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ABSTRACT

The temperature dependence of the optical properties of Ing4Gag sAso9sNo o2 quantum dots (QDs) was investigated using continuous-wave
and time-resolved photoluminescence (PL). Significant increases in the PL peak energy and the PL linewidth were observed at temperatures
above 200 K, which reflected the high luminescence efficiency of ground and excited states at high temperatures. The PL decay times of the
ground state were almost constant between 200 and 300 K at 200-220 ps, which were significantly longer than that of 38 ps for the
Iny 4GagsAs QDs at 300 K. The temperature independence of the PL decay time represents significant suppression of the thermal escape
and the thermal excitation of electrons because the electron ground-state localization energy is much larger than the thermal energy. The
PL intensity of the Inj,GagcAsg9sNoo2 QDs was seven times stronger than that of the In,4GageAs QDs at 300 K, and this tendency was
maintained up to 400 K with a PL intensity one order of magnitude stronger. These findings demonstrate that lowering the QD conduction
band by nitrogen incorporation is an effective approach for achieving strong QD luminescence above room temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173207

I. INTRODUCTION

Owing to their highly efficient light emission due to the
strong confinement of electrons and holes in a limited space, III-V
compound semiconductor quantum dots (QDs) based on InAs or
InGaAs materials are expected to be an active layer for future
low-power-consumption optical devices." InGaAs QDs have been
widely investigated not only for application in lasers” and infrared
photodetectors,”” but also for the understanding of fundamental
physics in a single QD, such as Rabi oscillation® and charge
states.'”'" In general, the optical properties of multilayered InAs
QDs degrade due to the accumulation of internal strain originating
from the large lattice mismatch with GaAs.'”" In addition, the
intermixing of In and Ga atoms during the GaAs capping process
makes it difficult to control the composition of InAs QDs.*"'°
InGaAs QDs are alternative candidates for multilayered QD struc-
tures because of the smaller lattice mismatch with GaAs.'” Laser
diodes based on InGaAs QDs have demonstrated high output
power,'® high optical gain,'” and low threshold current density.””*’
However, the luminescence intensity of InGaAs QDs is sufficiently

low at room temperature because of the dominant thermal
escape of electrons from the QDs.”>*’ This is attributed to the
relatively small energy difference between the QD electron states
and the GaAs barrier or the wetting layer, which mainly origi-
nates from the smaller effective mass of electrons than holes.
Therefore, if the thermal escape of electrons is strongly sup-
pressed by increasing the conduction band offset, the decrease
in the luminescence intensity with increasing temperature can
be suppressed; thus, strong QD luminescence is anticipated
above room temperature.

Dilute-nitride III-V semiconductors, such as GaAsN and
InGaAsN, are desirable for long-wavelength laser diodes used in
optical fiber communications because of their well-known huge
bandgap bowing.”*”** Recently, it has been found that tunnel
coupling of the GaAsN quantum well to InAs QDs or InGaAs
QDs can achieve highly spin-polarized luminescence of the QDs
at and above room temperature.””’* Because the incorporation
of nitrogen into InGaAs QDs lowers the QD electron states via
an increase in the conduction band offset and the electron effec-
tive mass, the suppression of the thermal escape of electrons
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from the QDs can be expected. However, a nitrogen composi-
tion of 0.5%-1% cannot sufficiently suppress the thermal escape
of electrons, resulting in weak QD luminescence at high temper-
atures.”® For InGaAsN QDs with a high nitrogen composition
of 4%, the QD luminescence intensity can significantly decrease
because of the formation of high-density nonradiative
defects.”””” Therefore, an appropriate nitrogen composition of
InGaAsN QDs is important for achieving efficient QD lumines-
cence above room temperature.

In this study, self-assembled Ing,GagsAsoosNpo2 QDs were
grown on GaAs to suppress the decrease in the QD luminescence
intensity with increasing temperature. The temperature dependence
of photoluminescence (PL) emission properties, including PL decay
properties, was investigated. We observed significant increases in
the PL peak energy and the PL linewidth above 200 K, indicating
the high luminescence efficiency of the QD ground and excited
states at high temperatures. The PL decay time was almost constant
between 200 and 300 K, demonstrating the significant suppression
of the thermal escape and the thermal excitation of electrons.
Moreover, the PL intensities of the Iny 4Gag Asg 9gNo.02 QDs at 300
and 400K were seven to ten times stronger than those of the
In, 4Gag sAs QDs, respectively.

