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Tunable mid IR plasmon in Gallium doped ZnO nanocrystals

Degenerate metal oxide nanoparticles are promising systems to expand the significant achievements of plasmonics into the infrared (IR) range. Among the possible candidates, Ga-doped ZnO nanocrystals are particularly suited for mid IR, considering their wide range of possible doping level and thus of plasmon tuning. In the present work, we report on the tunable mid IR plasmon induced in degenerate Ga-doped ZnO nanocrystals. The nanocrystals are produced by a plasma expansion and exhibit unprotected surfaces. Tuning the Ga concentration allows tuning the localized surface plasmon resonance. Moreover, the plasmon resonance is characterized by a large damping. By comparing the plasmon of nanocrystals assemblies to that of nanoparticles dispersed in an alumina matrix, we investigate the possible origins of such damping. We demonstrate that it partially results from the self-organization of the naked particles but also from intrinsic inhomogeneity of dopants.

Introduction

After having been extensively studied as TCO (transparent conductive oxide), highly doped (degenerate) metal oxide semiconductors are now being considered as a promising platform for the expansion of plasmonics in the IR [1,2]. The possibility to achieve plasmons in the near IR (NIR) in Al or Ga doped ZnO thin films, as well as in ITO (indium tin oxide) ones has been demonstrated [3,4,5] and even harvested to build metamaterials [6]. [7]. Whilst plasmonic materials in the NIR ranges have remarkably advanced, the exploitation of low-cost and reliable MIR materials remains yet a challenge. The pursuance of MIR plasmonics would add a substantial value to technological applications such as chemical sensing, bio-diagnostics, thermography, emitters, and near-field imaging. In particular, the mid IR (MIR) range is the domain where many molecules or chemical species exhibit strong optical resonances due to vibrational modes. This feature is the motivation of FTIR (Fourier Transform InfraRed) spectroscopy. In order to improve chemical sensing through IR spectroscopy, it is highly desirable to reproduce in the IR range the improvements of chemical sensing achieved in the visible range thanks to the use of plasmons in noble metal particles. For this purpose, designing nanoparticles that can sustain a MIR plasmon is of prime importance. This can be done either dynamically by inducing an electron gas in the conduction band of the particles using a pulsed high power laser [8,9,10] or by chemically doping the particles. The former strategy is interesting for high speed switches while the latter is better-suited to steady-state chemical sensing.

Several recent studies have demonstrated that the chemical doping is possible in oxide nanoparticles made of ITO, Al-doped ZnO (AZO), Ga-doped ZnO (GZO), or Sn-doped ZnO, ICO (indium doped Cadmium Oxide) and even WO3 [11,12,13,14,15] as well as in chalcogenide nanocrystals [16,[START_REF] Kriegel | Symposium on Ultrafast Dynamics of the 7th International Series in Optics and Photonics[END_REF][START_REF] Jain | [END_REF]. The major interest with degenerate semiconductors is the ability to tune the plasmon resonance through the control of the density of free charge carriers. Contrary to noble metals, it is possible to tune the plasmon resonance wavelength from about 1 µm to 5 µm [12] by controlling the carrier density over one order of magnitude (from a few 10 19 cm -3 to more than 10 21 cm -3 ). Expanding this range towards higher concentrations is a real challenge. Specifically, whatever the material, when increasing the carrier concentration and thus the doping fraction, one will face the solubility limit issue. Besides, while IR plasmons have shown to exhibit fewer losses than their noble metal counterparts in thin films [START_REF] Kalusniak | Proc. SPIE[END_REF][START_REF] Naik | [END_REF]21], it is not true in nanocrystals. It seems a common feature for assemblies of degenerate metal oxide nanoparticles to exhibit large damping [22]. However this feature is not commented upon and only recently have Milliron and co-workers addressed the issue [23], proposing that the damping is related to the incomplete activation of the doping impurities [24].

