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Luminescence and Amplified Stimulated Emission in CdSe–ZnS-Nanocrystal-Doped TiO2 and ZrO2 Waveguides** By Jacek Jasieniak, Jessica Pacifico, Raffaella Signorini, Alessandro Chiasera, Maurizio Ferrari, Alessandro Martucci,* and Paul Mulvaney* A reproducible route for the preparation of high-quality CdSe–ZnS-doped titania and zirconia waveguides is presented. The optical properties of the resultant composite materials are found to be sensitive to the semiconducting properties of the host matrix. Titania-based composites are seen to be inherently photounstable because of photoelectron injection into the bulk matrix and subsequent nanocrystal (NC) oxidation. In comparison, zirconia composites are significantly more robust with high photoluminescence (PL) retained for annealing temperatures up to 300 °C. Both titania and zirconia composite waveguides exhibit amplified stimulated emission (ASE); however only zirconia-based waveguides exhibit long-term photostability (loss of less than 30 % ASE intensity after more than 40 min continuous excitation). We conclude that the low electron affinity of zirconia and its inherent high refractive index makes it an ideal candidate for NC-based optical waveguides.



1. Introduction The transfer of nanocrystals (NCs) into sol–gel-based matrices provides a generic pathway for the development of complex materials with unique optical,[1,2] electronic,[3] or magnetic[4,5] signatures. Of particular interest at present is the possibility that NC-doped glasses could provide stable laser media with tunable emission wavelengths.[6–9] Through appropriate modification to the surface chemistry, it is possible to disperse semiconductor or metal NCs into inorganic matrices such as
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sol–gels,[10,11] or into polymeric environments.[12–14] However, the development of reliable dispersion methods have generally proved quite elusive. NCs typically aggregate or phase-separate in polymer-based matrices such as poly(methyl methacrylate) (PMMA) or lose their functional property (i.e., luminescence) rapidly upon exposure to the harsh environments of the matrix precursor solutions and during the polymerization steps. If dispersion is successful, consolidation of the resulting matrices at elevated temperatures once again leads to rapid loss of luminescence because of NC degradation. Of additional consideration is the chemical nature of the host matrix, which can potentially govern the final material’s refractive index. Inorganic sol–gel matrices therefore have an advantage over organic-based polymer hosts because of the high refractive indices that are achievable. Previous studies have shown that sol–gel waveguides can be easily fabricated owing to their high refractive index and that they typically exhibit optical propagation losses of less than 1 dB cm–1.[15] Such sol–gel matrices have also been found to be excellent hosts for organic chromophores,[16,17] erbium cations,[18,19] and indeed quantum dots (QDs).[20–22] Truly optically ‘photoluminescence (PL)-active’ waveguides have been however ridden with obstacles. The main obstacle is the high annealing temperature needed to achieve densified materials. Erbium-based sol–gel waveguides are the exception to this rule as they require annealing temperatures greater than ca. 400 °C.[18] This factor has however largely restricted organic dyes and even QDs from being utilized in such waveguides. While preserving PL, the low annealing temperatures (150 °C or less) prevent significant condensation of the matrix, which for low nanoparticle volume fractions results in low-refractive-index materials. This may not be a problem for simple planar waveguide geometries, but ultimately for more complex structures such as Bragg reflectors[23] and microcavities,[18,24,25] which require high-refractive-index gradients between materials, this is an issue that needs to be resolved.
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2.1. CdSe–ZnS Composite Thin Films The most common method to achieve homogeneous incorporation of nanoparticles into a variety of matrices is through the use of bifunctional ligands that provide a favorable interaction between the ligand environment and the medium. In Figure 1 we present the normalized absorbance and relative PL spectra of ca. 4.6 nm core-size CdSe–ZnS QDs with their native hydrophobic surface in CHCl3, following 5-aminopentanol exchange in methanol (MeOH) and in the respective titania and zirconia sols. By comparing the first absorption peak at
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2. Results and Discussion