(a) |
Np.4Gap gAS1 N, QD
—dh 4 O 6 6 &
GaAs 30 nm

GaAs cap 10 nm

GaAs buffer 400 nm

GaAs(100) substrate
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Il. EXPERIMENTAL SECTION

Figure 1(a) shows a schematic of the sample structure. Two
types of Ing4Gag As; Ny QDs with nitrogen compositions of 0%
and 2% were grown on GaAs(100) substrates by molecular-beam
epitaxy using a radio frequency nitrogen plasma source. A nitrogen
composition of 2% was roughly estimated by comparing the PL
peak energy with the calculated transition energy (Fig. S1). The
sample structure consists of a 400 nm-thick GaAs bulffer,
5.5-ML-thick Ing4GageAs;_ Ny QDs, a 10 nm-thick GaAs cap, a
30 nm-thick GaAs barrier, and 5.5-ML-thick Ing4GageAs;_ Ny
QDs. The surface QDs were grown under the same conditions as
the buried QDs to observe their structures by atomic force micros-
copy (AFM). The growth temperature of the QDs and the cap layer
was set to 753 K; the other layers were grown at 833 K. PL spectro-
scopy was performed in the temperature range of 4.5-400 K using
a cooled InGaAs detector with a spectrometer. A continuous-wave
laser or a mode-locked Ti:sapphire pulsed laser with a repetition
rate of 80 MHz and a pulse width of <100 fs was used as the excita-
tion source. The spot size of the excitation laser was approximately
0.05 mm. The laser energy was set to 1.55¢eV for the excitation of
the GaAs barrier. The laser power was varied from 0.01 to 3 mW.
The time-resolved PL measurements were also performed from 4.5

Counts

60

40

20+

. _ [
0 10 20 30 40
QD diameter (nm)

FIG. 1. (a) Schematic illustration of the sample structure. AFM images of (b) Ing4GageAs QDs and (c) Ing4Gag sASo.esNoo2 QDs. Distribution of the QD diameter of (d)

|n0_4Gag_6AS QDs and (e) |n0_4Gao_6ASO_gaN0_02 QDs.
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to 300 K at an excitation energy of 1.55 eV and an excitation power
of 3mW. The full width at half maximum (FWHM) of the laser-
pulse time response curve was 14 ps.

lll. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) show the typical AFM images of the sur-
faces of Ing4GaggAs QDs and Ing4GaggAsyosNog2 QDs, respec-
tively. The AFM analysis revealed areal QD densities of 2.3 x 10"
and 3.2 x 10" cm™ for Ing 4GagsAs QDs and Ing 4GagsAso9sNo 02
QDs, respectively. Relatively homogeneous QDs can be observed in
the Ing,GagcAs QDs, whereas an inhomogeneous QD size is
observed in the IngGaggAsyosNpo2 QDs, in which small- and
large-sized QDs coexist. This broad overview is clearly reflected in
the size distribution of QDs. Figures 1(d) and 1(e) show the distri-
bution of the QD diameter of Iny4GageAs QDs and
Ing 4Gag 6ASo.98No.02 QDs, respectively. The averaged QD diameters
were 27 and 22 nm for Ing4GaygAs QDs and Ing 4Gag¢Asy.9sNo o2
QDs, respectively. The Ing4GagsAs QDs exhibit a conventional
Gaussian-like size distribution, whereas the size distribution of
Ing 4GaycAsposNoo2 QDs indicates the coexistence of small-sized
QDs (18 nm), medium-sized QDs (23 nm), and large-sized QDs
(31 nm). For both In0_4Ga0_6AS QDS and In0_4Gao_6ASO'98N0_02 QDS,

ARTICLE pubs.aip.org/aip/jap

the identical QD structures were observed not only in the different
positions of the studied sample but also for the different samples
grown under the same condition as in this study (Figs. S2 and S3).
The inhomogeneity of dilute-nitride InGaAsN QDs has been previ-
ously observed.”>”* This may be attributed to the formation of a
rough wetting layer, which can be caused by inhomogeneous nitro-
gen incorporation or plasma damage.

