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Single CdSe/CdS colloidal nanocrystals embedded in an Ultra-Pure SiO 2 matrix deposited by ion beam sputtering

Keywords: quantum dots, CdSe/CdS, SiO 2, luminescence, nanocrystals, thin film

We report the encapsulation of high-quantum-yield CdSe/CdS colloidal nanocrystals in a smooth and ultra-pure layer of SiO 2 deposited by ion beam sputtering. The optical quality of the thin silica film is comparable to the mirror substrates used in gravitational-wave detection, with a density of impurities as low as a few ppm. We show that at least 30% of the nanocrystals survive the encapsulation process under full conservation of their favorable optical properties at the single-quantum-dot level, namely a high and stable emission rate combined with a short recombination lifetime. The emission rate of the embedded nanocrystals is increased by 100% due to the higher refractive index of the SiO 2 film, in accordance with an effective-medium interpretation. Our device prototype thus provides a perspective for designing large-scale, highquality and thickness-controlled light-emitting diodes based on semiconductor nanocrystals as active components in a durable inorganic matrix.

Introduction

Quantum-dot-based light-emitting diodes (QD-LEDs) have attracted a lot of interest over the last 20 years [1]. These devices utilize the outstanding emission properties of colloidal QDs [2] at room temperature: close to 100% ON-state quantum yield (QY) [3], a wavelength that is easily tunable over the visible to near-IR range [1], high color-purity due to narrow emission linewidth [4], and industrial-scale synthesis. The first QD-LEDs were developed using organic materials as charge transport layers (CTLs) and QDs as active materials, starting at 0.01% quantum efficiency [5] and reaching up to 2.7% [6]. However, one critical issue of organic LEDs is the limited long-term stability of the CTLs [4] which requires an environmental packaging resistant to humidity and oxidation. All-inorganic QD-LEDs were therefore evaluated as a potential alternative, initially in form of n/p-GaN [7] as the CTLs, which was superseded by metal-oxides (ITO and NiO) [8], allowing to reach efficiencies of up to 0.1%. These relatively low efficiencies were attributed in part to the QDs being damaged by the deposition of the inorganic layers, leading to a reduction of the emission QY [4].

A recently proposed alternative design for all-inorganic QD-LEDs relies on high-frequency electroluminescence [9] of QDs that are embedded in an insulating matrix (Al 2 O 3 or SiO 2 ); here, the QD luminescence is induced by high-frequency voltage sweeps that create electrons and holes at the QD/matrix interfaces, which in turn leads to photoluminescence (PL) from subsequent recombination processes. The main challenge in the fabrication of such insulator-based devices lies in conserving the favorable emission properties of the QDs in spite of the harsh environmental conditions employed by thin film deposition techniques suitable for insulators. Plasma-etching vapor deposition, for example, uses a high-energy plasma and has already been shown to degrade the photoluminescence quantum yield of QDs in the resulting films [1]. Magnetron sputtering achieves better results in this respect [8][9][10], but has drawbacks in terms of controlling layer thickness precisely over large areas and ensuring an acceptably low density of defects. Ion beam sputtering (IBS) [11,12] allows for a better control of deposition parameters such as target sputtering rate and the ion-current density; consequently, IBS combines high precision (0.7% fluctuation in coating thickness in an area of 500 mm diameter) with defect densities as low as a few ppm [START_REF] Beauville | Proc. SPIE[END_REF][START_REF] Pinard | [END_REF]. This ultra-low defect density not only ensures high transparency even for thick layers, but also reduces the danger of mistaking matrix defects for single colloidal QDs [15,16]. IBS being an established industry-scale technique, it seems ideally suited to produce high-quality QD-LEDs on a largescale, featuring high deposition densities for ease of contacting and long-term device stability due to the protective function of inorganic films. In this work we show for the first time that high-quantum-yield colloidal QDs [17] can indeed be encapsulated in thin, ultra-pure SiO 2 films by IBS under conditions that allow to preserve the optical properties of a large fraction of the nanocrystals. Besides the implications for the fabrication of high-quality QD-LEDs discussed above, single QDs embedded in an insulating matrix are an interesting system for investigating many fundamental questions, for example the effect of high electric fields on QD optical emission (e.g. the quantum-confined Stark effect [18]).

