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(Received 3 September 2014; accepted 8 December 2014; published online 19 December 2014)

We report on the structural and optical properties of (In,Ga)AsN self-assembled quantum dots grown
on GaP (001) substrate. A comparison with nitrogen free (In,Ga)As system is presented, showing a
clear modification of growth mechanisms and a significant shift of the photoluminescence spectrum.
Low temperature carrier recombination dynamics is studied by time-resolved photoluminescence,
highlighting a drastic reduction of the characteristic decay-time when nitrogen is incorporated in the
quantum dots. Room temperature photoluminescence is observed at 840 nm. These results reveal the
potential of (In,Ga)AsN as an efficient active medium monolithically integrated on Si for laser
applications. © 20714 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904939]

The integration of optoelectronic laser devices on silicon
(Si) is one of the major contemporary challenges for optoelec-
tronic circuits and optical interconnects. To this aim, the pseu-
domorphic growth of III-V semiconductor materials on Si was
recently proposed to overcome the issue of misfit dislocations,
which presently limits the performances of metamorphic III-V
lasers monolithically integrated on silicon. Among all III-V
materials, gallium phosphide (GaP) is a very promising candi-
date, as its lattice constant is the closest to Si (0.37% lattice
mismatch at 300K). Despite its intrinsic structural benefits,
GaP presents an indirect bandgap (2.3eV), which, at first
glance, is detrimental for the fabrication of highly efficient
semiconductor laser diodes. In this materials system, the use of
GaAsPN quantum wells as a gain medium for lasing was first
proposed and an electrically pumped laser on silicon was dem-
onstrated under pulsed operation below 150K." In this struc-
ture, the quantum efficiency of the active area faces, however,
the intrinsic limitation of the pseudo-direct bandgap of the
GaAsPN alloy, where nitrogen localized states are located
below the conduction band minimum, and the strained GaAs
on GaP/Si is of indirect type.2 More recently, high (In,Ga)As
quantum dots (QDs) densities on GaP substrate were proposed
as a credible alternative for lasing on GaP/Si.> With these
materials, lasing was achieved on GaP substrate at 80 K under
pulsed operation.* A light-emitting diode was even demon-
strated on the GaP/Si pseudo-substrate.5 However, the excel-
lent structural properties of (In,Ga)As/GaP quantum dots®’ are
balanced by the I'-X competition at the conduction band mini-
mum, confirmed both theoretically® and experimentally,” and
leading to a long radiative decay time for the ground state tran-
sition.*'” The indirect to direct cross-over was finally demon-
strated very recently on GaP substrate playing on the QD
shape and strain relief, thus demonstrating the potential
achievement of a true direct bandgap optical transitions on Si
substrate in the pseudomorphic approach at 750 nm."" In this
context, incorporation of nitrogen in (In,Ga)As QDs may
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provide crucial advantages, due to the strong band-gap bowing
effect, which could allow extending the emission wavelength
to the datacom/telecom range, and a shift of the direct transi-
tion to lower energies than indirect ones. Indeed, the use of
(In,Ga)AsN active areas on GaAs was studied intensively sev-
eral years ago, and promising devices performances were
obtained."? In these materials systems, the ground state transi-
tion has significant quantum efficiency, because localized
nitrogen states are located above the conduction band mini-
mum at the I" point. Pioneering experiments on (In,Ga)AsN/
GaP QDs were performed by Umeno et al. in 2010, where the
first low intensity room temperature Photoluminescence (PL)
was demonstrated on a 5-stack QDs sample.13 In 2011,
Urakami et al. proposed to use a Rapid Thermal Annealing
(RTA) procedure to increase the structural quality and enhance
the PL efficiency for the QDs."* Finally, Fukami er al. pre-
dicted a direct bandgap optical transition up to 1100 nm using
a 50% In composition and an N composition between 1% and
2% with the Band Anti-Crossing model.” In these works, the
QDs photoluminescence efficiency comparison with nitrogen-
free (In,Ga)As/GaP QDs was not addressed. Furthermore, the
experimental determination of carrier dynamics on the differ-
ent QDs energy levels was not measured, which is a crucial in-
formation for further device developments.

In this letter, we report on the time-resolved optical
properties of self-assembled InGaAsN quantum dots, grown
by molecular beam epitaxy and compare their properties to a
N-free InGaAs QD system. We first compare structural prop-
erties of QDs with or without nitrogen by Atomic Force
Microscopy (AFM). We then study the effect of the incorpo-
ration of nitrogen in InGaAs/GaP QDs on the Time-
Resolved PL (TRPL) at room and low temperatures. We
finally discuss the influence of band structure, QDs inhomo-
geneity, and non-radiative relaxation channels on the shorter
decay times measured for (In,Ga)AsN QDs.

