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We studied the structural and photoluminescence (PL) characteristics of InAs quantum dots (QDs)
grown on nitrogen (N) d-doped GaAs(001). The emission wavelength for low-density N-6 doping
exhibited a blueshift with respect to that for undoped GaAs and was redshifted with increasing
N-sheet density. This behavior corresponded to the variation in the In composition of the QDs. N-6
doping has two opposite and competing effects on the incorporation of Ga atoms from the
underlying layer into the QDs during the QD growth. One is the enhancement of Ga incorporation
induced by the lattice strain, which is due to the smaller radius of N atoms. The other is an effect
blocking for Ga incorporation, which is due to the large bonding energy of Ga-N or In-N. At a low
N-sheet density, the lattice-strain effect was dominant, while the blocking effect became larger
with increasing N-sheet density. Therefore, the incorporation of Ga from the underlying layer
depended on the N-sheet density. Since the In-Ga intermixing between the QDs and the GaAs cap
layer during capping also depended on the size of the as-grown QDs, which was affected by the
N-sheet density, the superposition of these three factors determined the composition of the QDs. In
addition, the piezoelectric effect, which was induced with increased accumulation of lattice strain
and the associated high In composition, also affected the PL properties of the QDs. As a result,
tuning of the emission wavelength from 1.12 to 1.26 um was achieved at room temperature.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4951719]

I. INTRODUCTION

Self-assembled InAs quantum dots (QDs) are a promis-
ing material for advanced optical communication devices
such as cooler-free low-power-consumption lasers'™ and
polarization-insensitive semiconductor optical amplifiers
(SOAs).*™ These devices are required to operate not only in
the optical communication bands of 1.3 and 1.55 um but also
in the shorter bands of 1.0 to 1.3 um expected to be used in
the future expansion of optical networking. To achieve a
broader operational bandwidth, control of the emission
wavelengths of QDs is important. The emission wavelength
of QDs is significantly affected by the size of the as-grown
QDs and the variation in size during GaAs capping. Various
methods have been demonstrated for controlling the size of
as-grown and embedded QDs: adjustment of the QD growth
conditions,m the introduction of an InGaAs strain-reducing
layer,'""'? and In flushing.'*'* Another factor that affects the
emission wavelength is the composition of the QDs. Ga
atoms are incorporated into QDs owing to intermixing
between the QDs and the GaAs matrix not only during GaAs
capping'>'® but also during QD growth.'””" The In-Ga
intermixing between the QDs and the GaAs cap layer is also
accompanied by QD shrinkage, and thereby, the emission
wavelength of the QDs is blueshifted.”® Several methods
have been demonstrated for controlling the intermixing dur-
ing capping, such as adjustment of the capping temperature®'
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and the doping of a nitrogen (N) layer (called N-§ doping)
on the QD surface.”>>* In contrast, the incorporation of Ga
atoms from the underlying layer induces an increase in the
QD size,” which depends on the QD growth conditions.
Since the emission wavelength of the QDs is determined by
the competition between the effects of the dot size and the
composition, its tunable bandwidth due to the QD growth
conditions is restricted.

In this paper, we propose a method for controlling the
photoluminescence (PL) emission wavelength by growing
InAs QDs on a N-d-doped GaAs. Such N-6 doping was
performed in an atomically controlled way using the
N-stabilized surface on GaAs(001),2%2” in which the active
N species were supplied to the GaAs surface. The QDs
grown on low-density N-d-doped GaAs exhibited a blue-
shifted emission with respect to those grown on undoped
GaAs, and the emission wavelength was redshifted with
increasing N-sheet density. As a result, tuning of the emis-
sion wavelength from 1.12 to 1.26 um was achieved at room
temperature. Furthermore, we analyzed the QD morphology
after capping, the temperature dependence of the PL, and the
PL decay times for various N-sheet densities, and we discuss
the mechanism of the shift in the emission wavelength.

Il. EXPERIMENTAL PROCEDURE

The samples were grown on semi-insulating GaAs(001)
substrates using a solid-source molecular beam epitaxy appa-
ratus equipped with a radio-frequency (rf) plasma source.