Figure 2(a) shows the normalized PL spectra of the two
samples at 4.5 K with a low excitation power of 0.01 mW. Each PL
spectrum exhibits one major peak, which corresponds to the lumi-
nescence from the QD ground state. The PL peak energy signifi-
cantly shifted from 1.27 to 1.15eV with the addition of nitrogen.
Because an increase in the nitrogen composition of InGaAsN
reduces the bandgap energy, this result indicates nitrogen incorpo-
ration into the studied QDs. Further evidence for nitrogen in the
QDs is discussed later. The broader PL spectrum of
Ing 4Gag 6ASo9sNo o2 QDs compared to that of Ing4GagsAs QDs
can be derived from the inhomogeneous size distribution of QDs,
as described above. The PL spectrum of Ing4GaggAsy9sNo o2 QDs
can be decomposed into three components with the peak energies
of 1.07, 1.15, and 1.20 eV, as shown in Fig. 2(b). These PL emis-
sions should originate from the different-sized QDs characterized
by the AFM analysis, as discussed below.
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FIG. 2. (a) Normalized PL spectra of Ing 4GageAs QDs and Ing 4Gag sAsp.9sNo.02 QDs at 4.5 K. (b) Decomposition of the normalized PL spectrum of Ing 4Gag sASo 9gNo 02
QDs into three components. Three-dimensional calculated band profiles and ground states of (c) Ing4GageAs QDs and (d) Ing4GageAsgesNoo2 QDs. (€) Calculated
ground-state (GS) transition energy of Ing 4Gag 6As.08No.02 QDs as a function of QD diameter (QD height) under the condition of the constant QD aspect ratio.
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Figures 2(c) and 2(d) show the three-dimensional calculations
of the band profiles and the ground states of the In4GagsAs QDs
and the Ing4GagsAsgosNoo2 QDs, respectively. These calculations
were performed at a lattice temperature of 4.5 K using the simulator
nextnano.”® We assumed truncated pyramidal QDs for the calcula-
tions of In0'4Ga0_6As QDS and In0'4Ga0'6ASO'98N0'02 QDS, with cor-
responding base sizes of 27 and 22nm and heights of 4.3 and
3.5 nm, present on a 1 nm-thick wetting layer. These QD sizes were
determined from the AFM analysis. The structural model and the
QD aspect ratio were based on the scanning transmission electron
microscopy of the reference Ing,GagsAs QDs (Fig. S4), which
differs from the sample investigated in this study. It is well known
that the QD aspect ratio mainly depends on the growth tempera-
ture” and the growth rate’’ of the capping layer. These growth
conditions of the GaAs capping layer were the same for two
samples in this study, and thus, we assumed the same QD aspect
ratio. This calculation also assumes uniform In and N composi-
tions inside the QD and considers the influence of strain on the
local band structure. The presence of strain increases the local band
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edge in the vicinity of the QDs."' The calculated transition energy
of the QD ground state was 1.27 and 1.15eV for the In,GagsAs
QDs and the Ing4GagsAso9sNo o2 QDs, respectively. These values
agree with the PL peak energies shown in Fig. 2(a). Notably, the
incorporation of nitrogen into the Ing,GagcAs QDs has a pro-
nounced effect on the conduction band structure of the QDs. The
calculated energy difference between the QD electron ground state
and the GaAs barrier was 258 meV for the Iny,GaggAsgosNo.o2
QDs, which was higher than 80 meV of the Iny4GagsAs QDs. The
significantly larger barrier height suggests significant suppression
of the thermal escape of electrons from the QDs, i.e., strong QD
luminescence at and above room temperature.