In the present work, we report on the physical synthesis of uncapped GZO nanoparticles by a plasma expansion in high vacuum. GZO is an interesting material because of its expected wide range of plasmon tuning (from near IR to mid IR) due to a large doping range. Furthermore, it is based on abundant and thus cheap elements. With free surfaces, the nanoparticles can self-organize. By varying the Ga content within the particles we are able to tune the plasmon wavelength from 3 to 4 µm. We establish that the maximum value of Ga homogeneously incorporated in ZnO nanoparticles resulting from the adiabatic expansion of a plasma lies between 6% and 9%. As expected the plasmon resonance is characterized by a large damping which is correlated to the partial activation of Ga dopants. By dispersing the nanocrystals in an alumina matrix, we synthesize a MIR plasmonic nanocomposite with reduced damping. This demonstrates that beside the heterogeneous distribution of Ga, the self-organization and the related interfaces also control the damping in the assembly.

Methods

Synthesis method

The nanoparticles have been synthesized by the LECBD (low energy cluster beam deposition) technique described in [25]. A plasma is first generated by ablating a target with a high power pulsed (10 Hz repetition rate) doubled (532 nm) YAG: Nd laser. The target is a pellet made of a mixture of ZnO and Ga2O3 (99.999% pure each) microscopic powders sintered and annealed at 800°C for 10h.

The plasma is first quenched by a constant flux of gas consisting of 75% He and 25% O2. The O2 amount has been chosen to preserve the stoichiometry of the resulting nanocrystals (cf. [25]). The buffer gas induces the stabilization of nucleation embryos (dimers and trimers). On these embryos, atoms from the plasma aggregate according to an accretion process when the plasma expands through a micrometer nozzle while leaving the nucleation chamber at some 20 mbar and reaching the deposition chamber at a few 10 -7 mbar. This important pressure variation (eight orders of magnitude) located over a very small distance (a few microns from the nozzle) leads to an adiabatic expansion of the plasma leading to the hyperquenching of the nanoparticles produced by accretion.

The resulting particles form a supersonic jet which is deposited on silicon substrates (see supporting information). Despite their high velocity, the kinetic energy per atom among the particles is lower than the binding energy per atom; this ensures that the particles do not break during deposition. The deposition rate amounts typically to 1 nm/min. This rate can be tuned directly by changing the laser power or its repetition rate. The films resulting from the deposition of the nanoparticles are several hundred of nm thick and look like foam, with a high porosity, estimated to be about 70% from the 3D percolation theory. This is illustrated in scanning electron microscope (SEM) images of the films shown in the supporting information.

Characterization techniques

The structure of the deposited particles has been investigated on the one hand by transmission electron microscopy (TEM) and on the other hand by X-Ray diffraction (XRD). TEM high resolution images were acquired on a JEOL 2010F operating at 200 kV, equipped with a Gatan Orius 100 CCD camera. For the determination of the size distribution of the nanoparticles, isolated nanoparticles were deposited on carbon coated Cu grids (from Ted Pella Inc.). The grids were placed directly in the particle beam for a few seconds to ensure the deposition of isolated particles (the corresponding equivalent deposited thickness is about 5Å). The contrast due the particle being not so high, the size distribution has been obtained from high resolution TEM images. XRD diffractograms were obtained on a Rigaku Smartlab diffractometer using the Cu K1 radiation ( = 1.54 Å). The elemental composition of the particles has been measured at the nanoparticle scale by Energy Dispersive X-ray spectroscopy (EDS) during the TEM analyses (80 mm 2 SSD detector from Oxford Instrument), at the surface of the nanoparticle assembly by X-ray photoelectron spectroscopy (XPS) using the Al K line at 1486.6 eV and at the scale of the whole nanoparticle films by Rutherford Backscattering Spectrometry (RBS) using a 4 He + ion beam accelerated at 3 MeV delivered by the 4 MV Van de Graaff accelerator of the Nuclear Physics Institute of Lyon (IPNL). The backscattered particles were detected with a 13 keV resolution implanted junction set at an angle of 160° with respect to the beam axis.

Furthermore, the presence of plasmon resonance has been probed by FTIR in the reflection mode.