Published by AIP Publishing.
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After the removal of the oxide layer at 585°C, a 400-nm-
thick GaAs buffer layer was deposited at 550 °C. Then, the
substrate temperature, which was monitored using an infra-
red pyrometer, was lowered to 480 °C. N-J doping was per-
formed after confirming the c(4 x 4) reconstructed surface
under an As,-beam-equivalent pressure of 1.3 x 107 >Pa, in
which the active N species created using the plasma source
from ultrapure N, gas were supplied to the GaAs surface.
The N partial pressure was 1.7 x 10 >Pa, and the gas-flow
rate was 0.35 ccm. The rf power was set at 440 W.
Reflection high-energy electron diffraction (RHEED) pat-
terns obtained from the [-110] azimuth before and after N-0
doping are shown in Figs. 1(a) and 1(b), respectively. The
c(4 x 4) streak pattern gradually changed to the (3 x 3) pat-
tern during N-J doping. This indicates that a N-stabilized
reconstructed surface is formed by the substitution of N
atoms for As atoms.’*?’ The N-sheet densities were esti-
mated from the N-irradiation time dependence of the N-sheet
density. The N-sheet densities (ny), which were derived from
the secondary ion mass spectroscopy (SIMS) profile shown in
the inset, are plotted as a function of the N-irradiation time ()
in Fig. 1(c). Since n, is almost proportional to 7, we can con-
trol n, precisely. In this study, 7, was varied from 0.85 x 10'?
to 34 x 10'>cm ™2 After the rf power was turned off, the
growth was interrupted for 120's, which was equivalent to the
growth interruption introduced in the SIMS sample. InAs
QDs with a nominal thickness of 2.0 monolayers (ML) were
grown by self-assembly, and subsequently, a 100-nm-thick

(a) |,2|"||

(c)
20 .
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FIG. 1. RHEED patterns observed from the [-110] azimuth (a) before and
(b) after N-0 doping. (c) N-sheet densities (n) analyzed by SIMS as a func-
tion of the N-irradiation time (7). The inset shows the SIMS profile of the
N-J-doped sample with various N-sheet densities. The broken line denotes
the linear dependence of n, on t.
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GaAs cap layer was deposited. The growth rates of InAs and
GaAs were 0.04 and 0.8 ML/s, respectively.

The morphology of the as-grown and embedded QDs
was analyzed by atomic force microscopy (AFM) in the
contact mode and cross-sectional high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM), respectively. PL measurements were performed
using a continuous-wave laser diode with a wavelength of
659 nm. The excitation power was 15 mW. The PL signal
was dispersed using a 30cm single monochromator and
detected using a liquid-nitrogen-cooled InGaAs diode array.
In addition, time-resolved PL measurements were performed
using a near-infrared streak camera system with a temporal
resolution of 20 ps. The light source used was a mode-locked
Ti:sapphire pulse laser with a pulse width of 130 fs and a
repetition rate of 80 MHz. The excitation wavelength and
the excitation power density were 800nm and 1.2 nJ/cm?,
respectively.