Figure 2(e) shows the calculated ground-state (GS) transition
energy of Ing4GagsAsgosNoo2 QDs as a function of QD diameter
(QD height) under the condition of the constant QD aspect ratio.
As described above, the AFM analysis of Ing 4GagsAS.9sNg 02 QDs
indicates the coexistence of small-sized QDs (18 nm), medium-
sized QDs (23 nm), and large-sized QDs (31 nm). Assuming that
the buried QDs have the same distribution of the QD diameter as
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FIG. 3. PL spectra of (a) Ing4GagsAs QDs and (b) Ing4Gap ASo.0sNo.02 QDs measured at different temperatures. The PL intensities are normalized to the peak PL inten-
sity at 4.5K. Temperature dependence of (c) the PL peak energy and the PL FWHM and that of (d) the integrated QD PL intensity for Ing4GageAs QDs and
Ing.4Gag 6ASp.08No.02 QDs. In (c), the dashed lines indicate Varshni fits to the closed circles from 4.5 to 100 K. In (d), the PL intensities are normalized to the PL intensity

at 4.5K for each sample.
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the surface QDs, the ground-state transition energies of these
different-sized QDs are estimated to be 1.21, 1.14, and 1.07 eV [see
the dashed lines in Fig. 2(e)]. These values were in good agreement
with the peak energies obtained by decomposing the PL spectrum
[see Fig. 2(b)]. Although the buried QD structures of the studied
samples were not directly observed in this work, the combination
of PL analysis and three-dimensional band calculation suggests that
the buried QDs have a distribution of the QD diameter comparable
to that of the surface QDs.

Subsequently, we investigated the temperature dependence of
the QD PL properties of each sample. Figures 3(a) and 3(b) show
the PL spectra of Ing4GagsAs QDs and Ing4GagsAsy0sNoo2 QDs,
respectively, measured at different temperatures from 4.5 to 300 K.
Here, the PL intensities were normalized to the peak PL intensity at
4.5 K. Significant differences were observed in the temperature evo-
lution of the PL spectral shapes between the two samples. The PL
peak energy and the PL full width at half maximum (FWHM) are
shown in Fig. 3(c). At temperatures ranging from 100 to 200 K, the
PL peak energies for both samples decreased with the temperature
at a rate faster than that given by the Varshni fits obtained from 4.5
to 100 K. This fast redshift of the PL can be explained by the
carrier transfer from smaller- to larger-sized QDs via the GaAs
barrier or the wetting layer.””"” The larger redshift of the
In0_4Gao_6ASO.93N0_02 QDS than that of In0.4Ga0.6AS QDS can be
attributed to the inhomogeneous QD size distribution obtained by
AFM. These results indicate that the PL spectra at high tempera-
tures are dominated by the luminescence from the large-sized QDs.

At temperatures above 200K, the decrease in the PL peak
energy for the Ing,GagcAs QDs became smaller, and the PL
FWHM increased. This is mainly due to the thermal redistribution
of carriers between the ground and excited states of the QDs. Note
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that significant increases in the PL peak energy and the PL FWHM
were observed for the Ing 4Gag sAso9sNg 02 QDs, indicating that the
high-temperature luminescence originates from the ground and
excited states. Generally, the energy difference between the QD
electron excited states and the GaAs barrier is relatively small for
InGaAs QDs; thus, the thermal redistribution of electrons from the
excited states to the barrier can be dominant at high tempera-
tures.”> However, for InGaAsN QDs, significantly deeper electron
potential can suppress the thermal escape of electrons from the
QDs, as described above. Moreover, the resulting stronger localiza-
tion of electrons in the QDs can increase the spatial overlap of the
electron and hole wavefunctions, even at the excited states (Fig. S5).
These two factors can enhance the luminescence efficiency of both
the ground and excited states at high temperatures. The high lumi-
nescence efficiency of the Ing4GaggAsoosNoo2 QDs is reflected in
the temperature dependence of the PL intensity. Figure 3(d) shows
the integrated QD PL intensity as a function of temperature for two
samples. The PL intensity of the Ing,GagsAs QDs decreased
sharply above 160 K and subsequently decreased by three orders of
magnitude at 300 K, whereas that of the Ing4GagsAs99sNo 2 QDs
decreased by only approximately one order of magnitude at tem-
peratures ranging from 160 to 300 K. This result indicates the sup-
pressed thermal escape of electrons from the QDs.

