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Exciton generation and recombination dynamics of quantum dots embedded in GaNAsP nanowires
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Semiconductor quantum dots (QDs) acting as single-photon-emitters are potential building blocks for various
applications in future quantum information technology. For such applications, a thorough understanding and
precise control of charge states and capture/recombination dynamics of the QDs are vital. In this work, we
study the dynamics of QDs spontaneously formed in GaNAsP nanowires, belonging to the dilute nitride material
system. By using a random population model modified for these highly mismatched materials, we analyze the
results from photoluminescence and photon correlation experiments and show a general trend of disparity in
positive and negative trion populations and also a strong dependence of the capture/recombination dynamics
and QD charge states on its surroundings. Specifically, we show that the presence of hole-trap defects in the
proximity to some QDs facilitates formation of negative trions, which also causes a dramatic reduction of the
neutral exciton lifetime. These findings underline the importance of proper understanding of the QD capture
and recombination processes and demonstrate the possibility to use highly mismatched materials and defects for
charge engineering of QDs.
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I. INTRODUCTION

Optically bright semiconductor quantum dots (QDs) are,
through their inherent highly efficient single-photon emission,
one of the most promising building blocks for a wide range
of novel optical devices [1], such as quantum logic gates
[2,3], and optically controlled switches [4], which can be
utilized in various quantum communications [5] and quantum
computation schemes [6]. For these applications, optimiz-
ing exciton generation and recombination dynamics of a QD
and its surroundings are of vital importance. For example,
charges surrounding QDs may lead to deterioration of their
performance, due to, e.g., a reduction of QD hole dephasing
times [7], an intermittent luminescence [8], spectral diffusion
[9], and perturbations of the exciton recombination that leads
to additional exciton recombination pathways [10]. On the
other hand, surrounding charges in the form of, e.g., impurity
defects have been proposed [11] and recently utilized, e.g.,
optical switching [4], further demonstrating the pivotal effects
of the QD surroundings on its dynamics.

On-chip integration of optical and electronic components
and also fabrication of all-optical devices may be facilitated
by implementing the QD in the nanowire (NW) geometry,
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which can be easily integrated with a foreign material such
as III-V NW grown on Si. Such geometry provides a certain
directionality of the embedded QDs and allows for wave guid-
ing of the emitted light [12], and enhanced light extraction
efficiency [13,14]. Due to extensive research efforts, optically
bright QDs have recently been realized in NWs made of
conventional III-V materials, owing to their superior optical
properties and mature growth techniques [15,16,17–25].

Most recently, growth of III-V NWs has been extended to
dilute nitride alloys [26–29]. Dilute nitrides are known to have
an unusual electronic structure and to experience a giant bow-
ing in the bandgap energy due to a dramatic downshift of the
conduction band (CB) upon the substitution of group-V host
atoms by nitrogen [30] The bandgap bowing, combined with
other changes of the electronic structure, largely increases
flexibility in the bandgap engineering and makes these alloys
attractive for a variety of applications in nanoelectronics and
photonics [29]. Moreover, alloying with nitrogen in dilute
nitride NWs has been found to result in spontaneous formation
of optically-bright QDs caused by short-range fluctuations in
the N composition [31–33]. We have demonstrated that the
hole character in such QDs depends on the local strain and
host alloy fluctuations [32,33], which opens up a possible
avenue for valence state engineering in the QDs. Moreover,
the QDs formed in GaNAsP NWs have most recently been
shown to produce single photon emission [33], required for
various applications in the field of quantum optics.

It is well known that the incorporation of N mainly af-
fects the CB states [30]. Therefore, in dilute nitride-based
QDs a three-dimensional confinement potential exists only
for electrons while holes are expected to be mainly localized
through a Coulomb interaction induced by the confined elec-
tron, which is different from QDs embedded in conventional
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III-V semiconductors and alloys. An in-depth understanding
of generation and recombination processes in such QDs is
currently lacking. Moreover, dilute nitride materials are prone
to defect formation, which is facilitated by nonequilibrium
growth conditions utilized for their fabrication. The influence
of the formed defects on the properties of the QDs in the dilute
nitride NWs is hitherto unknown.

