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ABSTRACT: Cadmium selenide nanocrystal quantum dots
(NC-QDs) are site-selectively synthesized by sequential ion
beam implantation of selenium and cadmium ions in a SiO,
matrix through submicrometer apertures followed by a rapid

Implantation (Se’,Cd")

L.+ . Aperture

thermal annealing step. The structural and optical properties of
the NC-QDs are controlled by the ion fluence during
implantation and the diameter of the implantation aperture.
For low fluences and small apertures the emission of these
optically active emitters is blue-shifted compared to that of the
bulk material by >100 meV due to quantum confinement. The
emission exhibits spectral diffusion and blinking on a second
time scales as established also for solution-synthesized NC-QDs.
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Bl INTRODUCTION

Ion beam implantation is a widely applied technique to modify
the electronic and optical properties of semiconducting and
insulating materials since it allows to incorporate any element
of the periodic table in arbitrary planar, nonplanar or textured
substrate."” Because it has been a key technology in the
semiconductor industry for more than half a century®™> the
massive reduction of the feature size in MOS technology over
this long time span has been making high demands on this key
fabrication technique. For present day integrated circuits
nanofabricated implantation masks are routinely employed to
confine the implantation to nanoscopic volumes. In addition to
the modification of the electrical properties of materials,
fluorescing defects can be incorporated for (quantum-) optical
applications.”™® However, these defects are implanted in low
concentrations and their resulting emission wavelengths are
predefined by the nature of the defect. To circumvent this
limitation, we can apply an alternative route to synthesize bright
emitters with tunable wavelength using ion beam technology.
For high dose implants nanoscale precipitates can be formed
during a postimplantation annealing step”'® because of
Ostwald ripening. The such obtained nanocrystals (NCs) are
embedded in the host matrix and depending on the type of NC,
the dielectric,""'? plasmonic13 or optical emission properties of
the such obtained nanocomposite can be tailored. In particular,
ensembles of optically active NC-quantum dots (NC-QDs) of
elemental semiconductors, most notably silicon,** and II-VI
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compounds™ have been synthesized and used as active
materials in photonic devices,'""® compatible with silicon
technology. The thermally activated NC precipitation was also
used to form optically active II-VI compound NC-quantum
dots (NC-QDs) in a glass matrix doped with the individual
elements.”® Experiments performed on these bright emitters
opened a new field of fundamental and applied research on
NC-QDs. Because monodisperse NC-QDs can be synthesized
in solutions,”" intentionally doped with impurities, novel opto-
electronic,*? biomedical,?® and photovoltaic applications24 came
within reach. One distinct advantage of solution synthesized
NC-QDs is their straightforward embedding into large volume
matrix and NC-QD-glass composites have in the meantime
found practical application in consumer electronics. However,
site-selective hybridization of a complex host matrix with
individual solution synthesized NC-QDs is extremely challeng-
ing. To realize such hybrid systems, which would be particularly
suited for example, for NC-QD single photon sources™
silicon compatible architecture, ion beam synthesis in SiO,

on a

performed through nanofabricated apertures provides a direct
and elegant approach toward single NC-QDs devices. Because
of their full and coherent encapsulation within the SiO, matrix,
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ion-beam-synthesized NC-QDs exhibit long-term stability
without photobleaching.

In this letter, we report on the synthesis of individual,
optically active cadmium selenide (CdSe) NC-QDs by
sequential jon beam implantation through submicrometer
implantation masks followed by a short rapid thermal annealing
step. We show that the combination of low ion fluences and
feature sizes smaller than 1000 nm can be readily used to
synthesize small diameter NC-QDs with quantum confined
electronic states at low areal density. These NC-QDs exhibit
sharp spectral lines which can be tuned spectrally during
fabrication by the implantation aperture diameter. Single NC-
QD emission lines exhibit both spectral diffusion and blinking
(intermittency), which are characteristic fingerprints also
observed for their colloidal counterparts.