Photoluminescence (Relative)



In this paper we discuss the fabrication, optical characterization, and functional stability of CdSe–ZnS QD waveguides prepared using both titania and zirconia as high-refractive-index host materials. Both chemical and photostability of the nanoparticles must be retained within the composite. Chemical stability is afforded by a robust inorganic shell (i.e., ZnS) with adequate surface passivation.[26] Photostability is highly dependent on the quality of the core/shell QD and the extent of potential carrier traps in its vicinity. These traps can be either on the surface of the QD,[27] at the core/shell interface,[28] or in the surrounding matrix itself.[29,30] The latter factor therefore implies that careful selection of a suitable host matrix is necessary to achieve stable QD composites. The two selected host matrices, TiO2 and ZrO2, have been specifically chosen because of their high refractive indices and the significant differences in their electron affinities and ionization potentials.[31,32] Titania may form a type-II structure depending on the CdSe QD size, whereas in contrast, zirconia acts solely as a type-I host for all CdSe QD sizes. This is illustrated in Scheme 1. In a type-I structure, the conduction and valence electrons in the dopant cannot in principle access the matrix because it is energetically unfeasible. However in a type-II structure, one of the charge carriers may escape. In Scheme 1 (b1), the electron can diffuse into the conduction band of the matrix, whereas in b2, the hole escapes into the matrix valence band. These processes may lead to permanent NC corrosion unless under steady-state illumination: the escaping charge carriers tend to recombine with the NCs. Little is known about the kinetics and efficiencies of these processes at present.



Wavelength (nm) Figure 1. Absorption and relative fluorescence spectra of CdSe–ZnS nanoparticles in chloroform, ethanol, and in the titania and zirconia sols.



Scheme 1. The localization of the electron and hole carriers across a heterostructure interface in a type-I (a) and in a type-II (b1,2) configuration.



By comparing both matrices we find that a compromise between annealing temperature and PL quantum yield (QY) provides the best overall QD composite. Furthermore, using confocal microscopy and a standard 1D optical amplifier configuration, we show that stability of both spontaneous emission and amplified stimulated emission (ASE) of the composites is achievable, but is highly dependent on the host matrix.
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602 nm, it is clear that no spectral shift occurred during the CHCl3–MeOH phase-transfer or upon incorporation of the QDs into the sols. This observation is typical of well-dispersed and colloidally stable samples. Two experimental factors made this possible: i) thorough ligand exchange and ii) the use of acetylacetone as the chelating agent for the Ti and Zr precursors. For the sample in Figure 1, the QY of the as-prepared QDs was ca. 0.29, as measured with respect to rhodamine 640. Only a slight decrease in the PL QY to ca. 0.24 was observed following the stabilization of the QDs in MeOH. When incorporated into the sol-solution we observed that the PL of QDs in the TiO2 sol remained largely unchanged (ca. 0.28); however a slight increase in the PL was observed for the QDs in the ZrO2 sol (ca. 0.45). Following film deposition by spin-coating, transmission electron microscopy (TEM) was used to determine the homogeneity of the dispersed QDs in both titania and zirconia thin films. These results are displayed in Figure 2a and b for composites heat-treated at 100 °C. From these figures, it is clear that the QDs are homogeneously dispersed within both metal oxide matrices. This clearly indicates that the hydroxyl-rich surface environment provided by the 5-aminopentanol ligands allows
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a)



100 nm



b)



100 nm



Figure 2. TEM images of CdSe–ZnS nanoparticles in titania (a) and zirconia (b) matrices following heat-treatment at 100 °C.