In this work we address these issues by using continuous
wave (cw) and transient photoluminescence (PL) and photon
correlation techniques. We show that two types of QDs with
distinctly different exciton dynamics and charge states coexist
in GaNAsP NWs. Based on the random population model
modified for the dilute nitrides, these two types are attributed
to the QDs that are either isolated or interacting with nearby
defect centers. Our results, therefore, underline a critical role
of the local surrounding in generation and recombination pro-
cesses in the QDs and show that defect engineering could
constitute an important tool in engineering future quantum
optical devices utilizing semiconductor QDs.

II. RESULTS AND DISCUSSION

The investigated GaNAsP NWs were grown by gas source
molecular beam epitaxy (MBE) on a (111) Si substrate. A
detailed description of the investigated samples and experi-
mental details can be found in Methods. We have previously
shown [33] that low-temperature micro-PL (μPL) spectra
from such NWs contain numerous sharp lines, due to exci-
tonic emissions from spontaneously formed QDs as a result
of short-range fluctuations in the N composition. In this work,
our detailed steady-state and time-resolved PL studies show
that the formed QDs can be divided into two categories. The
first category, which is exemplified by QD1, includes QDs
showing only neutral exciton and biexciton emissions. Such
QDs constitute about 60% of the studied QDs (20 in total).
To the second category (exemplified by QD2) we assign QDs
showing an additional trion emission.

QD1

Typical cw-μPL spectra acquired from QD1 with varying
excitation power (Wexc) are shown in Fig. 1(a). Two main
peaks (labeled as X and XX) are observed, where X dominates
the PL spectrum at low powers, while the XX gains its inten-
sity at higher Wexc. In Fig. 1(b), the integrated intensities of
the X and XX peaks as a function of Wexc are shown (symbols)
and exhibit linear and quadratic dependence, respectively.
Moreover, according to polarization-resolved μPL measure-
ments [see insets in Fig. 1(b)], each of the two lines consists
of a pair of orthogonally polarized components, where the X
and XX pairs show an opposite splitting of the equal mag-
nitude (120 μeV). All these properties are characteristic for
biexciton (XX)-exciton (X) complexes in a QD [34]. Recom-
bination dynamics of these lines was evaluated by performing
time-resolved μPL measurements. The temporal profiles of
the two PL lines are shown in Fig. 1(c) (the symbols). Both
PL emission lines exhibit single exponential decays, and the
X lifetime (1.5 ns) is significantly longer than that of XX
(0.5 ns). This is consistent with the previous studies [35,36]
that shows that the XX lifetime can be 25–50% of the X

lifetime, depending on the distributions of electron (e) and
hole (h) wave functions within the QDs.

While the excitation-power dependent and polarization-
resolved PL results make a strong case for the X and XX peak
assignment, a definitive proof that the two lines originate from
the same QD can be obtained from photon correlation (time-
correlated single-photon counting, TCSPC) measurements.
Figures 1(d) and 1(e) present the measured autocorrelation
histograms of the X and XX peak, respectively, while the
XX,X cross-correlation histogram is shown in Fig. 1(f) (the
symbols). For X, a clear antibunching at t = 0 is observed tes-
tifying that the QD acts as a quantum emitter. For XX, strong
photon bunching wings in the histogram are seen, which
are caused by fast capture of an exciton after the biexciton
recombination. Finally, in the cross-correlation measurement
[Fig. 1(f)], where the detection of the XX (X) photon is
used as a start (stop) signal for the correlation measure-
ments, an antibunching-bunching behavior is seen, which is
characteristic of the XX-X cascade recombination [37]. This
unambiguously proves that X and XX stem from the same
QD. From the PL peak separation [Fig. 1(a)], we find a biex-
citon binding energy of EB ≈ 1.35 meV.

QD2

We now investigate the second type of QDs, where besides
the X and XX peaks a third (X*) peak is observed in cw-
μPL spectra acquired using varying excitation powers—see
Fig. 2(a). The integrated intensities of the three peaks are
shown in Fig. 2(b). While the excitation power dependence of
XX (orange spheres) is clearly superlinear with a power index
of 1.68, both X (blue triangles) and X* (pink squares) show
rather similar power dependences with the power indexes
of 0.6 and 0.85, respectively. According to the polarization-
resolved PL measurements [shown in the insets in Fig. 2(b)],
each of the X and XX peaks consists of a pair of orthogonally
polarized lines with the opposite splitting of equal magnitude
(55 μeV) for X and XX, similar to the XX-X pair of QD1.
The X* peak, however, contains a single component that is
weakly polarized (not shown here), as expected for charged
excitons. The results of the time-resolved μPL measurements
for the three lines are shown in Fig. 2(c). The X decay is found
to be significantly accelerated as compared with that in the
QD1. It exhibits a fast decay component during approximately
0.4 ns after the peak intensity, followed by a slow decay
component (1.8 ns) that corresponds to the radiative lifetime
of X. Moreover, the fast decay of X coincides with a rise
of the X* emission, which suggests that it is caused by the
evolution of X into X*. Both X* and XX PL decays are found
to be single exponential, with a lifetime of 1.9 and 0.38 ns,
respectively.

