission energy
of Ereaq decreases from 842meV (o = 7.6 x 1073 cm™2)
for —0.0/—0.5V to 648meV (0 = 5.6 x 107 cm™2) for
—3.0/—3.5V. The DLTS peak height of the Egeaq defect
shows no saturation, even when the filling pulse duration
time is increased to 100 ms. This feature is consistent with
the capacitance-time transience of the defects associated
with the threading dislocation, which exhibits a logarithmic
function.'>!® This defect is believed to be defect EL2
(841 meV) in bulk GaAs, as reported by Irvine et al.'® who
investigated InGaAs layers with various In contents, and
observed an EL2 defect at 620 meV from 0 to 0.18 in an
In,Ga;_,As layer grown on GaAs. The obtained electron
emission energy in bulk GaAs was smaller than that in the
InGaAs layer grown on GaAs, suggesting that the defect was
probably associated with the valence band edge; thus, the
difference between emission energies may have been the
difference between the band gaps of GaAs and InGaAs. This
band structure effect explains the decrease in the emission
energy of the Epreaq defect. The emission energy of a defect
typically increases as the band gap of the host material is
reduced.

3.3 Electron emission from QDs

As shown in Fig. 1(b), the InAsN QD sample is depleted of
electrons. This depletion is presumably caused by the Ejc,
defects, which must lie at an energy below the QD electron
GS. Since the emission time is long, electrons that are
trapped in the Ej,, defects can not follow the alternating
current (ac) signal to be modulated. This depletion remains
as the frequency is lowered to 3kHz. However, electron
emission from the defects can be activated directly by
increasing the frequency to decrease emission time. Figure 4
shows the C-V curve at 300K and the corresponding depth

© 2011 The Japan Society of Applied Physics
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Fig. 4. C-V spectra of the InAsN QD sample and the corresponding
concentration profiles in the inset, measured at 300 K. As frequency is
reduced to 300 Hz, the C-V spectra show a capacitance plateau,
corresponding to an electron-emission peak from the QD, and an other extra
capacitance plateau, corresponding to electron-emission from FEjo, defect.
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Fig. 5. 300K PL spectra of normal InAs QD and InAsN QD samples,
showing a blue-shift of the QD ground transition. N incorporation into
InAs QDs severely degrades QD quality. Also included is a schematic
conduction band diagram showing the QD electron ground state

(at 0.2eV below the GaAs conduction band edge) and energy and
spatial locations of the threading dislocation defect and N-induced
localized defect.

profiles at 300K in the inset of Fig. 4. The profile shows
a similar carrier depletion at 1 MHz; however, at 300 Hz,
a capacitance plateau at approximately —1.5V and another
capacitance plateau at approximately —2V emerge. The
capacitance plateau at approximately —1.5V is converted to
a carrier-accumulation peak that is centered at 330 nm. The
depth is close to the location of the InAs(N) QD samples at
300 nm; thus, the peak is associated with electron emission
from QD electron states and is designated as the QE peak.
The presence of the QD electron states is determined from
the 300K PL spectra of the InAs QD and InAsN QD
samples, which are shown in Fig. 5. The InAs sample shows
QD GS emission at 0.953eV (1300nm), which is blue-
shifted to 1.03eV (1200nm) in the InAsN QD sample,

111001-4

presumably by a strain relaxation, which occurs to reduce
dot size.'”?” The peak of the InAsN QD sample is only
slightly broader than that of the InAs QD sample and it is
asymmetric with a long low-energy tail that extends to
1500 nm,?" suggesting that the incorporation of N does
not destroy the QD electron GS or cause emission from an
extra Ejo, defect at 1330nm. Kapteyn et al.® estimated
a confinement energy of 0.19eV for the electron ground
state of InAs QDs, which emit at a wavelength that is close
to that emitted by the InAsN QDs herein (1.03 eV at 300 K).
Thus, the QD GS is 0.19eV below the GaAs conduction
band edge, as shown in the simplified schematic conduction
band diagram in Fig. 5. The energy locations of Eead
and E)oq defects are also displayed, neglecting the effect of
the band structure. Therefore, the electron GS emission
energies are approximately from 0.19 to 0.21eV and the
E\ocar defect emission energy is from 0.29 to 0.36eV in
Table 1.

