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Abstract:

We report the growth of ZnSe nanowires and nanoneedles using molecular beam
epitaxy (MBE). Different growth regimes were found, depending on growth
temperature and the Zn—Se flux ratio. By employing a combined MBE growth of
nanowires and nanoneedles without any postprocessing of the sample, we
achieved an efficient suppression of stacking fault defects. This is confirmed by
transmission electron microscopy and by photoluminescence studies. We have
inserted a single CdSe quantum dot in these nanowires and we have observed
strong photoluminescence from a single CdSe quantum dot embedded in a ZnSe
nanowire. Exciton, biexciton and charged exciton lines have been identified
unambiguously using photon correlation spectroscopy. This technique has
provided a detailed picture of the dynamics of this new system.This type of semi-
conducting quantum dot turns out to be a very efficient single photon source in
the visible at a temperature as high as 220 K. Its particular growth technique
opens new possibilities as compared to the usual self-asssembled quantum dots.
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1 Introduction

Semiconductor nanowires (NWs) appear as promising building blocks for nanoscale
devices and circuits with impressive potential applications including nanoelectronics [1-
3], optoelectronics (light emitting diodes [4,5], nanolasers [6]), thermoelectrical energy
conversion [7], and biological or chemical sensors [8].

Moreover, high quality defect free nanowires can be grown on low-cost, routinely used
substrates such as silicon, which means that they could easily be used for fabricating
commercial devices and could possibly be integrated with mainstream Si
microelectronics devices.

NW growth methods allow for the variation of the chemical composition [9,10] or doping
[11] along the longitudinal or radial directions. This enables the fabrication of well
controlled 1D nanoscale heterostructures [10]. For example, as shown in this work, it is
possible to insert a slice of a low band gap semiconductor within a high bandgap NW and
thus realize a light emitting quantum dot (QD) [12-14]. So far, work on the light emitting
properties of single quantum dots has mainly concerned self-assembled QDs formed by
surface forces due to lattice mismatch between different materials. They have been
widely used in the past decade as single photon sources [15] and for their potential
application in quantum information processing (see for example [16,17]). QDs in NWs
appears to be an interesting alternative to self-assembled quantum dots. The absence of a
wetting layer offers a better confinement which could enable room temperature operation
[13]. Radial growth techniques enable engineering of optical guides allowing more
efficient light extraction than in bulk materials [18,19]. Furthermore, NW based
heterostructures, being much less limited by lattice mismatches, greatly widen the
possible material combinations and enable well controlled stacking of several QDs in a
single NW, offering interesting possibilities for quantum information processing [20].
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2 Nanowiregrowth and structural properties

Recently, I1I-VI compound semiconductor NWs have been synthesized by Au-catalysed
metal-organic chemical vapour deposition (MOCVD) and molecular-beam epitaxy
(MBE) methods [21,22]. An obstacle towards the growth of optically active NW
heterostructures are donor--acceptor pairs that form in defects [23]. These cause a strong
spectral background which competes with the excitonic emission in the QDs. Reference
[24] reports the efficient reduction of this spectral background after annealing of the NW
samples in Zn-rich atmosphere.

When developing NW heterostructures, annealing or other postgrowth processing of the
sample is often unfavourable as it may also influence the designed form of the
heterostructure through interdiffusion of the constituents. Instead, growth methods that
directly avoid the formation of defects are desired. We report a growth recipe for ZnSe
NWs, where the amount of stacking fault defects is strongly reduced. This was achieved
by a combined growth of NWs and nanoneedles without any postgrowth processing of
the sample [25].

The ZnSe NWs were grown in the vapour-liquid-solid growth mode with gold particles
as catalysts. For comparison, GaAs(001) and Si(001) substrates were used. Degased
surfaces for MBE growth were obtained after annealing in ultra-high vacuum at 580° C.
In the case of GaAs, the effect of an epitaxial GaAs buffer layer was also investigated.
Interestingly the structural properties of the NWs depend very little on the substrate used.
Next, a thin gold film with thickness of 0.2 — 0.5 nm was deposited on the GaAs
substrates inside an electron beam metal deposition chamber. The gold film was dewetted
to a droplet-like surface by annealing the sample at 600° C for 5 min. ZnSe MBE growth
was then performed with varying growth conditions. The sample is transfered between
the MBE- and metal deposition chambers under ultra-high vacuum.