Similar to QD1, we use the TCSPC spectroscopy to prove
that the three peaks in Fig. 2(a) originate from the same QD.
The cross-correlation histograms of the X* peak are shown in
Figs. 2(d) (X*,X) and 2e (XX,X*), whereas that for (XX,X) is
shown in Fig. 2(f). In all cases, clear antibunching is observed
at t = 0 with a reasonable agreement between the measured
g2(0) value and that expected taking into account the uncor-
related background signal and the finite time-response of the
detectors (the dotted horizontal line), as described in Methods.
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FIG. 1. Optical properties of QD1. (a) μPL spectra acquired from QD1 at different excitation powers. The spectra are normalized to the
same maximum intensity and are shifted vertically for clarity. (b) Integrated intensities of X (the blue triangles) and XX (the orange spheres) at
different excitation powers. The solid lines are the results of the RPM simulations. The insets show angular plots of the integrated PL intensity
of the two polarization-resolved components of X (the upper inset, blue symbols) and XX (the lower inset, orange symbols), measured by
rotating the azimuthal angle ϕ of a linear polarization analyzer placed before the monochromator. Here, ϕ = 0 represents linear polarization
detected parallel to the NW axis. The intensity has been corrected for the optical antenna effect, as described in Ref. [34]. (c) Normalized
μPL transients of X (the blue triangles) and XX (the orange circles), after subtraction of the overlapping broad background signal. The black
solid lines are RPM simulated results. (d)–(f): Results of photon correlation measurements: autocorrelation histograms of X (d) and XX (e),
and cross-correlation histogram between XX (start) and X (stop) (f). The RPM simulation results, which take into account the uncorrelated
background signal and are convoluted with a detector response function following the procedure described in Methods, are shown with the
black solid lines. The expected value of g(2)(0) is shown by the horizontal dotted lines. All simulations were performed using the parameters
listed in Table II.

The TCSPC results, therefore, provide a direct experimental
proof that the emission peaks indeed stem from excitonic
complexes in the same QD.

From a comparison between the properties of QD1 and
QD2 shown in Figs. 1 and 2, the following two main
differences between these two types of QDs become appar-
ent: (i) No X* emission can be observed in QD1 whereas
it becomes strong in QD2, and (ii) in contrast to the slow
decay of X seen in QD1, the X decay in QD2 contains the fast
component that correlates with the rise of the X* emission. To
understand the revealed differences in the QD behavior, it is
instructive to model the involved capture and recombination
processes.

We model the QD system by using the so-called random
population model (RPM) [38], which analyzes the probability
of finding the QD in various charge configurations (or mi-
crostates), as shown schematically in Fig. 3. We only consider

up to two-electron and two-hole charge configurations (i,j),
where (i) and (j) refer to the numbers of electrons (e) and holes
(h) in the QD that vary from 0 to 2. In dilute nitride QDs, the
electron confinement is caused by the downshift of the CB
edge with increasing N content in localized areas. Since the
valence band states are only weakly perturbed, the holes are
instead bound by the Coulomb interaction with the electrons
trapped in the QDs. For this reason, the QDs cannot be posi-
tively charged and the corresponding microstates are excluded
from the analysis. In doing so, three exciton complexes are
considered: the single exciton X � (1,1), the biexciton XX �
(2,2), and negatively charged trion X– ≡ (2, 1).