3.4 Depth-profile simulation of the localized defect

The capacitance plateau at —2'V in Fig. 4 may arise from
electron emission from the Ej,., defect. From the DLTS
spectra, the emission rate of the Ejo, defect (at 360 meV
for —3.0/—3.5V) can be extrapolated to 900 Hz at 300 K.
This frequency exceeds the ac modulating frequency of
300 Hz, and allows the modulation of the E),., defect. This
capacitance plateau is seen after the QE peak, suggesting
that the Ejoc, defect lies below the QD GS, consistent with
the carrier-depletion effect. To determine to what energy
level the electron-emission energy is related, the C—V profile
is simulated by solving the Possion equation for an n-type
GaAs Schottky diode (with a barrier height of 0.8eV) with
a back ground doping concentration of 8 x 10'®cm™3, an
electron quantum energy state number of 3 x 10'9cm™ at
the QD (300 nm) with a thickness of 3nm (equivalent to a
sheet concentration of 1 x 10!°cm~2) and an energy 200
meV below the GaAs conduction band edge, and a defect
number of 6 x 10'°cm™3 at the QD (300 nm) with a thick-
ness of 3nm (equivalent to a sheet concentration of 2 x
10'°cm=2) and at 360meV below the GaAs conduction
band edge, as shown in Fig. 6(a). Figure 6(b) shows the
simulated C-V profile: the S curve represents the C-V
profile of a classical n-type GaAs Schottky diode, the Q
curve represents the C—V profile of an n-type GaAs Schottky
diode including an electron GS of QD at 200 meV, and the T
curve represents the C-V profile of an n-type GaAs Schottky
diode including an electron quantum dot energy state at
200meV and an extra defect at 360 meV. The simulated
results generally are broadly consistent with the experi-
mental curves in Fig. 4.

3.5 Comparison with relaxed InAs QDs

The incorporation of N causes a blue-shift to 1200 nm. This
blue-shift is associated with the formation of smaller QDs, as
revealed in a TEM image in Fig. 7(b) (with a base of 10 nm
and a height of 3 nm), and of the normal InAs QDs (without
N) as revealed in a TEM image in Fig. 7(a) (with a base of
20nm and a height of 7nm). The InAs QD sheet density
estimated from the TEM image in Fig. 7(a) is about
1.25 x 10'°cm™~2, which corresponds to the InAs QD sheet
density estimated from an AFM image of an InAs QD

© 2011 The Japan Society of Applied Physics
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GaAs Schottky diode, the Q curve represents the trapped electrons in
the QD state can follow the ac signal, and the T curve represents the
trapped electrons in the QD state and the defect can follow the ac
signal.

3

sample. Similarly, the InAsN QD sheet density is estimated
to be about 3.8 x 10'°cm—2, which is more than the InAs
QD sheet density and near the N, defects. Hence, this
result confirms that the N, defect states originate from the
incorporation of N into InAs QDs. This defect is believed to
arise from the possibility that the N atom may change the
surface potential due to its strong bond, and also decreases
the migration length at the surface, as reported by Makino
et al.®® Therefore, InAsN QD density increases, and InAsN
QD size decreases. In addition, this phenomenon is sus-
pected to be the result of strain relaxation that occurs in the
QDs, since lattice misfits are observed near the QDs. Strain
relaxation in the InAs QDs was previously shown to cause
a sudden blue-shift of 78 meV when the InAs deposition
thickness exceeds a critical thickness of 3 ML.? This result
shows that the incorporation of N causes an upward energy
shift of the QD electron state, which would reduce emission
time and energy. However, the experimental data reveal an
opposite trend, excluding the energy shift of the QD state
as a possible cause of the increase in emission time. Hence,
the significant increase in emission time and energy can
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Fig. 7. Cross-sectional TEM images of (a) InAs QD sample and
(b) InAsN QD sample.

be understood only as being caused by a change in the
emission process by the Ej., defect state. In fact, the
InAsN QD sample emits at 1330nm (at 300K) with a
low energy tail in the PL spectra, and similar low-energy
tails were observed from N—As alloys which were attributed
to the recombination of excitons that were trapped by
localized states associated with the band tails®> induced
by inevitable composition fluctuation. Such a tail suggests
composition fluctuation, which is inevitable at a high N
content, and the presence of local regions with a N content
higher than the average, which can be regarded as N
clusters.”®

4. Conclusions

The emission of electrons from N-induced localized defects
in InAsN QDs is investigated. Two types of electron trap
can be produced: one is associated with threading disloca-
tions in the top GaAs layer and the other is associated
with N-induced localized defects near the QDs. The
threading dislocation energy at 648 meV can be explained
by the crossing of the QD interface, where a band offset
exists, by the trap. The incorporation of N into InAs QDs
can introduce an additional capacitance plateau by generat-
ing an N-induced localized defect state, leading to additional
carrier depletion at the bottom of the GaAs layer. This
carrier depletion can suppress the electron tunneling
emission from the InAs quantum state and change the
electron emission process. Furthermore, the N-induced
localized defects have finite density states, and the defect
energy is confirmed to be from 0.3 to 0.36eV below the
quantum state (~0.2eV), according to DLTS spectra. A
simple C-V curve simulation is established which includes
the QD state at 0.2eV and N-induced localized defect
at 0.36eV below the GaAs conduction-band edge. A com-
parison of InAsN QDs with relaxed InAs QDs reveals
composition fluctuation, which is inevitable at a high N
content, and the presence of local regions that have a higher-
than-average N content.

© 2011 The Japan Society of Applied Physics
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