Figurel Data obtained from NWs grown at 400 °C. (a) SEM image of the as-grown sample at
the border of the gold-coated region. The right side shows the dense carpet of NWs. On
the left, individual NWs reach into the uncoated zone. (b) TEM image of a single NW.
The arrows indicate wurtzite and Zn-blende zones.
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When growing under an excess of Se (Zn (Se) flux: 2.5 (7.5)x10” Torr) and a sample
temperature of 350 — 450° C, a dense carpet of narrow NWs with high aspect ratios
covers the substrate. The NWs have a uniform diameter of 20 — 50 nm and a length up to
2 pm after a growth of one hour (Fig. 1(a)). Additionally to the NWs, the as-grown
substrate is covered with highly irregular nano-structures. Fig. 1(b) shows a transmission
electron microscopy (TEM) image of one NW. The crystal structure of the NWs are
predominantly wurtzite. However, the NWs are systematically intersected with regions of
zinc blende phase. We account for the formation of such defects and the presence of
highly irregular structures by non-ideal growth conditions at the initial stages of the
growth process. Possible reasons are the presence of non-uniform gold agglomerations
instead of small gold beads and the insertion of impurities during the gold deposition
process. The presence of both wurtzite and Zn-blende shows that, under the growth
conditions used, both phases are allowed. Although, the wurtzite structure observed is not
the Zn-blende that occurs naturally in bulk ZnSe, it is not an uncommon behaviour for
NWs, as discussed in Reference [26].

Figure2 Data obtained from nanoneedles grown at 300°C at Se excess. (a) SEM of the as-grown
sample. (b) TEM image of a single nanoneedle. The inset shows a zoom of the region
around the tip.

100nm

When, on the other hand, growing at low temperature (300° C) or with inverted Zn:Se
flux ratio, needle-shaped NWs are formed (fig. 2(a)). Hereafter we will refer to those
nanostructures as nano-needles to distinguish them from the narrow NWs described
previously. By TEM (fig. 2(b)) we determined that the nano-needles have a wide base (80
nm in diameter) and a sharp tip (5 — 10 nm). We also observed darker and lighter regions
which again indicate the presence of stacking fault defects. The formation of nano-
needles instead of NWs is well accounted for by the slower adatoms mobility expected at
low temperature or at low Se flux. The slower mobility promotes nucleation on the
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sidewalls before reaching the gold catalyst at the nano-needle tip. Moreover, we observed
that the nano-needles are predominantly wurtzite, as for NWs, but the wire axis is here
perpendicular to the c-axis instead of being parallel. In contrast also to the long NWs (in
Fig. 1), the defect planes are here disoriented with respect to the nano-needle axis. It
seems that this disorientation hinders the propagation of defects in the growth direction,
especially for lower diameters. Defects zones are rapidly blocked on the side walls,
providing a high structural quality towards the nano-needle tip.

To carry out single-NW studies, the sample is put in a methanol ultra-sonic bath for 30 s
in order to detach some NWs from the substrate. Droplets of this solution are next placed
on a fresh substrate, leaving behind a low density of individual NWs. Ensemble spectra
were taken on the as-grown sample. All spectra in this paper were measured at a sample
temperature of 5 K. The photoluminescence (PL) of individual NWs were excited with a
cw laser at 405 nm via a microscope objective.

Figure3 PL spectra from the different samples: (2) NW sample from Fig. 1, (b) nanoneedle
sample from Fig. 2, and (c) and (d) combined NW/nanoneedle sample from Fig. 4. The
inset of (d) is a zoom into the region of 460—500 nm.
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Both for NWs and nano-needles, we observe a broad spectral distribution within 500 —
600 nm, as seen in Figs. 3(a) and (b). Even in the case of a single nano-needle, the
spectrum is dominated by many intense spectral lines, which we attribute to emission
from excitons localized at the defect zones in the NW [23]. In contrast to the observations
in Reference [24] on MOCVD-grown NWs, we do not see an enhancement of the ZnSe
band edge emission (443 nm at 5 K [27]) when growing under Zn-rich conditions. The
intense emission with 500 — 600 nm instead suggests that in both cases (NWs and nano-
needles), point defects effectively capture the excited charge carriers and quench the band



6 T. Aichele et al.

edge emission, as also reported in Reference [28]. This is in agreement with the high
density of stacking fault defects observed by TEM.