for effective condensation with the matrix following solvent evaporation. Tapping-mode atomic-force microscopy (AFM) imaging was utilized to determine the overall surface roughness, because this largely determines the extent of propagation losses of the confined optical modes. Figure 3 shows the 2D and 3D surface profiles of QD-doped films annealed at 300 °C. The root-mean-square roughness over a 2 lm × 2 lm region of the titania (Fig. 3a) and zirconia (Fig. 3b) composite films was found to be 3.5 and 0.9 nm, respectively. The equivalent roughness of the undoped films is typically found to be 


model was used to fit the raw data. The ng values reported in Table 1 are at the standard spectral wavelength of 633 nm. Because of the low fill-factor of QDs in the sample (< 1 % by volume) an effective-medium model was not needed to account for the effect of the QD dispersion. The measured refractive indices for the samples are summarized in Figure 4. The difference in ng following QD doping was minimal. Because of the condensation of the matrix, a significant increase in ng and a concordant decrease in thickness was consistently observed with increasing annealing temperature. For example, following heat-treatment at only 100 °C, the average film refractive index ng and thickness d of two thin films of TiO2 and ZrO2 were



Table 1. Summary of relevant parameters obtained for the TiO2 and ZrO2 doped and undoped thin films produced in this study. ng



Film Thickness [nm]



Porosity [%]



Min d/k0 value for guiding



ZrO2-100 ZrO2-200 ZrO2-300 ZrO2-400 ZrO2-500



1.554 1.631 1.755 1.855 1.921
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ZrO2-QD-100 ZrO2-QD-200 ZrO2-QD-300 ZrO2-QD-400 ZrO2-QD-500
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Figure 3. 2D and 3D surface profiles of CdSe–ZnS in titania (a) and zirconia (b) heat-treated at 300 °C as measured through tapping-mode AFM. Scale bar is displayed in units of nanometers.
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2.2. Refractive Index of the Composites The refractive index (ng) and film thickness (d) as a function of annealing temperature for the two host matrices were measured by using spectroscopic ellipsometry. A Cauchy dispersion