Results

Nanoparticle assembled films

The LECBD technique has already been used to synthesize ZnO nanocrystals [25,26]. The resulting particles are crystallized in the wurtzite structure. In the case of Ga doping at 3%, 6% and 9%, the TEM analysis in the high resolution mode confirms that it is still the case, as illustrated in fig. 1 and in the supporting information. The size distribution of the as-synthesized nanocrystals, measured on a collection of 78, 53 or 48 isolated particles for the 3%, 6% and 9% doped samples, respectively, is visible in Fig. 1b). With a level of confidence of 95%, the mean size of particle distribution could be calculated as 5.6 ± 0.3 nm, 6.3 ± 1.2 and 6.7 ± 1.7 nm for the samples doped at 3%, 6% and 9% respectively. 3 % 6 % 9 %

The wurtzite structure is confirmed by XRD on the films resulting from the deposition of the nanocrystals (see fig. 2). No other phase, and in particular any phase related to pure Ga or Ga compound, is observed. However, the mean size of the crystalline domains as deduced by Scherrer's equation, assuming perfect crystals without defects, is 18.7 nm, 20.7 nm and 20.4 nm for the 3%, 6%

and 9% doped GZO samples respectively. This discrepancy has already been noticed for pure ZnO nanocrystals produced by the LECBD technique [26] as well as by other techniques (see [27] and references therein). It results from the oriented attachment (OA) of the initial uncapped nanocrystals which tend to reduce the energy of the free surface of their facets by epitaxial attachment. Indeed, when the nanoparticles reach the substrate, they conserve a certain kinetic energy. This kinetic energy allows them to rotate a little upon impact on the sample and present their facets to those of other already present nanoparticles. This leads to the sticking of neighboring nanoparticles. Because the facets are uncapped they can arrange so as to minimize the interface energy. This is done when epitaxy is achieved, giving rise to larger single crystal domains. Because the OA is a statistical process, the resulting domains are very likely to be non spherical. OA is a quite general process in systems using nanoparticles as primary building blocks (for a complete review, see [27]). An example of two nanocrystals attached according to this process is given in supplementary information. The result of the OA is thus larger crystalline domains which are not quasi-spherical anymore and with defects at the interfaces because of an imperfect epitaxy. To name a few, we can mention twin boundaries and dislocations. The XRD analysis also provides us with the mean reticular spacing. As expected, since gallium has an ionic radius of 0.62Å and covalent radius of 1.26Å, which are close to those of zinc (0.74 Å and 1.31 Å), the increase in the inter-reticular distance is very small (supplementary information): it increases almost linearly with the Ga fraction and reaches only 0.38% at 9% Ga .

Figure 2: diffractograms of GZO nanocrystal samples with 3%, 6% and 9% Ga content. techniques. The XPS analysis, which probes the same area but on a much smaller depth (of about 10 nm), is in fair accordance with the RBS results and the nominal values for the lowest doping levels but is drastically different for the larger doping level. Instead of the 9% doping expected, we only measure a Ga content of 5%. This suggests that for the highest doping level the Ga distribution is not homogeneous along the deposition direction. It is likely that as the ablation of the target occurs, the composition of plasma changes either because the target is not homogeneous in depth or because the ablation is a selective process for the highly doped target. When we probe the samples at the scale of individual particles by EDS, the composition is rather constant from particle to particle for the 3% and 6% doped GZO nanocrystals. A variation of ± 2% is found. However, for the 9% doped sample, strong variations of the Ga content are evidenced from particle to particle, some exhibiting 8% Ga content while others have 45% of Ga. In accordance with the XPS analysis, we can conclude that the incorporation of Ga is homogeneous for concentrations lower than 9%. This observation is interesting regarding the solubility limit issue. Several scenarios have been evoked regarding the incorporation of impurities in nano-objects [28]. On the one hand, if the synthesis is ruled by thermodynamics, the dopant solubility in nanoparticles should be lower than the bulk one (measured between 0.5% and 1.5% in bulk ZnO [29]), leading to self-purification and dopant segregation at the particle surface. On the other hand, if kinetics rules the synthesis, the solubility limit can be higher in nanoparticles than in the bulk and the location should be homogenous throughout the nanoparticle.