The observation of a decreasing defect density from the base towards the top in the nano-
needles motivated us to modify the growth recipe in the following way: In the first part,
the sample is grown with excess of Zn for 30 min, leading to the formation of nano-
needle structures. Next, the Zn- and Se-flux was inverted and NWs were grown for
another 30 min on top of the nano-needles. Thus, the growth at the side-walls was
aborted and re-growth started on defect-free and strain-relaxed nano-needle tips, where
the high structural quality of the crystal lattice can be preserved along the narrow NW
that is now formed in this second growth step. Fig. 4 shows results obtained from this
sample. The structures have a broad base that tapers after a few ten nanometers to thin
NWs with thickness of 10 — 15 nm. As symbolized in the sketch in Fig. 4(a) we expect
that stacking faults reduce towards the thin part of the NW, which is indeed the case, as
seen in TEM images of a single NW, fig. 4(c).

Figure4 Data obtained from combined growth of NWs on nanoneedle tips. (a) SEM image of the
as-grown NW/nanoneedle sample. (b) SEM of an isolated NW that broke off behind the
thicker base. (¢) TEM image of two close-by NWs

The suppression of defects has a strong effect on the PL of these nano-structures (Fig.
3). Due to the low density of defects, the spectral emission between 500 — 600 nm that
was observed before from the samples in Figs. 3(a) and (b) is strongly reduced, leaving
behind only a small bunch of intense spectral lines between 450 — 500 nm. The weak and
broad distribution between 500 — 600 nm that remains in the ensemble PL, fig 3(c), is due
to excitons localized in defects in the thicker NW base. In the spectrum of a single NW
that broke off behind the thicker base, Fig. 3(d), this broad background is now globally
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suppressed. In spite of this, no PL is observed at the ZnSe band-edge. A possible reason
is that, due to the very thin diameter of the NWs, additional surface states may form in
the bandgap [29] and introduce non-radiative decay channels that quench the band-edge
PL. The remaining narrow PL peaks around 470 nm in fig. 3(d) can very likely be
assigned to residual impurities responsible for donor-acceptor pair emission and their
related phonon replica [30].

3 Optical spectroscopy

For all the optical experiments, samples were mounted on a variable-temperature cryostat
allowing experiments from 4 K to room temperature (300 K). The NW emission was
efficiently collected by a microscope objective and then dispersed by a monochromator.
The sample was either excited by a 405 nm continuous-wave (CW) diode laser or by a
200 fs pulsed frequency-doubled Ti:Sa laser. Panels a-c of Figure 5 compare the PL of
single NWs from three different samples at 4-5 K. From a single, pure-ZnSe NW grown
in a single-step process (Figure 5a), we observe a broad bunch of spectral lines within
500-600 nm, emerging from excitons localized in stacking fault defects along the NW.
This is in contrast to NWs grown on top a broader cone-shaped NW base (Figure 5b). As
these structures tend to break on the narrower NW part during the ultrasonic bath, a
mostly defect-free NW remains. As seen in Figure 5b only few spectral lines remain on
these NWs. The displayed ZnSe NW spectrum is one of the most intense found on the
sample. Usually, the PL signal is much weaker. We also observe many NWs with
practically no PL emission at all on this sample. With these conditions, it finally becomes
possible to grow and study single NW samples with an inserted CdSe QD. The PL
spectrum of such a NW is depicted in Figure Sc. Similar to single self-assembled QDs,
only a few discrete spectral lines remain. A typical uPL spectrum is shown in Fig. 6(a)
where three lines can be seen. A comparison with relative energy positions of known
emission lines in spectra of self-assembled CdSe/ZnSe QDs [31,32] suggests that these
lines correspond to the exciton (X), the biexciton (XX) and the charged exciton (CX).
Unambiguous proof for the assignement of these lines will be given below using photon
correlation spectroscopy. As we also find many NWs with no PL emission on this
sample, the experiments below were performed on preselected NWs, in order to separate
them from defective nanostructures that also appear on the substrates. Nevertheless, 1%
of the NWs have well-isolated lines enabling single photon generation.