We next discuss the decrease in the PL intensity at tempera-
tures above 160 K for the Ing4GageAsposNoo2 QDs. Figure 4(a)
shows the temperature dependence of the integrated PL intensity of
the ground state in the temperature range of 50-300 K. Here, the
QD ground state was defined as the energy range of 1.13-1.17 eV at
4.5 K. The energy range shifted with changing temperatures accord-
ing to Varshni’s law. The QD PL intensity is proportional to
exp[E,/kT], where E, and k are the activation energy and the
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FIG. 4. Temperature dependence of the integrated PL intensity of the ground state in the temperature range of (a) 50-300 K and (b) 300-400 K for Ing 4Gag gASo.9No.02
QDs. The solid lines indicate the best-fitted results of thermal activation energies. In (a) and (b), the PL intensities are normalized to the PL intensity at 4.5 and 300 K.
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thermal escape and the thermal excitation of electrons in InGaAsN QD in comparison with InGaAs QD.

Boltzmann constant, respectively.”* E, can be obtained from the
slope of the PL intensity. The best fitting gives E, =128 meV, as
indicated in the solid line. This value was relatively close to the cal-
culated hole confinement energy of 141 meV [Fig. 2(d)]. This result
means that the decrease in the PL intensity at temperatures of
160-300 K can be due to the thermal escape of holes from the
QDs, which demonstrates that the electron escape cannot be domi-
nant in this temperature range. In contrast, other two activation
energies are apparent at temperatures above 300 K, as shown in Fig. 4
(b). The measured activation energies of 259 and 428 meV were close
to the calculated electron and exciton confinement energies of 258
and 399 meV [Fig. 2(d)]. Therefore, the decrease in the PL intensity
above room temperature can be attributed to the electron escape or
the exciton escape. Importantly, the good agreements between the
measured activation energies and the calculated carrier confinement
energies provide clear evidence for nitrogen in the QDs.

The temperature dependence of time-resolved PL was mea-
sured to further investigate the thermal carrier dynamics within the
QDs. Figures 5(a) and 5(b) show the normalized PL decay curves

of the ground states for the Ing4GagesAs QDs and the
Ing 4Gag sASo.0sNo02 QDs, respectively, measured at different tem-
peratures from 4.5 to 300 K. Here, the QD ground states of the
Ing 4GageAs QDs and the Ing,GageAsgosNgo2 QDs were defined
as the energy ranges of 1.23-1.29 and 1.13-1.19 eV, respectively, at
4.5 K. The energy range shifted with changing temperatures accord-
ing to Varshni’s law. The PL decay time of the Iny4GagsAs QDs
rapidly decreased above 100K, whereas the temperature depen-
dence of the PL decay time of the Ing4GagsAso9sNoo2 QDs was
significantly smaller. The PL decay times of the two samples,
obtained by single-exponential decay fitting, are shown in Fig. 5(c).
For the Inj 4GaysAs QDs, the PL decay time decreased significantly
from 1314 ps at 80K to 38 ps at 300 K. The activation energy for
the decrease in the PL decay time can be deduced as 70 +2 meV.
This value is close to the calculated energy difference between the
QD electron ground state and the GaAs barrier of 80 meV
[Fig. 2(c)], demonstrating that the thermal escape of electrons from
the QDs is dominant at 300 K for the Inj 4GaggAs QDs [Fig. 5(d)].
For the Ing4GagsAsposNoo2 QDs, the PL decay time decreased
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QDs at each temperature. (c) Integrated PL intensity of Ing4GageAs QDs and Ing 4Gag sASp.esNoo2 QDs as a function of temperature from 300 to 400 K and the corre-

sponding PL intensity ratio.

from 834 ps at 4.5K to 220 ps at 180 K, with an activation energy
of 21 + 2 meV. We anticipate that the activation energy is related to
the nonradiative defects generated by the incorporation of nitrogen
into the QDs. Note that the PL decay times of approximately
210 ps were almost constant at temperatures ranging from 180 to
300 K. This result demonstrates significant suppression of the
thermal escape of electrons from the QDs and of the thermal
excitation of electrons from the ground state to the excited state
[Fig. 5(d)]. We expect that the suppressed thermal escape of elec-
trons from the excited states can block the thermal excitation of
electrons. By contrast, a significant decrease in the PL decay time
with increasing temperature above 100K was observed for the
Ing 65Gag 35As QDs with a higher In composition, which had emis-
sion energies similar to the studied Ing4GageAsposNoo2 QDs
(Fig. S6). Therefore, the temperature independence of the PL decay
time in the high-temperature region was found to be unique to the
dilute-nitride InGaAsN QDs with deep electron potential.