In our synthesis technique, the particle growth is obviously ruled by kinetics. However, the Ga content is inhomogeneous from particle to particle and, even if some particles can incorporate an amount of Ga impurities larger than the thermodynamic limit, it is not sure at all whether the Ga atoms are rejected at the surface or not, leading to a kind of self-purification mechanism. Further studies are necessary to investigate this point which is of prime importance to reach the maximum efficient incorporation amount of Ga in ZnO nanoparticles. The XPS analysis also provides hints on the local chemical environment of the species in the GZO nanocrystals. In particular, we are interested in the chemical state of Ga dopants. Figure 3 shows the Ga 2p3/2 peak for the three concentrations of Ga. Each peak can be decomposed into two contributions which are fitted by Gaussian functions. The prominent one, centered at 1118.9 ± 0.2 eV, is attributed to Ga 3+ ions bound to O [30,31,32]. These ions may be in substitution of Zn 2+ in the wurtzite ZnO structure. The second one, peaking at 1116.8 ± 0.2 eV, can originate from metallic Ga [31,33]. It is worth noticing that its intensity is about one tenth of the prominent contribution. A third minor contribution is observed only for the 3% doped GZO nanoparticles, peaking at 1121 ± 0.2 eV.

This contribution can hardly be assigned to Ga and no hypothesis is proposed yet. A complete detailed analysis of the XPS results is presented in the supplementary information.

The effect of Ga doping on the IR optical properties of the nanocrystal assembled films has been investigated by FTIR reflectance measurements. The results are shown in fig. 4. As compared to pure ZnO nanocrystals, we can observe a reduction of the reflectivity around 2500 cm -1 (4 µm) for all GZO samples. A broad band can be seen which shifts from 4 µm to 3 µm as the Ga content increases from 3% to 9%. This shift is in accordance with a plasmonic behavior. However, concomitantly to this shift, a decrease of the reflectivity amplitude is also expected as the electronic density, thus the Ga content, increases. This is not the case. Actually, for the 9% doped sample, the peak is rather small. This can be explained by the large chemical inhomogeneity of that sample reported previously.

Indeed, among the sample, few nanocrystals are actually doped at 9%. Some are less doped whereas others have exceeded the solubility limit. The latter do not contribute to the plasmon signal. Another hypothesis to explain our data could be intraband absorption. Since the nanocrystals have a significant free electron density, they can induce an intraband absorption in the conduction band.

Assuming that each Ga dopant contributes to the electronic density by one electron, the expected order of magnitude of the latter would be about a few 10 20 cm -3 (see table 1). For such a concentration, A. Germeau et al. [34] have shown that the intraband absorption is located at approximately 5 µm and is not so much dependent on the concentration of the electron gas. We thus safely believe that our observations are the signature of a localized surface plasmon resonance (LSPR) induced by the Ga incorporation, even though a minor contribution of intraband absorption cannot completely be excluded in the 5µm range. We subsequently deduce the electron density corresponding to the observed peaks. Using the simple Drude's model, the frequency of the bulk plasmon resonance p is related to the electron density n through:

𝜔 𝑝 = √ 𝑛𝑒 2 𝜀 0 𝜀 𝑟 𝑚 * (1)
Where e is the electron charge, m* the effective mass of free electrons in ZnO (assuming it is not significantly perturbed by the high electron density value), 0 the permittivity of free space and r the relative permittivity of ZnO. The surface plasmon induced in a collection of identical particles dispersed in a surrounding medium with a permittivity m is:

𝜔 𝑠𝑝 = √ 𝜔 𝑝 2 𝜀 ∞ +2𝜀 𝑚 (2)
Where e is the high frequency permittivity of GZO (we approximate it with the value of 3.7 reported for ZnO [35]).