Experimental section

CdSe/CdS colloidal QDs were synthesized following the protocol described in [17] and [19]. The resulting QDs had an overall diameter of 11 nm, with a CdSe core of diameter 4 nm surrounded by 3.5 nm thick CdS shell; their photoluminescence emission was centered at λ=600 nm. Three types of samples were used in the present work: First, a simple reference sample of free QDs was produced by spin-coating a 20 μl solution of CdSe/CdS QDs in hexane at 4000 rpm on a BK7 glass cover slip, resulting in a surface density of a few tens of QDs per 100 μm 2 . Second, a pure SiO 2 film with a target thickness of 30 nm was deposited on a silicon wafer by IBS with a large-area ion beam deposition system (SPECTOR, Veeco Instruments Inc.), as schematically shown in figure 1(a). A voltage of 700 V with a current of 300 mA and an acceleration voltage of 150 V lead to a lowenergy ion beam with a good stability of the plasma source. Finally, a device prototype consisting of a layer of QDs sandwiched between two layers of SiO 2 was fabricated in a three-step process on a silicon wafer as illustrated in figure 1(b): in the first step, a 30 nm layer of SiO 2 was deposited by IBS under the same conditions as detailed above. Next, a 40 μl solution of CdSe/CdS QDs in hexane was spin-coated at 4000 rpm on the SiO 2 layer to obtain a sheet density of hundred QDs per 25 μm 2 . Finally, the QD layer was covered by a 30 nm layer of SiO 2 deposited by IBS with the same process parameters as for the first deposition. Special care was taken not to heat the substrate during the deposition processes (steps 1 and 3) in order to protect the wafer surface and the QDs.

The luminescence of single CdSe/CdS QDs was recorded with a home-built confocal microscope [20] that allowed for single-QD experiments with a spatial resolution of about 200 nm. The QDs were excited with a pulsed laser (Edinburgh Instruments, EPL-450) emitting at λ=445 nm with a repetition rate between 5 and 20 MHz depending on the experiments. Emitted photons were detected with a single-photon-counting avalanche photodiode (Perkin Elmer, SPCM-AQ45) and lifetime histograms were compiled by a TimeHarp 200 card (Picoquant) operating in time-tagged time-resolved mode with an overall temporal resolution of the detection system of about 700 ps.

Atomic force microscopy (AFM) images were acquired with an MFP3D AFM (Asylum Research, Oxford Instruments) operating in tapping mode with a silicon tip (Nanoworld ARROW-NCR, nominal spring constant 42 N m -1 , nominal tip radius 10 nm).

Results and discussion

The discussion of experimental results in this section is organized as follows: first we will document the luminescence properties of individual QDs in the reference sample, then we will characterize the topology of the pure SiO 2 layer, and finally we will present the photophysical properties of the QDs in the device prototype, comparing them to the reference sample to verify the non-destructiveness of the encapsulation process.

Figure 2(a) shows a 10×10 μm 2 confocal PL image of the reference sample, CdSe/CdS nanocrystals deposited on a BK7 glass substrate. The well-isolated spots represent the emission of individual QDs with detected count rates of up to 100 kHz. An example of an intensity timetrace of a single QD, i.e. its emission intensity as a function of time under prolonged excitation, is shown in figure 2(b); no photobleaching (irreversible loss of emission) occurred during the observation time of more than 850 s. The timetrace does exhibit the well-defined two-level blinking behavior that is characteristic for individual QDs alternating stochastically between two states of different emission intensity. These two states, which we will denote as 'bright' and 'dim', can be distinguished clearly in the histogram of the number of counts detected in 50 ms, figure 2(c), which shows two well-separated peaks at 11 counts (dim state) and at about 2500 counts (bright state), respectively. The existence of these two states furthermore manifests itself in the nanosecond-emission dynamics exemplified by the single-QD luminescence lifetime curve of figure 2(d), which was constructed from the histogram of observed delay times t between excitation pulses and photon detection events. This lifetime curve I(t) is well fitted by a biexponential decay function on a non-zero background I 0