B EXPERIMENTAL SECTION

The experimental procedure to synthesize CdSe NCs is
presented in panels a and b in Figure 1 and consists of two

(a)
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Figure 1. Synthesis and SEM characterization: (a, b) Schematic of site-
selective ion beam synthesis through submicrometer apertures. SEM
images of high (upper row) and low fluence (bottom row) samples
from (c, g) unpatterned regions, (d, e, h, i) large apertures, and (£ j)
small apertures.

major steps. First, implantation apertures are defined by
electron beam lithography and wet chemical etching in a 120
nm thick chromium mask, evaporated on the 200 nm thick
thermal oxide on a commercial Si wafer. The diameters of these
apertures (d) ranged between d = 400 nm to d = 4500 nm. An
unpatterned region without a Cr mask provides a reference on
the same substrate. For the experiments presented here, we
prepared 8 mm XS mm substrates which contained a ~3 mm X
5 mm wide unpatterned reference stripe. In the following, Se*
followed by Cd" ions were implanted at cryogenic temperature
(77 K) in SiO, with energies of 134 kV, and 190 kV,
respectively as shown in Figure la. These energies give rise to
Gaussian concentration profiles for both ion species centered at
a projected range of 100 nm below the sample surface. Here we
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present results from two different substrates implanted during
the same steps with ion fluences of F, = 0.6 X 10'° at/cm® and
2F,. We precisely controlled these fluences by blanking the
beam using a house built shutter assembly.'® We refer to these
samples as the low and high fluence sample in the following.
Taking into account the ~60 nm width of the implantation
profiles, these ion fluences correspond to an overall
incorporation of Cd and Se of g = g, = 1 X 10*' cm™. In
addition to the incorporation of >1 at % material, the short-
range order in the amorphous matrix is destroyed by the ion
beam bombardment, giving rise to a increase in the structural
defect density. Moreover, we want to note that these fluences
are significantly reduced compared to previous work in which
no indications of a quantum confined level structure has been
observed because of a large NC size."® In the second and final
step depicted in Figure 1b, the Cr implantation mask is
removed by wet chemical etching and NCs are formed during a
post implantation rapid thermal annealing (RTA) step at 900
°C for 30 s. The formation of CdSe NC in the unpatterned
regions and within the apertures was confirmed by Raman
spectroscopy. In the spectra included in the Supporting
Information, we resolved the characteristic LO phonon mode
of CdSe in the implanted areas. To ensure full comparability,
both samples were implanted during the same runs and NCs
are formed during the same RTA step.

We characterized the such synthesized NCs samples by
scanning electron microscopy (SEM). Typical micrographs
from an unpatterned region are compared to that from large
and small apertures in Figure 1c—f (high fluence sample) and
g—j (low fluence sample). In images d, f, h, and j, the implanted
areas are clearly resolved as bright regions because of the
improved contrast of the CdSe-SiO, composite. Individual NCs
(bright) and voids (black) are clearly visible at high
magnification in unpatterned regions in ¢ and g, inside large
d ~ 4000 nm apertures in e and i, and in the micrograph
recorded from submicrometer apertures in g and j. NCs and
voids can be distinguished because of the different contrast that
arises from a build up of persistent charge at the unpassivated
SiO, surface of the voids. The latter naturally occur because of
evaporation of highly nonstoichiometric clusters. A representa-
tive TEM image of a reference sample showing both NCs and
voids is included in the Supporting Information.

In contrast to these pronounced signatures in the implanted
areas, we do not resolve any modification of the SiO, in regions
protected by the Cr mask, proving the site-selectivity of our
approach. We want to note that a full quantitative analysis of
the NC density and size distribution would require time-
consuming TEM preparation and analysis in the implanted
regions. Nevertheless, our straightforward plan-view SEM
analysis allows us to estimate the NC density and derive
trends in the variation of the average NC size.

The high-magnification images from unpatterned regions
presented in Figure 1c, g and in the Supporting Information
demonstrate that the areal density of NCs (bright) reduces
from 320 + 50 um ™ for the high fluence to 200 + 50 ym™> for
the low fluence sample. This reduction is expected because of
the reduced amount of Cd and Se introduced.