One characteristic feature of such QD NW structures is their polarization behavior. As
seen in Figure 5d, the excitation efficiency and the luminescence are both strongly
polarization dependent. The PL emission is highly polarized with a contrast of 80-90%
(the NW was excited here with a circularly polarized laser light). Conversely, the PL
intensity has a sine-like variation as a function of the linear laser polarization. In our case
the emitted light is highly polarized with the same direction as the preferred excitation
polarization. In previous reports, it was found that the polarization was highly oriented
along the NW emission [33,34]. This striking polarization anisotropy of absorption is
explained by the dielectric contrast between the NW material and the surrounding
environment; the polarization of the emitted light results from a competition between
these electromagnetic effects and the orientation of the dipole within the QD [34-36].
Following this argumentation, we think that the polarization is here aligned along the
NWs, although we could not verify this alignment, due to limited optical resolution.
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Time-resolved measurements of the exciton lifetimes were performed using a streak
camera (with a resolution of about 1 ps) on an ensemble of NWs. Figure Se shows a flat
temperature dependence of the decay time at low temperature (below 100 K) followed by
an exponential decay above 100 K. The flat temperature dependence is characteristic of
three-dimensional confinement (confined excitons) and the exponential decay is
characteristic of the nonradiative recombination regime. In the radiative regime, the
decay time is about 500 ps and dominates up to 100 K. This is slightly larger than what is
observed in self-assembled CdSe/ZnSe QDs (around 300 ps [37]). This could be due to a
piezoelectric field resulting from the wurtzite structure in the NWs, which separates
electron and hole wave functions and thus reduces the oscillator strength.

Figure5

(a-c) PL spectra taken under CW excitation of a single NW structure. The sketches on
the left symbolize the shape and composition of each NW (SFs ) stacking faults; / =
region where the NW is likely to break in the ultrasonic bath): (a) a pure-ZnSe NW
grown in a single-step process; (b) a narrow pure-ZnSe NW grown on top of a cone-
shaped NW; (c) a narrow ZnSe NW grown on top of a cone-shaped NW and including a
CdSe QD zone. (d) Polarization dependence. The solid squares are the variation of the
total PL intensity as a function of the polarization of the excitation laser. The open
circles are the PL intensity observed through an analyzing polarizer while the excitation
laser was circularly polarized. Here, the origin (0°) is arbitrarily defined as the angle of
maximum intensity. (e) Radiative lifetime of an ensemble of NW structures as a
function of the sample temperature. The solid blue (dashed red) curve is a linear
(exponential) fit to the data points below (above) 100 K. Inset: Ensemble spectrum that
we observed during the time-resolved measurement at 4 K. The green shaded area is the
spectral range within which the lifetimes were evaluated.
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We present now the data for the photon correlation spectroscopy of the neutral QD in fig.
6 [14]. The auto correlation of the X line is shown in Fig. 6(b) exhibiting a clear
antibunching which is characteristic of the statistics of a single photon emitter.

Fig. 6(c) shows the cross correlation measurement between the X and the XX line. It
displays the typical asymmetric shape with bunching and antibunching features, that is
the signature for the cascaded emission of a XX photon followed by a X photon [38,39].
This allows us to identify unambiguously these two lines as exciton and biexciton of the
same QD. Note that the narrow bunching peak can only be fitted if the dark exciton is
included in the model.

In Fig. 6(b,c), the right vertical axes are the raw number of coincidences. The left axis
represent the normalized correlation function according to a Poissonian statistics where
the coincidences involving background photons have been subtracted. The corrected

correlation function g? is related to the uncorrected one g,* by g? -1=(g,® -1)/p?

where p=S/(S+B) with S and B respectively the number of signal and background
photons as measured in the spectrum of Fig. 6(a) [40].

Figure6 (a) displays the spectrum of the QD used for the photon correlation experiments. The
lines have been identified as the exciton (X), biexciton (XX) and charged exciton (CX)
lines. (b) Exciton autocorrelation, (c) exciton-biexciton cross-correlation. The left axes
are the correlation function corrected from the background and the right axes are the
raw coincidence rate (see text). The fit is based on a excitonic level scheme including
the dark and bright exciton, and the biexciton [14,41]
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As can be seen in Fig. 6, the experimental results are very well fitted by an excitonic
model including the dark and bright exciton, the biexciton and the charged exciton
[14,41] taking into account the temporal resolution of our experimental set-up (90 ps).
Inclusion the dark exciton appears essential to the modelling of the photon correlation
data. More detailed spectroscopic results on the dark exciton can be found in refs [41,42].
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All possible auto-correlation and cross correlations amongst the X, XX, and CX line have
also been measured and are well fitted with our model [14,41].