We discuss the effect of nitrogen incorporation on the QD PL
intensity at and above room temperature from a practical perspec-
tive. Figures 6(a) and 6(b) show the PL spectra of the two samples
at 300 and 400 K, respectively. The PL intensities were normalized
to the peak PL intensity of the Inj4GagsAs QDs at each tempera-
ture. When the temperature increased from 300 to 400 K, the PL
peak energy of the Ing4GagsAs QDs shifted to the lower energy
with a decrease in the bandgap energy, whereas that of the
Ing 4Gag 6ASo9sNo o2 QDs shifted slightly toward higher energies.
The higher-energy shift of the QD PL with increasing temperature
should reflect the high luminescence efficiency of the QD excited
states at high temperatures, which originates from both the sup-
pressed thermal escape of electrons from the QD excited states and
the large spatial overlap of the electron and hole wavefunctions at
the excited states, as described above. The integrated QD PL

intensities as a function of temperature from 300 to 400 K and the
corresponding PL intensity ratios are shown in Fig. 6(c). The PL
intensity ratio increased with increasing temperature, and the PL
intensity of the Ing4Gag ¢Asp0sNo.02 QDs at 400 K was one order of
magnitude higher than that of the Ing4GagsAs QDs. This result
demonstrates that the thermal escape of electrons from the QDs
can be suppressed in Ing 4Gag sAsy9sNp o2 QDs, even at a high tem-
perature of 400 K, which is essential for industrial applications. As
described above, the high-temperature PL is dominated by the
luminescence from the large-sized QDs, particularly for the
Ing 4GagsAsp.0sNo o2 QDs. In addition to the lowering of the QD
conduction band by nitrogen incorporation, the improved carrier
confinement for the large-sized QDs may contribute to the
increased PL intensity at high temperatures. Stronger luminescence
at high temperatures can be achieved by optimizing the nitrogen
composition of InGaAsN QDs and determining the growth condi-
tions that enable the growth of highly homogeneous QDs.

Finally, we compare our experimental results with a previous
theoretical study of the electronic and optical properties of
InGaAsN/GaAs QDs."” The previous study has shown that a sub-
stitutional 2% nitrogen addition to InsGagsAs QDs causes low-
ering of the conduction band offset by about 200 meV, increasing
the exciton binding energy of the ground state. The increase in
the exciton binding energy may be reflected in our experimental
result that the exciton escape becomes promoted at high tempera-
tures above 350 K [Fig. 4(b)]. It is also predicted that the nitrogen
addition to InGaAs QDs will improve the localization of the first
and second excited states as well as the ground state. Therefore,
we can conclude that our experimental findings of the high lumi-
nescence efficiency of the ground and excited states at high tem-
peratures support well the previous theoretical study of InGaAsN/
GaAs QDs.
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IV. CONCLUSIONS

In summary, the temperature dependence of the PL properties
of the Ing4GageAsoosNoo2 QDs was investigated by continuous-
wave and time-resolved PL spectroscopy. We observed significant
increases in the PL peak energy and the PL linewidth at tempera-
tures above 200 K. This result indicates the high luminescence effi-
ciency of both the QD ground state and the QD excited state at
high temperatures owing to the deep electron potential of
InGaAsN, in addition to the large spatial overlap of the electron
and hole wavefunctions. The PL decay times were almost indepen-
dent of the temperature above 200 K, with values of approximately
210 ps, indicating significant suppression of the thermal escape and
the thermal excitation of electrons. Moreover, the PL intensity of
the Ing4GagAsyosNo o2 QDs was one order of magnitude higher
than that of the Ing 4GagsAs QDs at 400 K. These findings demon-
strate that lowering the QD electron states can achieve strong QD
luminescence above room temperature.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculated ground-state
transition energy of the Ing,Gag¢As;_xNy QDs, the AFM analysis
of Ing4GaysAs QDs and Ing 4Gag 6Asy9sNg o2 QDs, the high-angle
annular dark-field scanning transmission electron microscopy of
the reference Iny 4Gag sAs QDs, spatial overlap integrals of the elec-
tron and hole wavefunctions of the Iny,Gag¢As; Ny QDs, and the
temperature dependence of the PL decay time for the
In0'65GaOV35AS QDS
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