For large diameter apertures (cf. Figure le, i and the
Supporting Information), the NC density reduces to 280 + 50
pm~? and 160 + 50 um ™ for the high and low fluence sample,
respectively. When further decreasing the aperture size, the
micrographs in Figure 1f, j show that the average NC size
decreases for both fluences. In particular, for the low fluence
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sample, NC diameters range at or below the spatial resolution
of SEM. These findings provide a first indication that the spatial
confinement of the implantation area gives rise to a
pronounced modification of the NC formation during the
RTA step.

The optical properties of our ion beam synthesized NCs
reflect their structural size as established for their chemically
synthesized QD counterparts.>***” We studied the optical
emission of our NCs by conventional low-temperature
microphotoluminescence (PL). The sample was mounted on
the coldfinger of a He-flow cryostat (T = 8.5 K) and carriers
were photogenerated by a continuous wave diode laser (4, =
405 nm) focused to an ~1 ym diameter spot. The PL-emission
was collected and dispersed by a 0.5 m single grating
monochromator and detected by a cooled Si CCD detector.
We start by evaluating the ensemble optical properties of these
ion beam synthesized NCs. We assess the ensemble optical
properties of NC through d < 1200 nm diameter openings by
summing spectra recorded from S (high fluence sample) and 10
individual (low fluence sample) apertures of identical diameter.
The individual spectra are included in the Supporting
Information. All PL spectra in Figure 2 are normalized to the
maximum intensity of the NC emission and the low
temperature band gap of bulk CdSe of Eg,, . = 1.839 eV (T
= 8.5 K) is marked by vertical green lines.

In Figure 2, we compare the PL of the low and high fluence
sample from unpatterened regions (a, b) to that of NCs
synthesized through large d = 4350 nm (c, d) and small
diameter, d = 420 nm (e, f), apertures. In all regions we detect
emission centered close to the E,, 1, of CdSe. This emission is
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Figure 2. Ensemble optical properties: Normalized y-PL spectra from
the high (left) and low (right) fluence samples recorded from (a, b)
unpatterned regions, (c, d) large apertures and (e, f) small apertures.
The green and blue solid lines mark the bulk CdSe bandgap and the
expected exciton transition, respectively. The dashed lines mark the
corresponding LO-phonon replica.
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detected only in the unmasked, implanted regions of the
sample proving that it stems from CdSe NCs synthesized in
these parts of the sample.

CdSe NCs in the unpatterned regions (cf. Figure 2a, b)
exhibit broad emission peaks that are shifted to lower energies
by ~2§ meV with respect to E,,, 1 Moreover, the emission
signals for the high and low fluence sample exhibit a significant
broadening of 43 and 49 meV, respectively. The red shift of the
NC emission with respect to the bandgap of bulk CdSe arises
from a combination of different contributions, (i) excitonic
corrections, (i) LO phonon-assisted transitions, (iii) exciton
localization at defects, and (iv) electronic coupling to randomly
distributed and charged defects in the surrounding SiO, matrix.
We estimate the resulting energy shifts using the bulk CdSe
values of the exciton binding energy, Exy = 11.6 meV and the
LO phonon energy E;o = 213 eam™ = 26.4 meV.”® The
expected exciton emission energy is marked by the vertical solid
blue line. The vertical dashed lines indicate the expected single
LO phonon replica of the bulk bandgap (green) and the
exciton (blue). Clearly, the observed emission energies span the
range of energies expected for bulk CdSe. In addition, we
expect further energy renormalization which manifests itself in a
broadening of the emission peak: On the one hand, shifts to
lower energies can be readily explained, for example, by exciton
localization at internal and interface defects, interaction with
defects in the surrounding SiO,, and higher-order phonon
replica. On the other hand, quantum confinement effects in
small NCs to first order always gives rise to a blue shifts of the
exciton transition.