lll. RESULTS AND DISCUSSION

First, we discuss the morphology of the as-grown QDs
on N--doped GaAs. Figure 2 shows 1 x 1 um* AFM images
(left column) and histograms of the height (middle column)
and aspect ratio (right column) of the QDs grown on (a)
undoped GaAs and N-5-doped GaAs with (b) n,= 1.7 x 10'?,
(c) 8.5x 10", and (d) 17 x 10"?cm 2. Note that the giant
dots formed by coalescence were excluded from the analysis.
The QD height and aspect ratio for n,=1.7 x 10"*cm ™2 ex-
hibit unimodal distributions that approximately correspond to
those for undoped GaAs. As the N-sheet density is increased,
smaller QDs gradually appear and the bimodality of the dis-
tribution becomes pronounced, while the density of larger
QDs decreases. Since the increase in the density of smaller
QDs exceeds the decrease in the density of larger QDs, the
total QD density at n,=17 x 10'?cm™2 is about 2.5-fold
larger than that for undoped GaAs. The height of the larger
QDs gradually decreases with increasing N-sheet density
above n,=1.7 x 10120m72, while the base size remains
almost constant. This leads to a smaller QD volume and a
lower aspect ratio. Such a relationship between the aspect ra-
tio and the QD volume has also been reported for QDs on
undoped GaAs, in which the aspect ratio decreases with
decreasing QD volume.?®2° To discuss the factor causing the
morphological variation in the QDs due to N-6 doping, the
total QD volume was estimated as follows. First, we analyzed
the [110], [-110] base sizes (not shown here) and height for
each QD were analyzed in the area of 0.50 um? for undoped
GaAs and N-o-doped GaAs with ny,=28.5 x 10"%cm ™2 and
below and 0.75 ,um2 for ny=17 x 10?cm 2. The QD shape
was assumed to be half-ellipsoid, in which the major and
minor axes were the [110] and [-110] base sizes, respectively,
and the volume of each QD was derived. Then, the total vol-
ume was derived by adding the volumes of all QDs in the
observed area, which converted to the volume on 1 x 1cm?
area. The results for various N-sheet densities are shown in
Fig. 3 (filled circles). The broken lines denote the values for
the QDs on undoped GaAs. The total QD volume gradually
decreases with increasing N-sheet density, while the wetting
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FIG. 2. 1 x 1 um® AFM images (left column) and histograms of the height (middle column) and aspect ratio (right column) of the QDs grown on (a) undoped
GaAs and N-d-doped GaAs with N-sheet densities of (b) n,=1.7 x 10" (c) 8.5 x 10", and (d) 17 x 10"*cm 2. The total QD densities are 1.9 x 10'°,
2.1 x 10'0, 1.9 x 10'0, and 4.9 x 10"°cm™2 for undoped GaAs and N-J-doped GaAs with ny= 1.7 x 10'2, 8.5 x 10'2, and 17 x lOlzcm’Z, respectively.

layer (WL) volume (open squares), estimated from the varia-
tion in the RHEED pattern due to the transition from two-
dimensional (2D) growth to three-dimensional (3D) growth,
is almost constant. Since the reevaporation of In atoms is neg-
ligible at the substrate temperature of 480°C,* this result
suggests that the incorporation of Ga and/or In atoms into the
QDs from the underlying GaAs layer and/or WL occurs dur-
ing the 3D growth on undoped GaAs and in the case of low-
density N-0 doping, whereas it is suppressed in the case of
high-density N-0 doping. A similar suppression effect of In-
Ga intermixing has been reported for N-6 doping on a QD
surface,zz*24 in which the intermixing between the QDs and

the GaAs cap layer was suppressed because of large bonding
energy of Ga-N or In-N (the bonding energies of Ga-N, In-N,
Ga-As, and In-As are 2.24, 1.93, 1.63, and 1.55eV,
respectively).'*

N-0 doping on the GaAs surface also affects the PL
properties of the QDs. Figure 4 shows the room-temperature
PL spectra of the QDs on undoped GaAs (broken line) and
N-0-doped GaAs with various N-sheet densities (solid lines).
The spectra have a shoulder on the shorter-wavelength side
of the main peak, which originates from the excited-state
transition of the QDs for undoped GaAs and N-J-doped
GaAs with n,= 8.5 x 10'? and below. On the other hand, the
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FIG. 3. Total QD volume (filled circles) and WL volume (open squares) as
functions of the N-sheet density (n;). The total QD volume was estimated
from the QD density and size distribution. The WL volume was estimated
from the variation in the RHEED pattern due to the transition from 2D to 3D
growth. The broken lines denote the values for the QDs on undoped GaAs.