4 Single photon at 220 K

We have carried out photon correlation measurements using a Hanbury Brown and Twiss
(HBT) setup with a pulsed laser excitation. For these experiments we used high quantum
efficiency APD with lower time resolution than above. Here, the total time resolution of
the HBT setup was 850 ps. In order to improve the signal-to-background ratio, we used
the strong polarization anisotropy and inserted a linear polarizer oriented for maximum
transmission of the spectral line under observation. Under pulsed excitation, the second-
order correlation function possesses a peaked structure indicating PL emission on
demand. The graphs in Figure 7 are the raw histograms of measured coincidences without
any correction for background count events. The area under each peak at 7 = 0, was
normalized with respect to the average area under the peaks at |7| > 0. Each peak area was
calculated by integrating the coincidences within 12 ns windows. The correlation
functions were taken at different temperatures between 4 and 220 K. At 4 K, the peak at ¢
= 0 is suppressed to a normalized value of 7%, showing the high quality of the single-
photon generation. With increasing temperature, this value only slightly increases to
finally reach 36% at 220 K [13]. This value is far below 50%, the emitted light field is
thus clearly distinguished from states with two or more photons. Thus, even without
correcting for background events, these emitters can be directly used as a high-quality
single-photon device with a strongly suppressed probability for two-photon events, even
when operating at high temperature. This was not reported before from a non-blinking
semiconductor system [44,45]. Colloidal nanocrystals operate at room temperature but
suffer from emission intermittency [46-48].

Figure 7b shows the spectra from the NW QD used for the correlation measurements in
Figure 7a. With increase in temperature, the spectrum evolves from a dominant trion and
a weak exciton transition at 4 K to a broad biexciton line above 150 K. The increased
biexciton intensity at high temperature is due to an higher excitation power, which we
adjusted at each temperature to achieve an optimized output of the correlation function.
Moreover, at high temperature, the biexciton is less affected by nonradiative decay than
the exciton due to the shorter biexciton lifetime and due to coupling of bright and dark
excitons over spin flips [42,43]. The assignment of the lines to the decay of an exciton,
trion, and biexciton was obtained from photon correlation spectroscopy experiments [14].

The analysis of the spectra also allows the contribution of the observed spectral line S to
separate from its spectral background B. These values can be assessed from integrating
the areas under the peak and the spectral background over the corresponding spectral
window of the spectrometer output slit. The corrected values are given in Figure 7(a) in
parentheses and range within 1%-11%. This shows that the observed spectral lines indeed
originate from a single transition.

Although the quality of the single-photon statistics remains mostly constant, the count
rate decreases from 25000 counts/s at 4 K to 5000 counts/s at 220 K, and the width of the
spectral lines significantly broadens. In the correlation measurements obtained at 190 and
220 K, a low-resolution grating was used in the spectrometer so that all the photons
coming from the broader line could be counted. This broader spectral window of
integration leads to larger background, which is the main origin for the rise of the 7 =0
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peak above 150 K. In contrast to self-assembled QDs, which often grow with a high
density on the substrate, the density of NWs in the microscope focus was much smaller
and can be even reduced to only one within the microscope focus (see Figure 4 (b)),
which avoids contributions from neighboring emitters that spectrally overlap with the
transition under observation. However contributions from other transitions of the same
NW cannot be excluded.

Figure7 (a) Second-order correlation taken under pulsed excitation at temperatures between 4
and 220 K. The numbers in the graphs are measured values of g(z)(O) (i.e., the area

under the peak at T = 0 relative to the peaks at |z] > 0). The numbers in parentheses are
the reconstructed values of the pure spectral lines g((0) . (b) Corresponding spectra

from the NW QD.
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Conclusions

We have presented a review on a new type of quantum dots inserted in semi-
conducting nanowires, namely CdSe QDs embedded in ZnSe NWs. The NWs grown by
MBE in a two-step growth recipe, where narrow, mostly defect-free NWs. The high
quality of the samples has allowed us to performed optical studies on single CdSe QD
inside a ZnSe NW. The single-NW PL is highly polarized with a contrast of 80-90% and
features spectral lines from exciton, biexciton, and trion transitions with lifetimes of
around 500 ps. When individual transitions were filtered, nonclassical single photon
statistics were retrieved, indicated by strong antibunching, where the raw correlation

function g(z)(T ) was reduced down to a normalized value of 7%. This behaviour

remains even up to a temperature of 220 K, where this correlation peak is only slightly
increased to 36%. For nonblinking QDs, this is the highest reported temperature for
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single-photon emission and for an antibunching dip below 50%. At this temperature,
Peltier cooling becomes an alternative to liquid helium or nitrogen cooling. Together with
the possibility of integrating NWs into electro-optical circuits, these emitters become an
interesting candidate for developing compact, stable, and cost-efficient quantum devices
operating near room temperature.
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