For NCs synthesized by site-selective implantation through
apertures, we observe dramatically different emission character-
istics for the high and low fluence sample. The PL signal of the
high fluence sample remains shifted to lower energies
compared to E,,, 1 for both aperture sizes. For all three sets
of data of the high fluence sample, only weak PL is detected at
the high energy side of these spectra, E > Eg,, 1, Where we
expect transitions from NCs exhibiting quantum confined, QD-
like energy levels (NC-QDs). A close examination of the
spectra indeed reveals weak signatures of sharp PL lines in the
unpatterned region, Figure 2a, and d = 4350 nm, Figure 2c. For
the smallest implantation aperture size, d = 420 nm, Figure 2e,
the sum spectrum starts to break up in individual sharp lines at

~ 1.9ev > Eg b In contrast, the NC emission of the low
fluence sample gets strongly modified when ion implantation is
performed through an aperture. For the largest apertures
studied, d = 4350 nm, Figure 2d, the emission is centered close
to the bulk band gap of CdSe at E = 1.84 eV & E, i The
modification of the NC formation leading to this pronounced
energy shift might arise from a greatly enhanced diffusion of Cd
and Se within the SiO, matrix. The diffusion length can exceed
that typical for a low impurity concentrations, which is on the
order of several tens of nanometers. Such an enhanced diffusion
within the implanted area could be induced by high
concentrations of the diffusion species and the structural
defects because of destruction of the short-range order by the
ion irradiation. Furthermore, the nucleating NCs form
attractive sites for the implanted species and influence their
diffusive transport. A detailed investigation of the underlying
processes is a current work in progress and goes beyond the
scope of this Letter.

The most important and most remarkable modification of
the ensemble emission is observed for the smallest aperture
size, d = 420 nm, on the low fluence sample. In the sum
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spectrum shown in Figure 2f, the ensemble emission peak is
centered at E = 1.88 eV. Despite its finite width of ~35 meV,
the ensemble peak is shifted completely above E,,, ;. In both
data sets of NCs synthesized through apertures at low ion
fluence, discrete emission lines are resolvable despite the fact
that we summed spectra from 10 different apertures. This shift
of the full ensemble peak which consists of sharp emission lines
provides evidence that the detected emission stems from
quantum confined NC-QDs.

To further support these conclusions, we performed a
detailed investigation of the impact of the aperture diameter (d)
on the NC emission properties. In Figure 3, we present a series
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Energy (eV)
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Figure 3. Ensemble optical properties for submicrometer apertures:
Normalized, ensemble averaged y-PL spectra from the high (left) and
low (right) fluence samples recorded from aperture diameters ranging
from d = 430—1130 nm. Data are summed from 5 and 10 implantation
sites on the high and low fluence sample, respectively. The bulk band
gap energy of CdSe at T = 8.5 K is marked by vertical green lines. The
red (blue) lines mark the center of the ensemble emission in the
unpatterned region (for d = 420 nm apertures).

of summed NC spectra of the high (a, S spectra) and low (b, 10
spectra) fluence sample for different aperture diameters
decreasing from d = 1130 nm to d = 420 nm from the bottom
to top spectra. In these plots, the expected bulk bandgap
(green) and exciton (blue) transition energies (solid lines) and
their LO phonon replica (dashed lines) are marked. Comparing
the evolution of the NC emission with decreasing d two
pronounced differences become apparent between the high and
low fluence sample. The ensemble emission of the high fluence
sample stays almost constant and centered at E &~ 1.82 eV. For
d < 630 nm, a weak tail and individual, discrete emission lines
develop at E > E, ., In contrast, the ensemble emission of
the low fluence sample exhibit such sharp emission lines above
Eqppulk for all diameters studied. Furthermore, the center of the
ensemble emission systematically shifts toward higher energy as
d decreases.

These observations again clearly demonstrate and confirm
direct control and correlation of the NCs’ optical properties by
variation of the total ion fluence and application of a
submicrometer implantation apertures. For the high fluence
sample, the majority of NCs exhibits bulk-like properties and
only a small fraction of NC-QDs are formed. For the low
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fluence sample, the majority of NCs in the ensemble are NC-
QDs when employing implantation apertures. Their mean
emission energy can be controllably shifted to higher energies
by decreasing d.