The probability of finding the QD in a certain charge
configuration (i,j) is represented by the population ni, j of the
corresponding microstate. For example, for an empty QD,
the population of the microstate (0,0) representing an empty
QD is n0,0 = 1, while all other ni, j = 0. The populations n1,1,
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FIG. 2. Optical properties of QD2. (a) μPL spectra acquired from QD2 at different excitation powers. The spectra are normalized to the
same maximum intensity and are shifted vertically for clarity. (b) Integrated intensities of X (the blue triangles), X* (the pink squares) and
XX (the orange spheres) at different excitation powers. The solid lines show the results of the RPM simulations. The insets show angular
plots of the integrated PL intensity of the two polarization-resolved components of X (the upper inset, blue symbols) and XX (the lower inset,
orange symbols), measured by rotating the azimuthal angle ϕ of a linear polarization analyzer placed before the monochromator. Here, ϕ = 0
represents linear polarization detected parallel to the NW axis. The intensity has been corrected for the optical antenna effect, as described in
Ref. [34]. (c) Normalized μPL transients of X (the blue triangles), X* (the pink squares) and XX (the orange circles), after subtraction of the
overlapping broad background signal, shown together with the simulated curves (the solid lines) using the RPM. Cross-correlation histograms
between X* (start) and X (stop) (d), XX (start) and X* (stop) (e), and XX (start) and X (stop) (f) peaks. The RPM simulation results, which
take into account the uncorrelated background signal and are convoluted with a detector response function following the procedure described
in Methods, are shown with the black solid lines. The expected value of g(2)(0) is shown by the horizontal dotted lines. All simulations were
performed using the parameters listed in Table II.

n2,1, and n2,2, of the three microstates corresponding to the
three excitonic complexes X, X–, and XX, respectively, scale
with their PL intensity [38]. (Since positive trions are not
expected to form in the dilute nitride QD, the emission line
labeled as X* in Fig. 2 is suggested to correspond to X–).
Besides the QD microstates, the model includes reservoirs
of free electrons, holes, and neutral excitons, as shown in
the lower part of Fig. 3. These reservoirs represent charge
carriers/excitons within the extended states surrounding the
single QD. Their respective populations Ne, Nh, and NX are
governed by the optical generation with the rates of Ge−h

(electrons, holes) and GX (excitons), captured by the QD with
the rates CX,e,h

i, j as defined below, and the recombination in the
reservoir, represented by the coefficients αe−h (for electrons
and holes) and the rate αX (for excitons). The reservoir charge
carriers may also be captured by defects acting as traps or
NR recombination channels, with capture coefficients T D

e,h
(electrons, holes).

In dark, the QD is empty and is in the (0,0) state, which will
be converted to other microstates upon capture of photogener-
ated charge carriers/excitons. This is illustrated by the arrows
in the upper part of Fig. 3, where the capture of an electron, a
hole or an exciton is represented by the dotted, dashed, and
solid lines, respectively. Radiative recombination processes
with the characteristic recombination times, τX , τX−, and τXX

reduce the n1,1, n2,1, and n2,2 microstate populations, as is
indicated by the wavy arrows. The sum of all microstate popu-
lations is always 1. The capture and recombination processes
of the modelled QD can be described by the following rate
equations:

dni, j

dt
= CX

i, jNX + Ce
i, jNe + Ch

i, jNh + Ri, j, (1)

dNX

dt
= −NX

(∑
i, j

Di, jC
X
i, j + αX

)
+ GX , (2)
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FIG. 3. Sketch of the generation, capture, and recombination
dynamics in the employed model. The squares in the upper part of
the figure represent the (i),(j) charge states of the QD, where the
numbers (i) and (j) refer to the number of captured electrons and
holes, respectively. The dotted (γe), dashed (γh) and solid (γX) ar-
rows illustrate electron, hole, and exciton capture, respectively, while
the prefactors define the relative probabilities of the capture events.
The wavy arrows (τX,X−,XX) represent radiative recombination of the
various excitonic complexes in the QD. The boxes in the lower part
of the figure illustrate generation and recombination of free excitons
(NX), electrons (Ne) and holes (Nh) in the reservoirs, in the presence
of a defects. All parameters are defined in the text.

dNe

dt
= −Ne

(∑
i, j

iCe
i, j + Nhαe−h

)

− T D
e Ne

(
NT

D − ND
) + Ge−h, (3)

dNh

dt
= −Nh

(∑
i, j

jCh
i, j + Neαe−h

)
− T D

h NhND + Ge−h, (4)

dND

dt
= T D

e Ne
(
NT

D − ND
) − T D

h NhND, (5)∑
i, j

ini, j + Ne + ND − N0
D =

∑
i, j

jni, j + Nh. (6)

Here Di, j is the minimum value of i and j. NT
D is the total

number of the prominent defect in carrier trapping and re-
combination, and ND is the number of defects occupied by an
electron, with N0

D being its value in dark. The capture Ci, j and
recombination Ri, j parameters are given in Table I. γ(e,h,X ) are
the capture coefficients of electrons, holes and excitons by the
QD.