shoulder for ny,=17 x 10" cm 2 is mainly due to the emis-
sion from the ground state of smaller QDs. Since smaller
QDs tend to cause the thermal carrier escape, the PL spec-
trum exhibits a Gaussian shape with only a small shoulder at
room temperature, despite a bimodal distribution of the
as-grown QD size shown in Fig. 2(d). The peak wavelength
is blueshifted with respect to that for undoped GaAs at the
N-sheet densities of below n,=8.5 % 10”cm 2. As the
N-sheet density is increased, the peak wavelength is monot-
onically redshifted and becomes longer than that for undoped
GaAs at the N-sheet densities of n,=28.5 x 10"2cm 2 and
above. Thereby, tuning of the emission wavelength over
about 80 nm is observed at room temperature. This behavior
is opposite to the shift in the emission wavelength expected
from the variation in the as-grown QD size, which implies
that other factors, such as the size variation during capping
and the composition of the QDs, affect the emission wave-
length of the QDs. To analyze the QD morphology after
GaAs capping in detail, we performed cross-sectional STEM
observations. Figure 5 shows high-resolution (110) cross-
sectional HAADF-STEM images of QDs grown on (a)

~ 75

4 N RT
undoped ‘ \

P

ns=0.85
x11
1.7
__/\_ x3.4
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‘—_AX32

900 1000 1100 1200 1300
Wavelength (nm)

PL intensity (arb.units)

FIG. 4. Room-temperature PL spectra of the QDs on undoped GaAs (broken
line) and N-d-doped GaAs with various N-sheet densities (1) (solid lines).
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undoped GaAs and N-d-doped GaAs with (b) n,= 1.7 x 10'%,
(c) 8.5 % 10'%, and (d) 17 x 10" cm 2. We selected the largest
QD from more than 10 cleaved QDs for each N-sheet density
and derived the height, which is a reliable method for obtain-
ing information on a QD cleaved near its center. The height of
the embedded QDs is almost the same for all the N-sheet den-
sities, whereas the height of the as-grown QDs decreases
above ny,=1.7 x 1012cm72, as shown in Fig. 2. Since the
large QDs are subjected to more lattice stain relaxation in as-
grown than the small QDs, the strain due to lattice mismatch
at the interface between the QDs and the GaAs cap layer is
larger, which enhances the In-Ga intermixing and the In segre-
gation during capping.* Therefore, the differences in the sizes
of the embedded QDs among the different N-sheet densities
are very small. Moreover, whereas a clear WL with about 2
ML thickness and an abrupt interface between the WL and the
underlying GaAs layer is observed at a high N-sheet density,
the WL morphology and the interface are unclear at a low N-
sheet density. This suggests that the In-Ga intermixing
between the WL and the underlying GaAs layer and the subse-
quent incorporation of Ga into the QDs are suppressed
(enhanced) at a high (low) N-sheet density. This is consistent
with the analysis results for the total QD volume shown in
Fig. 3.

Next, we investigated the composition of the QDs,
which is another factor affecting the emission wavelength,
from the measurement temperature dependence of the PL
peak energy. Figure 6(a) shows the PL peak energy of the
QDs as a function of the measurement temperature for
undoped GaAs and N-d-doped GaAs with various N-sheet
densities. The solid lines represent the energy gap shrinkage
of the QDs estimated from the Vina model, which is based

on the Bose—Einstein statistical distribution for phonons34
A A
E(T) = E(0) - 57— =E(0) — 5 —, ey
er — 1 et — 1

where E(0) is the energy gap at 0K, A is the Vina coefficient,
and 0 is a material-specific phonon temperature, which repre-
sents the effective phonon energy /i = kg0, where kg is the
Boltzmann constant. The parameters were determined by
fitting to the measured data in the low-temperature region
below 120K and the high-temperature region above 220 K.
The PL peak energy exhibits a sigmoidal dependence on the
measurement temperature, which is interpreted to originate
from the thermally induced transfer of carriers from the
QDs with higher ground state to those with lower ground
state.>>*® The bimodality of the distribution of the QD
ground-state is more pronounced at a low N-sheet density,
and thereby, the PL spectrum has a broad linewidth as shown
in Fig. 4. The variation in the energy gap in semiconductors
with respect to the measurement temperature is convention-