In the last part of this Letter, we present first optical
experiments preformed on single NC-QDs of the low fluence
sample. In Figure 4, we plot emission spectra recorded from a d
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t =180s
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Energy (eV)

Figure 4. Single NC-QD emission: Laser-power dependent emission
of a single NC-QD recorded from a d = 420 nm aperture (A1) on the
low fluence sample. The LO-phonon replica of the main peak is
marked by the vertical arrow.

= 420 nm aperture (Al) for different optical pump powers,
increasing from P, = 100 nW (bottom spectrum) to P, =
20 yW (top spectrum). In this experiment integrations times
ranged between ¢, = 60—180 s. For low optical pump powers,
the spectrum consists of a single emission line at Ey = 1.916 eV.
We attribute this emission line as arising from single exciton
recombination, X, of the NC-QD. The energy shift AE. = E, —
Egapbuic = 77 meV above the bulk energy gap of CdSe suggests
that this NC is in an intermediate confinement regime. The
measured AE corresponds to a NC diameter of dy¢c = 11 + 1
nm.”® As the optical pump power increases the peak broadens
significantly and its intensity increases. Shifted by AE 5 = 26
meV toward lower energies we identify a replica of the main
emission peak. This energy shift corresponds almost exactly to
the LO phonon energy of bulk CdSe*® which further supports
that the detected signal is emitted from a CdSe NC-QD. At the
highest pump powers the signal is spectrally shifted first to
lower and finally to higher energies indicating that optical
emission of these NC-QDs is sensitive to optical carrier
generation rates both within the NC-QDs and in deep level
defects in the SiO, matrix. This assumption is further supported
by the relatively broad line width of fwhm ~4 meV even at low
pump powers.

Finally, we studied the temporal evolution of the optical
emission of individual NC-QDs on a seconds time scale. For
this experiment we selected two apertures (A2, d = 820 nm; A3,
d = 630 nm) on the low fluence sample that exhibit particularly
bright PL signals. These high intensities allowed for t,,, = 1 s at
Piger = 20 uW (A2) and Py, = 7 yW (A3). In Figure S, we
compare two 500 s time series from these apertures plotted in
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Figure S. Spectral diffusion and intermittency of single NC-QDs:
Time series of t,,, = 1 s spectra from (a) aperture A2, d = 820 nm, and

(b) A3, d = 630 nm, on the low fluence sample.

false-color representation. In these spectra we identify PL lines
labeled A2/3-i. For A2, these lines are centered at E,,_; = 1.837
meV, E,, , = 1.889 meV, and E,,_; = 1.901 meV, and those for
A3 are at Ey;_; = 1.827 meV and E,;_, = 1.847 meV. In
contrast to the spectra in Figure 4, the line width of these lines
is significantly reduced to fwhm <0.7 meV and we expect
further reduction for even lower optical pump powers as
observed also for colloidal QDs at low temperatures.*
Furthermore, in both time series we observe both random
spectral and intensity fluctuations of the isolated sharp emission
lines. Such spectral diffusion and luminescence intermittency
behaviors are well-known for chemically synthesized colloidal
QDs and have been studied together with the underlying
mechanisms in great detail since its first observation.”*~>* Most
of these models are based on traps surrounding the QD which
randomly capture and release photogenerated electrons.
Because these processes are uniquely determined by the actual
environment of a QD, correlated fluctuations are a clear
fingerprint for signals originating from the same emitter. A
closer examination of these statistical fluctuations show that
signals [A2—2 and A2—3] of A2 and [A3—1 and A3-2] of A3
are clearly correlated. In contrast, there exist no such
correlation between A2—1 and [A2—2 and A2—3]. Therefore,
these observation provide evidence for the presence of two NC-
QDs in A2 and a single NC-QD in A3.