( ) ( ) = + + t t - - I t I I e I e . 1 t t 0 1 2 dim bright
The two distinct exciton lifetimes are typical of two-level blinking of single CdSe/CdS-type nano-emitters [21], with the short lifetime corresponding to the dim state (τ dim =5.3 ns) and a long-time associated with the bright state (τ bright =53 ns). Note that in our case the dim state does not correspond to the dark F=2 spin state [22], but rather to a charged state of the QD with a reduced luminescence quantum yield compared to the neutral exciton [23]. This reduced quantum yield and the shorter lifetime of the charged state are due to additional radiationless relaxation channels, which involve Auger processes and are therefore not accessible in the neutral state. As far the the bright state is concerned, we found individual QDs on BK7. If the structural integrity of nanocrystals is compromised during the SiO 2 encapsulation process then one expects a reduction of both the overall emission intensity and the exciton lifetimes, as defects can entail long-lived dark states and additional radiationless recombination channels. It will therefore be important to compare the emission intensities and bright state lifetimes of the reference sample to the ones encountered for encapsulated QDs (see below).
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Turning our attention to the deposition benchmark run, we present in figure 3 The device prototype (Si/SiO 2 /QDs/SiO 2 sandwich structure) was characterized by atomic force and confocal photoluminescence microscopy. Figure 4(a) shows an AFM image of a 25 μm 2 region of the device prototype, in which the top SiO 2 layer still exhibits a smooth surface, punctuated by small bumps (white dots) caused by the embedded single CdSe/CdS QDs. A spot-recognition algorithm [19] found 124 QDs in this image, indicated by the red circles in figure 4(b), which corresponds to a sheet density of (5.0±0.4) QDs μm -2 . A zoomed-in measurement of a 1 μm 2 region of the same image is shown in figure 4(c), in which a few well-separated QDs appear as roughly Gaussian bumps of 9-11 nm height and a diameter of 25-35 nm at the base, see the line profiles of figures 4(d) and (e). The height of the bumps agrees very well with the diameter of 11 nm diameter that was deduced for these CdSe/CdS QDs in previous TEM measurements [19]. The lateral dimensions of the base are also compatible with the assumption of isolated individual QDs being observed, allowing for convolution effects arising from the non-zero radius of the AFM tip and a further potential enlargement due to the manner in which the SiO 2 matrix rearranges around each guest nanoparticle.

We present in figure 5(a) a confocal photoluminescence image of the device prototype. The intensity of the observed single-QD spots was similar to the one obtained for the reference sample (bare QDs deposited on BK7, see figure 2), under comparable excitation conditions, which indicates that the luminescence quantum yield of the observed CdSe/CdS QDs was not significantly reduced by the encapsulation process. To estimate the surface density of luminescent QDs, we used the shape-recognition algorithm to count the number of photoluminescence spots in this image as illustrated in figure 5(b). We found a sheet density of (1.4±0.1) QDs/μm 2 , which amounts to about 30% of the density of QDs deduced from the AFM image of figure 4(a). This discrepancy may be due to a fraction of the QDs having been rendered non-luminescent during encapsulation, but it should be kept in mind that some of the luminescence spots may correspond to two or more QDs that are not resolved optically, but which would be counted as separate dots in an AFM image. (Our confocal microscope reached a resolution of about 200 nm, which is more than ten times lower than that of the AFM.) Furthermore, blinking processes (reversible temporary transitions to the dim state) can render a fraction of active QDs undetectable in any given scan image. We can therefore conclude that we have minimum survival rate of around 30% for the QDs during encapsulation, and that all the survivors seem to retain their remarkable luminescence properties.