Four InGaAs(N) QDs samples were grown on an uninten-
tionally doped GaP(001) substrate using a Solid-Source
Molecular Beam Epitaxy apparatus.'® Two samples are

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4904939
http://dx.doi.org/10.1063/1.4904939
http://dx.doi.org/10.1063/1.4904939
mailto:charles.cornet@insa-rennes.fr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4904939&domain=pdf&date_stamp=2014-12-19

243111-2 Gauthier et al.

composed of nitrogen-free single plane of QDs having exactly
the same growth conditions, but with or without a 30 nm-thick
GaP capping layer for PL and AFM analysis, respectively. The
two other samples are composed of (In,Ga)AsN/GaP QDs,
with or without GaP capping layer, for the same kind of analy-
sis. For all the samples, the nominal (In,Ga)As thickness de-
posited was 3 ML and the nominal composition of In was set
to 30% (the In composition is not homogeneous within the
QDs).”®  For nitrogen-free (In,Ga)As/GaP QDs samples,
growth conditions are described in detail in previous works. >
In the case of (In,Ga)AsN QDs, growth conditions are exactly
similar to their nitrogen-free counterpart, except that growth
was performed at slightly lower temperature (540 °C instead of
580°C for the nitrogen-free structure, as measured by an opti-
cal pyrometer) to avoid desorption of nitrogen atoms and con-
trol the nitrogen incorporation.'” In this case, the valved
nitrogen RF plasma source is switched on during the 3 ML
deposition of (In,Ga)As to incorporate nitrogen in the nano-
structures. RF power is set to 400 W and N, flow to 0.5 sccm.
Nominal composition of indium was set to 30% in the four
samples. In (In,Ga)AsN QDs, the targeted nitrogen composi-
tion is 1.5%, assuming the same incorporation processes as for
GaPN growth.'” RTA post-growth treatments were performed
on (In,Ga)AsN QDs during 1 min at 800 °C under forming gas
flow (H,+ N,). Without any post growth thermal treatment,
room temperature photoluminescence was not observed for the
(In,Ga)AsN QDs sample. Contact mode AFM was used to
determine the QDs sizes and density. Continuous wave (cw)
PL experiments were performed in a close-cycle helium bath
cryostat using an excitation laser emitting at 480 nm (power
density ~20W cm?). Time-Resolved PL experiments were
performed at low temperature exciting the sample with a 1 ps
pulse-width frequency-doubled Ti:Sapphire laser at 405 nm
with a repetition frequency of 80 MHZ. The PL intensity was
then dispersed by an imaging spectrometer. The signal
dynamic was detected by an Sl-photocathode streak-camera
with an overall temporal resolution of 8 ps.

A comparison of the structural properties for QDs with
or without nitrogen based on 1 x 1 um? AFM images, repre-
sented in Fig. 1(a) for (In,Ga)As QDs and in Fig. 1(b)
for (In,Ga)AsN QDs, is summarized in Fig. 1(c). A clear
reduction of the QD density (from 1.7 X 10" em™ to
3% 10"cm™?) is first observed for nitrogen containing sam-
ples, together with an increase of heights and radii, as com-
pared to nitrogen-free QDs samples, despite the same
material quantity deposited in both cases. This highlights the
predominant role of nitrogen atoms during the QDs nuclea-
tion, and may entail a significant incorporation of nitrogen
inside quantum dots. Such a difference is indeed attributed to
a reduced lattice-mismatch with the GaP substrate, i.e., the
compressive strain is significantly reduced in the QDs with
the incorporation of nitrogen. Note that in both cases, no bi-
modal distribution was observed by AFM, contrary to the
works of Heidemann ez al.* Both InGaAs® and InGaAsN QD
exhibit a clear correlation between height and radius, with a
broader statistical distribution in the case of InGaAsN QD.
For nitrogen containing QDs, the height % and radius % dis-
persions for uncovered QD, are, respectively, 31% and 35%,
slightly larger than other InAs-based QD systems but still in
a reasonable range (see Ref. 3 and references therein).
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FIG. 1. 1 x 1 um? atomic force microscopy image from InGaAs (a) and
InGaAsN (b) QDs grown on GaP. (c) Density, height, and radius of QDs
with associated dispersion.