ZrO2 TiO2
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Figure 4. The change in refractive index of the titania and zirconia host matrices as a function of the annealing temperature. These values are all reported at 633 nm.
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2.3. Matrix and Temperature Dependence of Composite Steady-State Photoluminescence The homogeneity of the NCs within the matrix was assessed by using confocal microscopy. PL spectra were collected from different points on the films. To avoid complications created by photoinduced bleaching or photobrightening, exposure to the films was limited to 
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Here, nd is the fully densified refractive index (anatase TiO2 = 2.52,[34] tetragonal ZrO2 = 2.208[35]) and ng is the measured refractive index at the reference wavelength. The results in Table 1 reveal that the overall film porosity significantly decreased for both matrices at higher annealing temperatures. This is expected because of the structural changes that occur during heating (i.e., removal of residual solvent and organics, to hydroxyl condensation and structural relaxation).[36] The extent of densification of the ZrO2 matrix was found to be very similar to that of the TiO2 matrix at each studied annealing temperature. This similarity in densification rate led to the ZrO2 matrix retaining a relatively high ng value in comparison to TiO2 at all the treatment temperatures studied here. This has significant implications when determining the critical thickness of a guiding layer in planar waveguide structures, and will be discussed shortly. X-ray diffraction was also carried on all the thin films described here (not shown). Both matrices were amorphous at all annealing temperatures less than 400 °C. Following heattreatment at 500 °C, however, the TiO2 sample exhibited the expected anatase crystal phase, whereas the ZrO2 exhibited the tetragonal crystal structure.
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found to be 1.68 and 119 nm, and 1.55 and 262 nm, respectively, whereas after annealing at 300 °C these values changed to 1.94 and 60 nm, and 1.76 and 82 nm. We found that in general ng of TiO2 films were ca. 0.15 higher than ZrO2 at each studied annealing temperature. From the fitted refractive index profiles and the film thickness, an estimation of the porosity for each sample was calculated using the Bruggeman model of the effective medium[33] !, !! n2d n2g n2d n2g 1 n2g Porosity ˆ 100% …1† n2d ‡ 2n2g n2d ‡ 2n2g 1 ‡ 2n2g
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Annealing Temperature (°C) Figure 5. Relative decrease in PL following exposure to an increased annealing temperature of composites with a host matrix of a) titania and b) zirconia. c) The comparative PL signal between the TiO2 (°) and ZrO2-QD (䊏) composites. Included is the TiO2-QD PL following a correction for film-thickness variation (~).
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J. Jasieniak et al./CdSe–ZnS-Nanocrystal-Doped TiO2 and ZrO2 Waveguides (dZrO2/dTiO2). We estimate that the differences in refractive index and hence reflection coefficient account for only a 5 % difference in the luminescence intensity, and that most of the differences are directly caused by intrinsic differences in the QY of the NCs in the two matrices. Indeed, the luminescence intensity varied by a factor of 20–30 for samples annealed at 300 °C and below. To explain this significant difference in PL intensity, we consider the possible charge-transfer processes in our composites. At present there is some ambiguity in the reported valence (Evb) and conduction-band (Ecb) energy levels of CdSe in the literature. Figure 6. Summary of the electron affinities and ionization potentials of all composite components used in this paper and the relative change in conduction and valence-band energies (see Eq. 2) of CdSe The reported Ecb values range beas a function of the first absorption peak (nm). Because of the ambiguity of the reported values in littween –4.7 and –2.0 eV versus vacuerature, we utilize a bulk CdSe electron affinity –4.3 eV versus vacuum and an ionization potential of [37–42] um. There is evidently a size de–6.04 versus vacuum. As discussed in the report we do not claim that these are absolute values. pendence of both Ecb and Evb, which to zeroth order can be approximated The results presented here demonstrate that optimization of by the waveguiding properties involves a compromise with the an .   