ally analyzed using the Varshni model®’
oT?
E(T) = E(0) — T 2

where E(0) is the energy gap at 0K, and « and f are the
Varshni coefficients. However, the Vina model sometimes
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FIG. 6. (a) Measurement temperature dependence of the PL peak energy for
various N-sheet densities (n;). The solid lines represent the energy gap
shrinkage of the QDs estimated from the Vina model. Varshni coefficients
(b) o and (c) f as functions of n,. The Varshni coefficients were derived
using the Vina coefficients obtained by fitting the PL energy shift. The bro-
ken, solid, and dotted lines denote the values for the QDs on undoped GaAs,
bulk GaAs, and bulk InAs, respectively. (d) PL peak energy of the QDs as a
function of n,. The broken line denotes the value for undoped GaAs.
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FIG. 5. High-resolution (110) cross-
sectional HAADF-STEM images of
the QDs grown on (a) undoped GaAs
and N-o-doped GaAs with N-sheet
densities of (b) n,=1.7x 10", (c)
85x 10" and (d) 17x10Zcm 2
The largest QD was selected from
more than 10 cleaved QDs for each N-
sheet density. The QD heights (H-W)
are 3.6, 3.8, 3.8, and 3.8nm for
undoped GaAs and N-o-doped GaAs
with n,=1.7x 10"%, 8.5x 10", and
17 x 10"?cm ™2, respectively.

gives better agreement with the PL energy shift in the low-
temperature region than the Varshni model when the varia-
tion in the energy gap is affected by the electron-phonon
interaction rather than by thermal expansion.”®?* In contrast,
in the high-temperature region, both models provide a good
description of the PL energy shift. Note that the Varshni
coefficients are related to the Vina coefficients as o= Akp/
i and f = hw/2kg.>® We derived the Varshni coefficients
from the Vina coefficients obtained by fitting the PL energy
shift in Fig. 6(a) for comparison with the values for bulk
GaAs and InAs in the literature.*” The results for various
N-sheet densities are shown in Figs. 6(b) and 6(c). The bro-
ken, solid, and dotted lines denote the values for the QDs on
undoped GaAs, bulk GaAs, and bulk InAs, respectively. The
values of o and f are larger than those for undoped GaAs at
the N-sheet densities of ng=3.4 x 10"?cm™2 and below,
which suggests the high Ga composition of the QDs. In con-
trast, the fact that o and f gradually approach the values for
bulk InAs with increasing N-sheet density indicates an
increase in the In composition. Since these behaviors of o
and f§ correspond well to the N-sheet density dependence of
the PL peak energy shown in Fig. 6(d), the variation in the
composition of the QDs greatly affects the shift of the emis-
sion wavelength. The mechanism of the N-sheet density-
dependent variation in the composition of the QDs is consid-
ered to be as follows. N-0 doping has two opposite and
competing effects on the incorporation of Ga from the under-
lying layer into the QDs during the QD growth. One is the
enhancement of Ga incorporation induced by the lattice
strain. Since N atoms have a smaller radius than As atoms,
more lattice strain is accumulated at the interface between
the WL and the underlying GaAs layer, which enhances the
In-Ga intermixing and the incorporation of Ga into the
QDs.*! The other is an effect blocking for Ga incorporation,
which is due to the large bonding energy of Ga-N or In-N.
At a low N-sheet density, the lattice-strain effect is domi-
nant. Since the N atoms J-doped are not uniformly distrib-
uted and spatially localized on the GaAs surfaces** when the
N-sheet density approaches the QD density, the lattice strain
caused by the smaller radius of N atoms fluctuates on the sur-
face. Thereby, Ga incorporation from the underlying layer
into the QDs also depends on the fluctuation, which results
in the broad PL spectrum reflecting a bimodal composition
distribution of QDs shown in Fig. 4. On the other hand, the
blocking effect becomes larger with increasing N-sheet
density and eventually exceeds the lattice-strain effect.
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Therefore, the incorporation of Ga from the underlying layer
depends on the N-sheet density. Since the In-Ga intermixing
between the QDs and the GaAs cap layer during capping
also depends on the N-sheet density, which is enhanced (sup-
pressed) at a low (high) N-sheet density owing to the large
(small) QD size in as-grown, the composition of the QDs is
determined by the superposition of three factors: Ga incorpo-
ration from the underlying layer induced by the lattice strain,
which is promoted by N-6 doping, the blocking of Ga incor-
poration by the N-J doping layer, and the intermixing
between the QDs and the cap layer. Note that few N atoms
are considered to be incorporated into the QDs because the
marked decrease in « and f§ reported for InAsN QDs>* was
not observed even at a high N-sheet density. To investigate
the effect of the enhancement of lattice strain caused by N-0
doping, we fabricated a QD sample in which a thin GaAs
spacer layer was introduced between the N-6 doping layer
and the WL. Figure 7 shows the room-temperature PL spec-
tra of the QDs grown on N-J-doped GaAs with and without
the GaAs spacer layer. The N-sheet densities of both samples
are ny=17 x 10'?cm 2. The spacer thickness is 1nm. The
PL spectrum for undoped GaAs is also shown for reference
(broken line). Whereas the peak wavelength for the QDs
without a spacer layer exhibits a redshift with respect to that
for undoped GaAs, the peak wavelength for the QDs with a
spacer layer exhibits a blueshift comparable to that for the
lowest N-sheet density of n;=0.85 x 10"2cm™2 shown in
Fig. 4. In addition, the Varshni coefficients o and f§ estimated
from the measurement temperature dependence of the PL
peak energy were 0.41meV-K ' and 165K, respectively,
which are also comparable to those for the lowest N-sheet
density shown in Figs. 6(b) and 6(c). Since the spacer layer
is subjected to compressive strain from the N-6 doping layer,
large lattice strain is accumulated at the interface between
the WL and the spacer layer. Therefore, these results support
the speculation that N-¢ doping has not only the effect block-
ing for Ga incorporation but also the promotion effect of the
lattice-strain-induced incorporation of Ga atoms.