TABLE I. Capture Ci, j and recombination Ri, j parameters for
each (i,j) configuration of the QD.

(i,j) CX
i, j Ce

i, j Ch
i, j Ri, j

(0,0) −2γX n0,0 −2γen0,0 0 n1,1
τX

(1,0) − 3
2 γX n1,0 2γen0,0 − γen1,0 −γhn1,0

n2,1
τX−

(2,0) 0 γen1,0 −2γhn2,0 0

(1,1) 2γX n0,0−γX n1,1 −γen1,1 γhn1,0 − n1,1
τX

+ n2,2
τXX

(2,1) 3
2 γX n1,0 γen1,1 2γhn2,0 − γhn2,1 − n2,1

τX−
(2,2) γX n1,1 0 γhn2,1 − n2,2

τXX

In the RPM, the time evolution of the various microstate,
reservoir, and defect populations are obtained numerically,
by initiating the QD in the empty microstate and letting the
system evolve until convergence [39]. Both pulsed and cw
generation may be used in the simulations. In the former case,
the generation terms are implemented by Kronecker δ func-
tions. Simulating the results of photon correlation experiments
using the RPM is a two-step process. Firstly, the steady-state
values of the reservoir and defect populations are found as
described above. Secondly, keeping these values fixed, evo-
lution of the chosen microstate populations is monitored. For
example, in the X,X autocorrelation experiment, the start and
stop signals are the detection of a photon resulting from re-
combination of X. Consequently, after the emission of the first
photon (the start signal), the QD is empty. The time delay
until the second photon emission (the stop signal) depends
on the repopulation of the (1,1) charge configuration. In the
corresponding simulation, at t = 0 the microstate populations
are set to n0,0 = 1 and ni, j = 0 for all other i,j, and then the
evolution of the n1,1 is monitored.

Using the modified RPM, it is possible to single out the
dominant factors that affect the QD properties. Since one
of the main differences between QD1 and QD2 is the ap-
pearance of the trion emission, we first model the expected
ratio of the n2,1/n1,1 microstate populations in dilute nitride
QDs. For the case when NT

D = 0 and under cw excitation,
simulations predict that n2,1/n1,1 < 1, as shown in Fig. 4(a).
Clearly, the formation of the negative trion requires excess
free electrons as compared to holes in the reservoir, either
through the generation of more electrons than holes, which is
unlikely under our experimental conditions of band-to-band
light absorption, or removal of free holes from the reservoir.
The latter can be modeled by introducing a hole-attractive
defect with T D

h > T D
e . As expected, the n2,1/n1,1 ratio in-

creases with an increasing number of such defects, whereas
an opposite trend is predicted for an electron-attractive defect
with T D

h < T D
e [Fig. 4(a)]. The above simulations predict the

existence of two types of QDs. One is dominated by X and XX
recombination under the conditions that there is no defect (or
with a concentration too low to compete with the QD in carrier
capture) or only electron trapping defects in the vicinity of the
QD, whereas the other is dominated by X, XX, and X– re-
combination when the defects near the QD are predominantly
hole traps. This prediction is in excellent agreement with our
experimental observation of QD1 and QD2. The simultaneous
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FIG. 4. Effects of defects nearby the QD. (a) Ratio between the
n2,1 and n1,1 microstate populations for different numbers of electron-
attractive (the blue triangles) and hole-attractive (the red circles)
defects and under continuous generation. (b)–(d) Dynamics of the
microstate populations representing the X, X– and XX microstates
under pulsed generation, with NT

D = 0 (b) and NT
D = 3 (c),(d), where

T D
h > T D

e in (c) and T D
e > T D

h in (d). The simulated decays are
normalized to the same maximum intensity.

presence of both types of QDs is not surprising in view of a
very short diffusion length for carriers/excitons that is char-
acteristic for dilute nitrides with severe localization effects
[40], such that each QD only experiences its own immediate
surrounding within a highly localized area.