Further evidence of the conserved luminescence quantum yield is given in figure 5(c), which presents a luminescence timetrace with maximum count rates of one million counts per second and clear two-level (bright/dim) blinking to confirm that an individual nano-emitter was observed [23]. The SiO 2 encapsulation process did not affect the long-time photostability either, as sustained emission of single QDs could be observed over a period of 900 s, see the example of figure 5(d) and compare to the reference sample, figure 2(c). Figure 5(e) shows a lifetime measurement of a single QD in device prototype, which was interpreted according to equation (1) to find the two lifetimes τ dim =1.9 ns and τ bright =21 ns, attributed to the dim and bright state, respectively. Measuring lifetimes of 10 QDs in the device prototype, we found
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3 0.6 ns (average±standard deviation). We thus observe that the bright state lifetime (neutral exciton) is reduced roughly by a factor of two compared to the reference sample of bare QDs on BK7 glass. To show that this reduced lifetime can be explained without invoking additional nonradiative relaxation channels, which could have been created due to degradation of the QD structure during the SiO 2 deposition process, we will estimate by how much the lifetime is expected to shorten simply because of the modification of the local refractive index as the emitters are embedded in SiO 2 . QD lifetimes are known to be sensitive to the refractive index of their local environment over distances varying from a few tens to few hundreds of nanometers [20,24]. We use the virtual cavity (VC) model, which has been shown to fit the data for CdSe/ZnS QDs [20], to account for this phenomenon; the VC model can be summarized as
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where γ ref , γ mat and γ vac are the neutral exciton recombination rates of a QD on a BK7 coverslip, in the SiO 2 matrix and in vacuum, respectively, while nref and nmat are the effective refractive indices experienced by QDs on BK7 (reference sample) and in the SiO 2 matrix (device prototype). We calculated these effective refractive indices as described previously [20], using a hard-sphere model with a radius of 50 nm and a core-centered emission dipole in the framework of the Bruggeman effective medium approach [25]. 2), we obtain γ vac =0.015 ns -1 , which corresponds to an exciton recombination lifetime in vacuum of τ vac =67 ns. The value of γ vac thus identified leads to an expected radiative lifetime for the device prototype of τ bright =24.4 when used in equation (3) with the value of nmat given above. We can thus conclude that the observed lifetime of t = 20.4 bright in the device prototype agrees very well with the expected effect of the increased local refractive index. In combination with the remarkably high detected count rates documented above, this observation further supports the hypothesis that the IBS encapsulation process manages to preserve the structural integrity of the nanocrystals and does not entail the creation of additional non-radiative relaxation channels.

Conclusion

We have documented the first successful encapsulation of colloidal CdSe/CdS QDs in a thin film of SiO 2 deposited by IBS. Our protocol yielded a smooth and ultra-pure matrix, in which we could detect the luminescence of individual QDs with count rates of up to one MHz that were sustained without photobleaching during observation times of several hundreds of seconds. These remarkable count rates and the excellent photostability indicate that the favorable photophysical properties of free QDs on BK7 glass have been fully conserved. A combination of optical confocal and AFM furthermore allowed us to establish an encapsulation survival rate at the single-QD level of at least 30%. An observed reduction of the exciton lifetime by a factor of two after encapsulation was shown to be consistent with the expected influence of the increased local refractive index in the QD-in-SiO 2 device prototype, which further supports the conclusion that the active nano-emitters have not suffered any significant structural degradation. Our results thus establish a potential technique for fabricating SiO 2 -based, ultra-pure field-effect devices with quantum dots as active emitters based on an industry-scale process. In the future one may even hope to extend the technique to other nanoemitters such as perovskites and more environment-friendly graphenebased species.
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Figure 1 .