The estimation of m is not straightforward. For particles diluted in a dielectric medium, the Maxwell-Garnett model is well adapted. However, this does not correspond to the case of our samples where nanoparticles are connected and touch each other forming a random network with 70% porosity (3D percolation limit). We have thus preferred the Bruggeman model to describe our samples. The medium surrounding a given nanocrystal is treated as a mixture of 30% GZO and 70% of air. Using this treatment, we extract the electron density values reported in table 1. The free carrier concentration varies from 1.8x10 20 cm -3 to 4.1x10 20 cm -3 which corresponds to 700 up to 1600 electrons per particle respectively. Mendelsberg et al. [23] have shown that equation 2 actually induces an inherent error in the determination of p from sp for degenerate semiconductor nanoparticles. Consequently, the values reported here must be considered as approximations (overestimations) of the real ones. Ga is a shallow donor when properly introduced in ZnO with an activation energy of about 16 meV, much lower than the thermal activation energy at room temperature. A striking fact is the difference between the Ga concentration and the actual free electron density. The two quantities differ by a factor of 2, meaning that at best (keeping in that the carrier concentration is overestimated), only 1/2 of the Ga atoms introduced effectively contribute to the free electron gas. The value seems low but it is in accordance with most of the reported values and in particular those for Al doped ZnO particles or ITO particles [22,24]. Moreover, our spectra present an asymmetrical line shape as reported by Milliron et al. [24]. Following the results from Milliron and co-workers, the last two observations can be consistently explained by the random distribution of the dopants among the nanocrystals.

We can further propose that a large fraction of the electrons provided by the Ga atoms are trapped at the numerous defects, such as twin boundaries, dislocations and dangling bonds possibly located at the interfaces of the nanocrystals. Recalling that unprotected surfaces of ZnO are highly sensitive to air moisture and contamination and that this sensitivity leads to the presence of a depletion region underneath the surface, we can understand why so many electrons are lost for the LSPR. To sum it up, there may be two causes for the low activation of dopants: the first one is the incorporation of Ga atoms in inefficient sites, the second one is the trapping of free electrons at defects at the surface or interfaces. These two causes are not independent since inefficient sites for Ga atoms can be defects at the surface of the nanocrystals. If we stick to the simple model of the surface depletion region commonly evoked for ZnO nanoparticles, considering an activation of 1/2 of the Ga dopants and assuming the dopants are homogeneously distributed within each particle (as explained above) this leads to define a 2 nm "dead layer" below the surface of our 20 nm nanocrystals where the dopants are not activated.

Nanoparticles embedded in matrix

In order to investigate the parameters ruling the LSPR and its damping, related to the full-width-athalf-maximum (FWHM), we have embedded the 3% GZO nanocrystals in an Al2O3 matrix. The alumina matrix has been deposited using an electron gun for sublimation concomitantly to the nanocrystal deposition at much higher rate to ensure the nanocrystals are isolated. Hence they do not undergo OA. Contrary to the case of a nanoparticle assembled film, their size dispersion is known and is identical to the one of the isolated particles of fig. 1b, i.e. 5.6 ± 0.3 nm. The corresponding reflectance spectrum is presented on fig. 5 along with that of the same nanocrystals not embedded in the matrix. We first observe that the LSPR is red-shifted to 2100 cm -1 (4.7 µm) when the nanocrystals are embedded in the alumina matrix. This is in agreement with equation (2) where m is now the permittivity of the effective medium consisting of the alumina matrix and the GZO the particles. In this case, the Maxwell-Garnett model is adapted and m is 2.5, thus larger than that deduced in the case of a porous GZO nanoparticle film. This further goes to show that we are dealing with LSPR. However, the red-shift might also result from a decrease of the free electron density (see eq. 1). This hypothesis is not likely since in this case the GZO nanocrystals are isolated and fully passivated by the surrounding alumina matrix. We can thus expect the number of surface traps and interface defects to be reduced. This is confirmed by applying Drude's model to the GZO nanoparticles embedded in the alumina matrix. We get an estimated free electron density of 1.14x10 20 cm -3 , slightly larger than in the case of the particle assembled film. The fraction of activated Ga atoms is here 0.34, instead of 0.3. The crystalline disorder is reduced whereas the chemical disorder (inhomogeneity of the Ga atoms), which is mainly controlled by the synthesis conditions, is not affected.

The last observation that can be made concerns the FWHM, thus the LSPR damping. When the nanocrystals do not interact through OA and are isolated, the FWHM is reduced from 2331 cm -1 to 1140 cm -1 . Complementarily to the results of Milliron et al. [24] stating the FWHM is ruled by the dopant segregation among the particles, our results show that the LSPR damping is also influenced by the organization of the nanocrystals. When the particles are connected via OA, with twin boundaries, dislocations, possibly strain at the particle interfaces, the disorder is increased, the mean free path of the electrons is decreased and leads to an increased damping.