To further investigate the effect of N-6 doping on the
optical properties of the QDs, we performed time-resolved
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FIG. 7. Room-temperature PL spectra of the QDs grown on N-J-doped
GaAs with and without the GaAs spacer layer. The N-sheet densities of both
samples are 7, =17 x 10"*cm 2. The spacer thickness is 1 nm. The broken
line denotes the PL spectrum for undoped GaAs for reference.
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PL measurements. Figure 8(a) shows typical PL decay pro-
files of the QDs for undoped GaAs and N-o-doped GaAs
with various N-sheet densities, which were recorded at the
peak wavelength of the ground-state emission from the QDs.
The measurement temperature was 3.4 K. All the profiles can
be fitted by a single exponential function. The recombination
lifetime of the QD excitons (t) derived from these profiles
are 1.0, 1.2, 1.5, and 1.5ns for undoped GaAs, ny,=1.7
x 10"%, 8.5x 10", and 17 x 10%ecm ™2, respectively. 7T is
inversely proportional to the oscillator strength, given by the
electronic dipole transition and the overlap integral of the
electron and hole wavefunctions.*> Since the oscillator
strength depends on the emission wavelength, which is
related to the QD size, the detection wavelength dependence
of 7 for each sample was measured. The results are summar-
ized in Fig. 8(b). The analyzed range of wavelengths was the
full width at quarter maximum of the time-integrated PL
spectrum, in which the decay profiles exhibited a high
signal-to-noise ratio. A filled mark denotes the value at the
peak wavelength for each sample. A clear dependence on the
N-sheet density as 7 increases with the N-sheet density was
observed. This suggests that the lattice strain that accumu-
lated in the QDs due to the high-density N-¢ doping and the
associated high In composition induces the piezoelectric
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FIG. 8. (a) PL decay profiles of the QDs for undoped GaAs and N-J-doped
GaAs with various N-sheet densities, which were recorded at the peak wave-
length of the ground-state emission from the QDs. (b) Detection wavelength
dependence of the recombination lifetime (7) of the QD excitons for
undoped GaAs and N-J-doped GaAs with various N-sheet densities. The an-
alyzed range of wavelength was the full width at quarter maximum of the
time-integrated PL spectrum. A filled mark denotes the value at the peak
wavelength for each sample. The measurement temperature was 3.4 K.
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FIG. 9. Room-temperature PL spectrum of the QDs grown on N-J-doped
GaAs with a N-sheet density of n;,=34 x 10"?cm 2. The broken line
denotes the PL spectrum for undoped GaAs for reference.