Ecb ˆ Ecb;bulk ‡ Eg;observed Eg;bulk mh m ‡ m …2a† nealing temperature. Low-temperature treatment allows the h e composites to retain maximum PL activity, but only very low ng values are achieved. However at the highest treatment tem…2b† Evb ˆ Ecb Eg;observed perature, no PL is observed, but the matrix attains the highest ng values. Our results indicate that the optimal annealing temwhere Eg,bulk, Eg,observed, Ecb,bulk, mh, and me are the bulk perature range for CdSe–ZnS NCs in zirconia lies between 200 bandgap (CdSe ∼ 1.74 eV), the observed bandgap as deterand 300 °C. mined from the first absorption resonance energy, the bulk conduction band energy (versus vacuum), the effective hole mass (CdSe ∼ 0.45), and the effective electron mass 2.4. Waveguide Propagation (CdSe ∼ 0.13), respectively. Our experimental results show that The importance of maximizing the matrix refractive index is the overall PL intensity of nanoparticles is considerably clear from the cutoff condition of the fundamental transverse higher in ZrO2 hosts than in TiO2. The titania matrix electric (TE) mode in an asymmetric waveguide, which consists (Ecb,TiO2 ⯝ –4.06 eV at pH 7)[32] quenches the QD fluorescence. of a thin guiding layer on a substrate, in air[43] This cannot be caused by charge-carrier diffusion into the mas���������������� trix if we accept the low Ecb values (–4.7 to –4.4 eV) in the litd 1 n2s 1 1 erature. If however we utilize a typical Ecb,bulk value of –4.3 eV …3† ˆ q���������������� tan 2 n2s k n 2 2 0 g (ca. –0.2 versus a normal hydrogen electrode (NHE)), as used 2p ng ns by Nozik and Memming,[32] then electron emission into the titania matrix would be energetically feasible and the low lumiHere ng and ns are the refractive indices of the guiding layer nescence QYs could be rationalized. We summarize our view and substrate, respectively, while d and k0 are the thickness of of the relative disposition of the NC and matrix energy levels the guiding layer and the propagation wavelength in a vacuum, in Figure 6. Based upon these assumptions, QDs with a CdSe respectively. This equation implies that a large difference in core diameter (first absolute maximum) of less than ca. 5.6 nm the refractive-index value between the guiding layer and the (ca. 620 nm) should in principle be readily quenched in titania substrate, will reduce the required minimum d/k0 ratio to obmatrices. Although this value is the lower limit, this rationale serve mode propagation. To show this, we include the value of may explain why recent studies showed reasonable stability of the minimum d/k0 ratio in Table 1 for the experimentally obCdSe lasing in titania hosts, particularly for larger particles and tained ng values at each annealing step for a film deposited on at low temperature (where an activation barrier may result in a fused silica substrate, where ns,633 nm ⯝ 1.45. The advantage sluggish electron-transfer kinetics).[7,10] Unlike titania, which of high-refractive-index waveguide materials is also important appears to exhibit size-dependent NC quenching, the small for maximizing the power stored in the guiding layer. This is electron affinity of zirconia (Ecb,ZrO2 ⯝ –3.00 eV)[31] prevents described by the so-called confinement factor and is defined as charge transfer entirely. This suggests that the ZrO2 matrix is a the fraction of the modal power confined within the guiding much more appropriate host for CdSe QDs of all sizes. layer. Although no simple analytical expression for this factor
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2.5. Photostability of Spontaneous and Amplified Stimulated Emission
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the visible, not making this parameter indicative of the actual optical quality of the films. For this reason we measured the attenuation coefficients in the near-infrared (NIR) region (1.542 lm), where the effect caused by QD absorption is not so crucial. The large increase in waveguide thickness necessary to support modes in the NIR also induces a large number of macroscopic defects and inhomogeneities, particularly caused by film deposition being carried out in non-clean-room conditions. In any case, for the waveguide with the ZrO2-300 matrix we obtain an attenuation coefficient of (2.6 ± 0.3) dB cm–1 at 1542 nm and (1.7 ± 0.3) dB cm–1 at 632.8 nm. The higher attenuation at 1542 than at 632.8 nm is observed because of a lower confinement of radiation. For the waveguide with the ZrO2QD-300 matrix we obtain an attenuation coefficient of (1.7 ± 0.3) dB cm–1 at 1542 nm and (1.8 ±0.3) dB cm–1 at 632.8 nm. In this case a slightly higher attenuation coefficient is observed at 632.8 nm owing to quantum dot reabsorption. The comparable attenuation coefficient values of both doped and undoped waveguides indicate that the nanoparticle inclusions do not have a detrimental effect on the waveguide quality; an observation supported by the surface roughness measurements. Bawendi and co-workers have recently used heavily doped silica as a waveguiding substrate.[8,48] Like ZrO2 (Eg = 5.68 eV), silica is a wide-bandgap insulator (Eg,SiO2 ∼ 7–9 eV), with a fully densified refractive index of ca. 1.45 at 633 nm. ZrO2 composites have a refractive index of ca. 0.15 less than TiO2 hosts, but significantly higher than silica composites. This implies that unlike silica composites, which require high doping levels for waveguiding on glass (borosilicate, fused silica, quartz, etc.), ZrO2 hosts can be deposited directly onto glass as waveguiding media.