Figure 2 shows the low (20K) and room temperature PL
of InGaAs (red line) and InGaAsN QDs (blue line). A strong
redshift of the PL peak is first observed when adding nitrogen,
from 1.77eV (700 nm) to 1.48eV (837 nm) at room tempera-
ture. The difference in QDs size between the two QDs sys-
tems, even if it is significant, cannot fully explain such a large
energy shift® This is more likely explained by the giant
bandgap bowing usually observed in dilute nitrides systems,
where the localized nitrogen states couple to the conduction
band.” This is consistent with effective nitrogen incorporation
inside the QDs. The stronger quenching of the PL with
increasing temperature (factors of 2 and 30 for InGaAs and

T v T
InGaAs 20K

= = -InGaAs 300K
InGaAsN 20K
= = -InGaAsN 300K

.
-
=3
S
S
=

PL Intensity (arb. u.)
— ;
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Energy (eV)

FIG. 2. Continuous-wave photoluminescence spectra of InGaAsN (blue)
and InGaAs QDs (red) at 20K (solid line) and room temperature (dots).
Low temperature photoluminescence at about 2.3eV is due to the GaP
substrate.
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InGaAsN QDs, respectively, as shown in Fig. 2), may be
attributed to different band lineups, strain status, or quantum
confinement.'> But this could also be explained by the appear-
ance of structural defects leading to non-radiative recombina-
tions when nitrogen is introduced. In the case of nitrogen-free
(In,Ga)As QDs, a double peak structure is observed at low
temperature. A low energy (LE) transition at 1.76eV and a
higher energy (HE) transition at 1.86eV are observed. This
has been already widely discussed in previous works and
attributed to both the GaP X, conduction band states for the
lower energy transition, and to the direct I" conduction band
states for the higher energy transition.” Slow (LE) and fast
(HE) recombination dynamics have been measured by
TRPL.® The Full Width at Half Maximum (FWHM) of the
two transitions is measured to be around 100 meV, with a sep-
aration between both transition being about 100 meV.® In this
case, the higher energy transition is activated by increasing
the PL incident laser power or the sample temperature.

For (In,Ga)AsN QDs, the situation is radically different,
as the higher energy transition mainly contributes at low
temperature, and is nearly not visible at room temperature.
This tends to exclude the contribution of conduction band
excited states located at different point of the Brillouin zone
like in InGaAs QD. Figure 3 presents the temperature de-
pendence of the cw-PL spectra obtained on (In,Ga)AsN QDs
between 20K and room temperature (RT). Indeed, the HE
transition (1.63eV) rises when decreasing the temperature,
while the LE transition is the main PL contribution at room
temperature. A double Gaussian fit is used to determine the
properties of these transitions as a function of temperature.
The FWHM of both peaks is evaluated to be around
125 meV through the fitting of the peaks at low temperature
on the high energy side. The low energy tail (LET), observed
down to 1.2eV, is commonly attributed to nitrogen-induced
localized states through alloy fluctuations in dilute nitrides
systems,'® and therefore is not considered in the fitting pro-
cedure. The separation between LE and HE transitions is in
the [110-150] meV range. These observations indicate that
the two transitions observed in this case may come from QD
and Wetting Layer (WL) contributions or from a QD

30000 fF- —— T T T

3 e 50K
Sl — 75K
25000 g {/ o e — 110K T
3 e n HE —— 140K
%l
20000 | &

15000

10000

PL Intensity (arb. u.)

5000

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

Energy (eV)

FIG. 3. Temperature dependent photoluminescence of (In,Ga)AsN quantum
dots. Dashed lines are the two Gaussian fits extracted from the spectrum.
The inset plots the integrated intensity of both fits as a function of the
inverse temperature. The activation energies calculated from an Arrhenius
law are, respectively, 5 meV/60 meV for LE and 10 meV/60 meV for HE.
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bimodal distribution. Inset of Fig. 3 represents the evolution
of the integrated PL intensity as a function of the inverse
temperature, as determined by previous multiple peak fitting
for HE and LE transitions. Curves are fitted using an
Arrhenius law with two activation energies. For both transi-
tions, activation energies are found to be in the same order of
magnitude. Inversion of slope is not observed on these
curves. Therefore no evidence of carrier redistribution can
be seen between the two involved states, confirming the in-
dependence of the optical transitions, even at room tempera-
ture.'® A first activation energy is found to be a few meV,
and a second one a few tens of meV. This reflects a similarity
between the quantum states involved in the recombination
process, which tends to favor the hypothesis of a QD bi-
modal distribution. Note that even if AFM analysis did not
allow identifying bimodal size distribution, a bimodal distri-
bution could be created during the GaP capping, or the RTA
process. This feature was already observed for InAsN/GaAs
QDs.>° Moreover, a different incorporation of nitrogen
atoms inside the QDs could possibly create a bimodal com-
position distribution, i.e., QDs having the same size, but dif-
ferent optical properties due to the different configurations of
nitrogen incorporation inside the QD.