effect, and thereby the overlap integral of the electron and
hole wavefunctions decreases,44 which simultaneously indu-
ces a redshift of the emission wavelength.*> In addition, a
marked increase in 7 at the detection wavelength shorter than
about 1070nm for ny=17 x 10120m_2, at which the emis-
sion from the ground state of smaller QDs in Fig. 2(d) is
dominant, is also attributed to the piezoelectric effect. From
the discussion in Fig. 3, it is deduced that the N-sheet density
has a local distribution and smaller QDs are formed on the
GaAs surface with high N-sheet density. Thereby, the
enhanced piezoelectric effect leads to a longer recombination
lifetime.

Finally, we demonstrate the extension of the emission
wavelength towards the longer-wavelength region by higher-
density N-o doping. Figure 9 shows the room-temperature
PL spectrum of the QDs grown on N-d-doped GaAs with a
N-sheet density of n, =34 x 10'*cm 2. The PL spectrum for
undoped GaAs is also shown for reference (broken line). The
PL spectrum for N-6 doping exhibits emission at 1.26 um,
which almost coincides with the 1.3 um optical communica-
tion band. The Varshni coefficients o and f§ estimated from
the measurement temperature dependence of the PL peak
energy were 0.31 meV K 'and 92 K, respectively, which are
comparable to those for the N-sheet densities of
ny=28.5x 10" and 17 x 10'>cm 2 shown in Figs. 6(b) and
6(c). The fact that a marked decrease in o and f is not
observed suggests little incorporation of N into the QDs.
Therefore, the high In composition and the enhanced piezo-
electric effect cause the long-wavelength emission. On the
other hand, the PL intensity is significantly less than that for
undoped GaAs, which is attributed to the crystal defects gen-
erated by excess N atoms in addition to the decreases in the
QD density and recombination rate. It is expected to be pos-
sible to simultaneously attain a long-wavelength emission
and a high emission intensity by further adjusting the N-9
doping conditions.

IV. SUMMARY

We studied the structural and PL characteristics of InAs
QDs grown on N-d-doped GaAs(001). The PL peak wavelength

J. Appl. Phys. 119, 194306 (2016)

for a N-sheet density of n,=23.4x 10"?cm 2 and below was
blueshifted with respect to that for undoped GaAs. As the
N-sheet density was increased, the peak wavelength was
monotonically redshifted and became longer than that for
undoped GaAs above n,= 3.4 x 10">cm ™2 Thereby, tuning of
the emission wavelength from 1.12 to 1.26 um was achieved at
room temperature. The emission wavelength was greatly
affected by the variation in the In composition of the QDs. N-6
doping has two opposite and competing effects on the incorpo-
ration of Ga atoms from the underlying layer into the QDs dur-
ing the QD growth. One is the enhancement of Ga
incorporation induced by the lattice strain, which is due to the
smaller radius of N atoms. The other is an effect blocking for
Ga incorporation, which is due to the large bonding energy of
Ga-N or In-N. At a low N-sheet density, the lattice-strain effect
was dominant, while the blocking effect was dominant at a
high N-sheet density. Therefore, the incorporation of Ga from
the underlying layer depended on the N-sheet density. Since the
In-Ga intermixing between the QDs and the GaAs cap layer
during capping also depended on the N-sheet density, the super-
position of these three factors determined the composition of
the QDs. In addition, the increased lattice strain due to the
high-density N-6 doping and the associated high In composi-
tion induced the piezoelectric effect, which also affected the PL
properties of the QDs.
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