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exists, it is evident that for a constant d value, a higher refractive-index difference between the guide and substrate layer results in an increased localization of the modal electric field within the guiding layer, and hence gives rise to a higher confinement factor. For a detailed description the reader is referred to any standard textbook on waveguides[44–46]. Experimentally, the simplest method of determining the allowed modes in a waveguide structure is through the use of a prism-coupling technique usually termed the m-line method.[45] Here we performed such m-line measurements under TE conditions on multilayer (×3) thin-films (heat-treated up to 300 °C) deposited on fused silica (nr,633 nm ⯝ 1.45). The results are shown in Figure 7a and b for the QD-TiO2 and QD-ZrO2 composites, respectively. Single-mode propagation (TE0) was confirmed in each case, demonstrating that both matrices could be utilized as effective waveguides. It should be noted that multimode waveguides can be easily fabricated by increasing the number of deposited layers. To measure the optical losses within such waveguides, doped and undoped ZrO2 films with thicknesses of ca. 400–500 nm were prepared and tested with the technique described by Nunzi Conti et al.[47] The high absorption of the QDs induces a high value of the attenuation coefficient of the waveguides in
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Effective Refractive Index, β Figure 7. M-line measurements of TiO2-QD (a) and ZrO2-QD (b) composites as measured at 632.8 and 543.5 nm under TE polarization.
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To investigate the photostability within the films we compared the effects of excitation with i) a continuous-wave 488 nm source and ii) a repetition rate of 1 kHz with 150 fs 400 nm pulses (described further in the Experimental section). The continuous-wave excitation primarily targets the decay of single excitons within the QD volume whereas the pulsed setup accesses the multi-exciton regime. The results of continuouswave excitation with an intensity of 35.3 kW cm–2 are shown in Figure 8. It is seen that after only 15 min of illumination, the initially normalized PL intensity of the QD-TiO2 and QD-ZrO2 composites drop to ca. 0.33 and ca. 0.84, respectively, of their original values. It is known that for CdSe QDs a population inversion is obtained when the number of excitons in a given QD is greater than one.[6] This condition is easily satisfied under pulsed excitation, which, when utilized under fixed-stripe-length pumping conditions (see Experimental section), allows the stability of the ASE to be studied. The results for QD-TiO2 and QD-ZrO2 composites within this excitation regime (per pulse fluence of 0.32 mJ cm–2) are displayed in Figure 9a and b. As expected, because both films had a similar QD fill-factor and thickness (ca. 200–300 nm), we observed ASE in both composites. The
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We have presented a comparative study of the optical properties of CdSe–ZnS QDs with a ca. 4.6 nm diameter core embedded within two high-refractive-index host matrices, TiO2 and ZrO2. The use of strongly chelated sol-precursors, obviated the need for large quantities of excess ligand in the sol–gel synthesis allowing nanoparticle–host interactions to be studied. Although both matrices were found to be suitable waveguide materials, the QD-ZrO2 composites typically exhibited PL intensities 20–30 times greater than that of the QD-TiO2 system. A comparison of the conduction-band offsets suggests electron transfer from the NC to the matrix as being the cause of this instability in QD-TiO2 films. Furthermore high photostability in zirconia composites was observed under continuous-wave excitation, and one of the highest reported stability factors for ASE to date. Based on both the spontaneous and ASE we be-
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observed difference between the stability of the two composites was however, staggering. The QD-TiO2 ASE was displayed for less than 10 seconds in total, with 90 % of its value dropping within the first 3 s. In complete contrast, the ASE arising from the QD-ZrO2 composite (shown in Fig. 9c) decreased by just 30 % of its original value after more than 40 min (2.4 × 106 pulses) excitation. This difference is again attributed to charge-carrier loss to the TiO2 matrix. Interestingly, the ASE stability appeared to be more drastically affected than the spontaneous emission. This may indicate that Auger ionization, which occurs under multi-exciton conditions, is the dominant process governing photostability.[49] Critically, under both linear and nonlinear excitation regimes, the zirconia host provides a more stable matrix.