 1 Figure 1. Fabrication of a device with CdSe/CdS nanocrystals (NCs) embedded in SiO 2 . (a) Schematic illustration of layer deposition by IBS. (b) Three-step process of elaborating the SiO 2 -QDs-SiO 2 sandwich structure.
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 2 2 11.0 bright ns (average±empirical standard deviation) for an ensemble of 10 Photoluminescence properties of individual CdSe/CdS nanocrystals deposited on a BK7 coverslip (reference sample) (a) scanning confocal image of the photoluminescence intensity as a function of position. (b) Luminescence lifetime curve of a single CdSe/CdS QD. (c) The corresponding emission timetrace with a bin time of 50 ms recorded over 900 s. (d) Histogram of the number of counts observed in each 50 ms timebin of the timetrace (c).

  (a) an AFM image of a region at the frontier between bare silicon and the deposited layer of pure SiO 2 . This silicon-silica step was created by a stylus line that was left on the Si wafer during deposition and subsequently taken off by ethanol etching. The height histogram along a line drawn across the deposition boundary, figure 3(b), reveals a level difference of 31.5 nm between the surface of the silicon wafer and the top of the SiO 2 layer, meaning that the total thickness of the device prototype (with two identical SiO 2 deposition steps) is 63 nm. A local roughness measurement of an area of the SiO 2 layer far away for the step, figure 3(c), shows a flat surface over 1 μm 2 with a root-mean-square (RMS) roughness of 0.14 nm and a maximum peak-to-peak amplitude variation of 1.22 nm along the line profile of figure 3(d). The total RMS roughness calculated over the image of figure 3(c) is 0.04 nm. The small amplitude of these measured variations confirm the deposition of a high-quality, low-roughness layer of SiO 2 .

Figure 3 .

 3 Figure 3. Surface quality of the deposited pure SiO 2 film. (a) AFM image of the transition from the bare silicon wafer to the SiO 2 layer. (b) Height histogram of a horizontal line profile measurement in image (a). (c) AFM image of a zoomed-in region of the SiO 2 layer. (d) Height along a line profile in (c) with RMS roughness and maximum peak-to-peak amplitude.

Figure 4 .

 4 Figure 4. AFM characterization of the device prototype containing embedded CdSe/CdS nanocrystals.(a) 5×5 μm 2 region (256× 256 pixels, pixel size 20 nm), in which raised bumps of individual QDs are visible as white dots. (b) Result of the spot-recognition algorithm applied to image (a); 124 QDs were identified and marked with red circled. The scale bar indicates 1 μm. (c) Zoomed-in AFM image of the 1 μm 2 area (256×256 pixels, 4 nm pixel size) indicated by the red rectangle in (a). (d), (e) Height profiles in the x and y directions through the centers of the spots labeled QD1 and QD2, respectively, in image (c).

Figure 5 .

 5 Figure 5. Photoluminescence properties of QDs in the device prototype. (a) 10×10 μm 2 confocal luminescence image of single CdSe/CdS QDs embedded in the SiO 2 matrix. (b) Grayscale version of image (a), in which all QD spots identified by the shape-recognition algorithm have been marked with cyan circles. (c) Emission timetrace of an embedded single CdSe/CdS QD with saturated excitation. (d) Long-time intensity timetrace of a single CdSe/CdS QDs. (e) Photoluminescence lifetime curve of a single embedded CdSe/CdS nanocrystal fitted with a biexponential decay function, equation (1).

  

  Si =3.95, n SiO 2 =1.46) is ¯= ref =0.024 ns -1 (from the measured τ bright =42.2 ns) into the VC model of equation (

	For the reference sample (n BK7 =1.52 at 600 nm) we
	find ¯= n	1.21
		n	1.46

ref , while the effective refractive index for the device prototype (n mat . Inserting nref and γ