The changes in the QD charge state populations shown
in Fig. 4(a) are also predicted to affect dynamics of the ex-
citonic transitions. This can be seen from Figs. 4(b)–4(d),
where the simulated transient behavior of the n1,1, n2,1, and
n2,2 microstate populations under the conditions of NT

D = 0
[Fig. 4(b)], NT

D = 3, T D
h > T D

e [Fig. 4(c)] and NT
D = 3, T D

h <

T D
e [Fig. 4(d)] are shown. The simulations were performed

assuming GX = 0, γe = γh = 0.007 ps–1, αe−h = 0.02 ps–1,
N0

D = 0.5NT
D . The defect capture coefficients used for the hole

(electron) attractive defects are T D
e(h) = 0.0005 ps–1, T D

h(e) =
0.017 ps–1. These parameters are relevant to the experimental
conditions as will be justified below. Under conditions when
no defects exist close to the QD [see Fig. 4(b)], single expo-
nential decays determined by τX , τX−, and τXX are seen for
the n1,1, n2,1, and n2,2 populations, respectively. The presence
of an electron-attractive defect speeds up the decay of the

n2,1 population [Fig. 4(d)]. On the other hand, introducing
capture by the hole-attractive defect accelerates the n1,1 decay
[Fig. 4(c)]. Interestingly, this fast initial decay closely corre-
lates with the rise of n2,1, suggesting that the initial n1,1 decay
is caused by an additional electron capture soon after the gen-
eration pulse, which would increase the n2,1 population at the
expense of n1,1. This observation can be explained as follows.
At the time of the generation pulse (t0), Ne = Nh. For t > t0,
the holes are quickly captured by the hole-attractive defect,
leading to Ne > Nh, promoting the capture of an additional
electron at the QD. At t � t0, when both the populations
Ne and Nh are small such that the conversion from X to X–

can no longer compete with X recombination, the X decay is
dominated by the slow radiative recombination.

The results of the RPM simulations show that the pres-
ence of a hole-attractive defect near the QD can qualitatively
explain the experimentally observed differences between the
studied QD1 and QD2. By performing fitting of the experi-
mental data with the aid of the RPM, a quantitative description
of the capture and recombination processes may be obtained.
To reduce the number of fitting parameters, the radiative life-
times of the QD excitonic complexes were taken from the
time-resolved PL data discussed above. The generation rate
was chosen to match the simulated ratio of the n1,1 and n2,2

microstate populations to the measured ratio between the X
and XX emission peaks. The best fit to the data was obtained
using the parameters shown in Table II, while the simulation
results are shown by the solid lines in Figs. 1 and 2. The
simulations of the photon correlation g(2) functions are scaled
taking into account the uncorrelated background of the exper-
imental data, and are convoluted with the response function
of the detector, which explains why g(2)(0) > 0. We see that
an identical set of fitting parameters (given in Table II) can
explain the experimental data for QD1 and QD2, except for
the presence of hole-attractive defects in the vicinity to QD2,
with the parameters also listed in Table II.

At present, the exact chemical origin of the hole-attractive
defect nearby QD2 is unknown. From Table II, we can see
that the capture coefficient Th

D is more than one order of
magnitude larger than Te

D, suggesting a large asymmetry in
the capture cross sections for electrons and holes as expected
for a hole trap. In addition, the defect should be abundant in
dilute nitrides as 40% of the studied QDs belong to the QD2
category. It is well known that because of the low growth
temperature and the presence of nitrogen in the alloy, dilute
nitrides are prone to formation of various point defects [41].
For example, Ga vacancy (VGa) and related complexes are
known to be common grown-in defects formed during MBE
growth of Ga(N,P)As NWs [42]. In undoped Ga(N)As, VGa

was shown to be in the 3- charge state in thermal equilib-
rium [43], which could capture photogenerated holes. CAs, a

TABLE II. Fitting parameters used for the RPM simulations of the experimental data presented in Figs. 1 and 2. GTot is the sum of all
generation rates, GTot = Ge−h + GX . RPM parameters for the defect center obtained from the fitting to the data.

GX /GTot γX (ps–1) γe (ps–1) γh (ps–1) αX (ps–1) αe−h (ps–1) NT
D N0

D T D
e (ps–1) T D

h (ps–1)

QD1 0.2 0.01 0.007 0.1 0.3 0.02 0
QD2 0.2 0.01 0.007 0.1 0.3 0.02 3 3 0.0005 0.017
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common residual impurity in MBE-grown GaAs-based ma-
terials, could also capture photogenerated holes when it is in
the negative charge state in dark. Future research efforts are
required to definitively identify the defect responsible for the
charge tuning of the QDs.