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Time (sec) Figure 8. Fluorescence stability under continuous-wave 488 nm excitation with an excitation intensity of 35.3 kW cm–2. The measurements were taken under a thin-film configuration with a laser confocal system in air and at room temperature.
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Figure 9. ASE stability of TiO2-QD (a) and ZrO2-QD (b) composites pumped at 400 nm with 150 fs pulses under a pump fluence of 0.32 mJ cm–2. This excitation fluence is well within the multi-exciton regime for CdSe–ZnS nanoparticles. The stability is shown for samples in air at room temperature. c) A digital photograph of waveguided ASE in the ZrO2-QD thin film.
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4. Experimental 5-Amino-1-pentanol (AP, 95 %), zirconium(IV) isopropoxide (70 wt % in 1-PrOH), titanium(IV) isopropoxide (97 %), acetylacetone (ACAC, 99 %) were purchased from Sigma–Aldrich. Hexane, chloroform, PrOH (propanol), EtOH (ethanol), and MeOH were all of analytical grade and purchased from Univar. All chemicals and solvents were used without further purification. CdSe NC preparations were prepared by using established methods reported by van Embden et al. [50]. Shelling of the NCs was further performed using the recently developed SILAR method [26,51]. To render the NCs soluble in alcohol solutions, a similar procedure to that utilized by Petruska et al. was used [9]. The NCs were firstly precipitated from chloroform with AP. These NCs were then redispersed in a 1:1 mixture by volume of EtOH/CHCl3 with 0.1 M AP to promote thorough ligand exchange. The solution was stirred gently for 12–24 h. Following this, the NCs were precipitated with excess hexane. The AP-functionalized particles were then redispersed in MeOH and were colloidally stable for a over 1 month. The zirconia sol was prepared in a similar manner to that used by Urlacher et al., by mixing Zr(OPr)4 (1 mL, 2.26 mmol), acetylacetone (acac) (0.23 mL, 2.26 mmol), and i-PrOH (6 mL) [52]. The titania sol was prepared in a very similar fashion by mixing Ti(OPr)4 (0.64 mL, 2.26 mmol), acac (0.23 mL, 2.26 mmol), and i-PrOH (6.4 mL). To ensure chelation of the metal cations by acac, each sol-solution was stirred for ca. 1 h prior to their use. Thin-films consisting of pure titania or zirconia were obtained by spin-coating the sol-solutions on precleaned substrates (fused silica, borosilicate glass, or silicon substrates). QD-doped thin films were produced by adding 100 lL of sol–gel solsolution to 200 lL of a 74 lM solution of QDs in MeOH. The molar ratio of QDs to titania or zirconia was kept the same for both composites. All the films in this study were spin-coated at 3500 rpm for 20 s. Heattreatment of the films took place between 100 and 500 °C, with a 100 °C temperature interval and 5 min annealing time at each temperature. TEM of QDs in TiO2 and ZrO2 was performed on films that were spin-coated at 6000 rpm directly onto a strong, carbon-coated copper grid and annealed at 100 °C for 15 min. M-line measurements were performed on samples heated up to 300 °C. These were carried out on multilayer films annealed at 100, 200, and 300 °C for 5 min per layer on fused silica substrates. Tapping-mode AFM measurements were performed on a Veeco Dimension 3100 using Budgetsensor cantilevers (spring constant, k0 = 40 N m–1). TEM measurements were carried out on a Philips BioTwin instrument operating at 120 keV. Absorbance and PL spectra in solution were collected with a Cary 5 UV-vis-NIR spectrometer and a Varian Eclipse, respectively. PL and the temporal stability of spontaneous emission of the QD thin films were obtained using an Olympus FV500 laser-scanning confocal microscope coupled to a Triax 550 Jobin-Yvon spectrometer with a liquid-nitrogen-cooled charge-coupled device (CCD). The excitation source was an Ar+ laser operating at 488 nm. A 20 × 0.7 numerical aperture (NA) objective (Olympus) was used to excite and collect the PL for heat-treatment studies and a 40 × 1.0 NA oil-immersion objective (Olympus) was used in the PL stability measurements. ASE was produced with a 1 kHz 150 fs pulsed frequency-doubled Ti:Sapphire laser under a 1D amplifier configuration. To measure the stability we used a variable-string-length configuration where we fixed the pump length to 0.2 cm [53]. The edgecoupled waveguided light was perpendicular to the excitation source and was detected by using an optical fiber connected to an Ocean Optics micro-spectrometer. M-line measurements were carried out using a HeNe laser at 632.8 and at 543.5 nm under TE polarization
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lieve QD-ZrO2 composites provide a superior functional material for optical-gain applications.
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