Besides, a recent work [36] on gold nanoparticles has shown that interactions between particles broaden the plasmon resonance. Either the capacitive coupling between LSPR of metal nanoparticles separated by a few nm or the delocalization of LSPR over fused metal nanoparticles lead to a spectral distribution of the LSPR. When a statistical variation of either the separating distance or of the number of fused metallic nanoparticles is present, the addition of the stochastically shifted LSPR leads to a broadened plasmon resonance. The FWHM of the plasmon resonance is thus not directly linked to the plasmon damping here. In our case the OA plays the same role as the fusion of the particles in the work of Dujardin et al. [36]. By attaching via epitaxy the initial nanoparticles, the OA process leads to a delocalization of the LSPR over several nanoparticles (the number of epitaxially attached nanoparticles varying among the sample), resulting eventually in a broad plasmon spectrum consisting of the sum of several shifted LSPR. When the OA is forbidden by embedding the particles in the matrix, the delocalization is not possible and hence the FWHM of the plasmon resonance is reduced. This statement may also explain the general broadening of the LSPR observed in most of the studies devoted to particle assembled films. 

Conclusions

We have synthesized by adiabatic expansion Ga doped ZnO nanoparticles in the gas phase. The resulting clusters are crystallized and self-organize during deposition through oriented attachment, leading to nanocrystals of 20 nm of mean size. The incorporation of Ga up to 6% is efficient and homogeneous whereas for 9% Ga concentration, the Ga atoms are inhomogeneously distributed from particle to particle. The chemical analysis reveals that the Ga atoms are linked to O atoms and that 1/2 of them do not efficiently contribute to the LSPR. Nevertheless, the free electron concentration can be tuned from 1.8.10 20 cm -3 to 4.1.10 20 cm -3 . Accordingly, the LSPR is tuned from 4 µm to 3 µm. The LSPR are characterized by large damping, as reported for other metal oxide plasmonic nanocrystals. The damping is reduced when the GZO nanocrystals are isolated in an alumina matrix, thus forbidding the oriented attachment to occur. Complementarily to recent results from the literature stating the damping is ruled by the dopant segregation among the particles, our results show that the LSPR damping is also influenced by the organization of the nanocrystals. Of prime importance is the surface and interface state of the plasmonic oxide nanoparticles in limiting the activation of the dopants.
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 1 Figure 1: a) low magnification TEM image of isolated GZO nanoparticles. Upper inset: high resolution

Figure 3 :

 3 Figure 3: Ga 2p3/2 peak for the 3%, 6% and 9% doped GZO nanoparticles (a), b) and c) respectively).

Figure 4 :

 4 Figure 4: FTIR reflectance spectra of GZO nanoparticles films with different Ga content deposited on Si substrates. A slight contribution of the OH vibration modes at approximately 3400 cm -1 (3 µm) can

Figure 5 :

 5 Figure 5: reflectance of 3% doped GZO nanocrystals assembling as a film or embedded in a Al2O3

Table 1 :

 1 The chemical compositions of the samples as deduced by EDS, XPS and RBS are summed up in table1. The RBS technique which probes the films over a large area (~1 mm 2 ) and in complete depth gives values which should be considered as reference values to be compared to values from other

	Nominal	XPS	EDS	RBS	nGa(cm -3 )	n (cm -3 )	n/nGa
	composition						
	3%	2 ± 1%	4 ± 2%	3 ± 1%	3.3. 10 20	1.8. 10 20	0.5
	6%	5 ± 1%	6 ± 2%	8 ± 1%	5.8. 10 20	3.5. 10 20	0.6
	9%	5.4 ± 1%	8 to 45%	13 ± 1%	9.7. 10 20	4.1. 10 20	0.4

Ga content (at. % with respect to Zn) of the GZO nanocrystals as deduced from different techniques, EDS (at the particle scale), RBS (at the whole film scale) and XPS (at the scale of the first nanoparticle layer). Mean Ga concentration (deduced form RBS) and free electron density (deduced from Drude's model applied to the plasmon resonance). The ratio n/nGa indicates the fraction of Ga dopant actually contributing to the plasmon.
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