When further comparing the spectral diffusion in panels a
and b in Figure 5, different amplitudes and time scales become
evident. Each individual emission line exhibits a fast, (sub)-
second spectral jitter with an amplitude ranging between 6E ~
5 meV (A3—1,A3—2) and 6E = 15 meV (A2—1). These values
of 0E confirm that spectral diffusion is the dominant
contribution to the large linewidths measured for long ¢, in
Figure.4. We attribute the fast jitter as arising from a finite
number of defects, such as unsaturated bonds, within the
surrounding amorphous SiO, matrix. These form a fluctuating
background charge that couples to the localized exciton in the
NC-QDs. The strength of this coupling mostly determined by
the random spatial separation between the individual defects
and the CdSe NC-QD. Thus, the different amplitudes of the
spectral diffusion, OE, reflect the random positions of the
defects. In addition to the spectral diffusion occurring on a
(sub)second time scale discussed up to this point, A3—1 and
A3—2 exhibit a digital switching. Each emission line remains
stable on longer >10 s periods. Such type of behavior could
point toward single electron charging and discharging events of
an individual defect. At low temperatures, the charge state of
the defect is stable on the long time scales observed in our
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experiment. In contrast, A2—2 and A2—3 do not show such
switching on the time scales accessible here, consistent with a
fluctuating charge environment in the surrounding matrix,
which interacts more weakly with the NC-QD.

B CONCLUSIONS

In summary, we demonstrated site-selective ion beam synthesis
of CdSe NCs in a SiO, matrix using submicrometer
implantation masks. The areal density, size and the resulting
optical properties were controlled by the implantation fluence
and the size of the apertures. For low fluences and small
apertures, we reach the regime of individual NC-QDs with
confined energy states and discrete emission lines. The optical
emission of single NC-QDs exhibit striking similarities to that
of colloidal QDs at low temperatures showing both spectral
diffusion and intermittency.*>>* Therefore, we conclude that
our ion beam synthesized NC-QDs exhibit optical properties
comparable to that of these established QDs synthesized from
solution. In single QD experiments, we typically observe
emission from less QDs than identified in our SEM
characterization. The NC-QDs’ optical properties can be
further improved adoptin§ passivation strategies established,
e.g, for silicon NC-QDs.”* In particular an increase of the
emission intensity would allow to assess the statistics of the
emitted photons and confirm single photon emission.>

Our approach can be readily extended to nanocomposites of
metallic, dielectric or semiconducting NCs in inert dielectric
matrices.” We expect that the plasmonic, dispersive, and optical
properties of these nanocomposites can be tailored adjusting
the density and spatial confinement of the implanted
stoichiometric constituents, which in turn opens a broad
variety of applications. For example, ion beam synthesized II—
VI and III-V compound semiconductor NC-QDs are ideally
suited as optically active emitters for silicon photonics.
Prominent examples of II-VI compound NC-QDs include
binary PbS or ternary alloys such as CdS,Se;_,.>* While the
latter promise additional tunability of the emission wavelength
by adjusting the ratio of the group-VI elements, PbS is widely
used for near-infrared colloidal QDs emitting at 1.5 um.
Because this wavelength is within the transparency window of
silicon and the attenuation minimum of optical fibers, PbS NC-
QDs are particularly tantalizing for CMOS integrated silicon
photonics and fiber-optical communications. In addition, all
types of optically active NC-QDs can be employed as emitters
in coupled QD-nanocavity systems when hybridized with SiO,-
based photonic crystal structures.*> Furthermore, we note that
ion beam implantation does not rely in planar substrates. For
example, our method can be applied to dope chemically inert,
nontoxic SiO, micro- and nanospheres with emitters for
biomedical applications. The observed pronounced modifica-
tion of the NCs’ structural and optical properties by confining
the implantation area to submicrometer dimensions is equally
appealing from an material science and solid-state chemistry
perspective. It would be particularly interesting to transfer this
approach to other types of NCs*'>' and investigate its
applicability for the different underlying solid-state chemical
reactions.

B ASSOCIATED CONTENT

© Supporting Information

Raman spectra, TEM of reference sample, high-magnification
SEM, full set PL spectra recorded from d = 420 nm apertures of
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both samples. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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