III. SUMMARY

In summary, by employing cw and time-resolved μPL
spectroscopy and photon correlation measurements, we show
that two types of QDs with significantly different photolumi-
nescence characteristics are spontaneously formed in dilute
nitride GaNAsP NWs grown by MBE. Specifically, the first
type shows single exciton and biexciton emission, whereas
the second type also exhibits a strong emission from charged
exciton recombination. Our simulations using the modified
RPM successfully model these two types of QDs, determined
by the unusual confinement potentials of the QDs in such di-
lute nitride NWs, unseen in QDs based on other conventional
semiconductor systems. The simulations also satisfactorily
explain the experimentally observed differences in capture
and recombination processes of both types of the QDs by
taking into account the absence and presence of hole-attractive
defects in the vicinity of these QDs. It is concluded that
the interaction with such defects can significantly alter the
capture and recombination dynamics of QDs, and their charge
states. This work demonstrates the feasibility of charge tuning
of the QDs by utilizing defects, and it underlines the im-
portance of the proper understanding and control of the QD
surroundings for potential applications in optoelectronics and
quantum optics.

IV. METHODS

Self-catalyzed growth of the GaNAsP NWs was performed
on (111) Si substrates using plasma-assisted MBE. As2 and
P2 were supplied using thermally cracked AsH3 and PH3,
respectively. Ga was supplied from a solid Ga source and N
from an RF plasma. The NW growth was catalyzed using Ga
droplets. Full details of the growth can be found in Ref. [28].
The NWs are found to be quite uniform in length (2 μm)
and diameter (90 nm). The P and N fraction in the group-V
sublattice was 24% and 0.1%, respectively [44].

The μPL spectroscopy and TCSPC experiments were per-
formed in the backscattering geometry, using a continuous
flow cryostat to cool down the sample to 6 K. The same
QDs in individual NWs, transferred to another Si substrate,
were investigated in all experiments. For cw excitation, a
solid-state 532-nm laser was used, while the μPL transient
measurements were carried out using a pulsed Ti:Sapphire
laser with a repetition rate of 76 MHz and a pulse width of
150 fs. The laser light was focused on a NW to a spot below

1 μm in diameter by a 50× (0.5 NA) objective lens that was
also used to collect the emission. In the cw and time-resolved
μPL experiments, the emitted light was dispersed in a single-
grating monochromator and detected using a charged-coupled
device (CCD) and streak camera, respectively. For the photon
correlation experiments, a Hanbury-Brown and Twiss [45]
interferometer was used, and the PL emission was guided into
two different single-grating monochromators by a 50/50 beam
splitter. The PL was detected using two avalanche photodiodes
(APDs) with an estimated time resolution of at least 0.7 ns,
which strongly depends on the spot size. The time difference
between the detection events of the two APDs was recorded
using a TCSPC module.

In the analysis of cw and time-resolved μPL and TCSPC
studies of the sharp QD lines, contributions from a spectrally
overlapping and broad background emission have been sub-
tracted. This broad PL band arises from recombination of
weakly localized excitons, typical for dilute nitrides [46]. Its
origin is distinctly different from that of the sharp QD lines
emissions based on the following experimental findings: (i)
the broad background and sharp line emissions exhibit differ-
ent polarization properties [31]; (ii) thermal quenching of the
sharp PL lines is substantially faster as compared with that of
the broad background [32]; (iii) spatial distributions are dif-
ferent between them as revealed by the cathodoluminescence
studies [33]. Their different origin is also confirmed by the
shorter decay time of the sharp PL lines revealed in the present
study. In the μPL data, the emission background spectrally
immediately adjacent to the concerned sharp PL line was
used as the background signal. Its cw intensity (or transient
PL decay) was then subtracted from the corresponding data
obtained by monitoring both the sharp lines and the broad
background to retrieve the relevant background signal specific
to the sharp lines. In the analysis of the photon correlation
results, the simulated g(2) functions are scaled to take into ac-
count the uncorrelated background as g(2)

scaled = ρ2(g(2) − 1) +
1, where ρ is the ratio of the QD and total PL intensities. The
g(2)

scaled function is then convoluted with the response function
of the setup: a Gaussian function with full width at half
maximum of 700 ps. From this, the expected value of g(2)(0),
taking into account the uncorrelated background signal and
the detector response, is obtained and shown by the horizontal
dotted lines in Figs. 1 and 2.
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