The carrier dynamics has been studied by TRPL experi-
ments. Figures 4(a) and 4(b) present the streak camera
images measured for (In,Ga)AsN and (In,Ga)As QDs at a
temperature of 8 K, under a time-averaged excitation power
of 22mW. A first observation of these traces obviously dem-
onstrates a much smaller decay time for QDs including nitro-
gen. The PL intensity is plotted in Fig. 4(c) as a function of
time at selected energies: the low energy peak for (In,Ga)As
QDs and LE, HE, and LET for (In,Ga)AsN QDs. The PL
intensities have been corrected to take into account the
wavelength dependence of the detector sensitivity and the
relative gain used to maximize detection. Decay times are

(a) Energy (eV) (b) Energy (eV)
15 16 1.7 17 18 19 20
0 0
z 3
@ 1000 o 1000
£ £
F =
2000 2000
() ~ (In,Ga)As; T> 1ps
10000 |
S
2 1000 L (In,Ga)AsN (HE); T=1.3ns
8 (In,Ga)AsN (LE); T= 1ns
% InGaAs
c 100} InGaAsN (HE) 5 o
‘g InGaAsN (LE) (In,Ga)AsN (LET); T= 700ps
- InGasAsN (LET)
10 ’ . ) ;
0 500 1000 1500
Time (ps)

FIG. 4. Time resolved photoluminescence spectra of (In,Ga)AsN QDs (a),
and (In,Ga)As QDs (b) at 8 K. Comparison of the time resolved photolumi-
nescence profiles (c) extracted at the low energy peak for (In,Ga)As/GaP
QDs (black), and at the HE peak (green) LE peak (blue), and LET tail (red)
for (In,Ga)AsN QDs.
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extracted from the long constant decay of a biexponential fit.
As shown in previous work, (In,Ga)As QDs present a long
decay time (>1 us), related to the indirect character of the
LE transition.® On the opposite, the PL dynamics of
(In,Ga)AsN QDs is much faster. A multiexponential fast
decay (a few hundreds of ps) is first observed, which reveals
the influence of non-radiative Auger processes in the dots.”!
After about 500 ps, a mono-exponential decay is restored,
still much shorter than for nitrogen-free QDs. Decay times of
700 ps, 1ns, and 1.3ns are extracted for LET, LE, and HE
transitions, respectively. Note that these decay times are of
the same order of magnitude as those measured in InAsN/
GaAs QDs.?* The PL rise-time is in the range of a few tens
of ps at all energies. The similar behaviors of the LE and HE
peaks indicate that there is no population exchange between
the two transitions, confirming the previous hypothesis of
two classes of QDs with independent dynamics. Carriers
relax independently from the barrier and wetting layer in
each kind of dots and no spatial redistribution occurs due to
the low temperature of the experiment. In this context, the
short decay time might be attributed to fast non-radiative
processes, which may come from structural defects due to
the non-optimized growth conditions. With this assumption,
the activation energies extracted from Arrhenius plots of Fig.
3 inset reflects the energy needed to reach excited states with
low optical efficiency, such as non-radiative centers. Further
electronic structure calculations will be needed to clarify this
point in such a complex system.

In summary, this paper presents a comprehensive com-
parison of structural, optical, and carrier dynamics properties
of (In,Ga)As/GaP and (In,Ga)AsN/GaP QDs. It is shown that
nitrogen strongly impacts the QD nucleation. A strong red-
shift of the photoluminescence with nitrogen incorporation is
also demonstrated at 840 nm, close to the datacom applica-
tions window, together with the presence of two optical tran-
sitions in the (In,Ga)AsN system. The origin of these two
transitions is found to be drastically different from what is
being observed on nitrogen-free structures. Carrier dynamics
is finally investigated through TRPL, and decay times are
found at low temperature to be much shorter when nitrogen
is used for both transitions. The two transitions are finally
attributed to bimodal and independent QD distributions,
while the carrier dynamics is found to be limited by non-
radiative processes. In conclusion, provided that an improve-
ment of the QDs structural quality is achieved, these QDs
may offer opportunities to push emission wavelength of
direct bandgap emitters pseudomorphically integrated on sil-
icon toward the near infrared range.
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