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The optical response of ZnO nanocrystals (NCs) doped with Al (Ga) impurities is calculated using a model that incorporates the effects of quantum confinement, dielectric mismatch, surface and ionized impurity scattering. For dopant concentrations of a few percent, the NC polarizability is dominated by a localized surface plasmon resonance (LSPR) in the infrared (IR) which follows the Drude-Lorentz law for NC diameter above * To whom correspondence should be addressed 1 Metallic plasmonic nanocrystals (NCs) have been intensively studied for light-harvesting 1 and bio-sensing 2 applications. At the local surface plasmon resonance (LSPR), the enhanced electric fields in the vicinity of the NC surface are used to concentrate far-field radiations.

 the effect of impurity scattering on the linewidth was either introduced as a free parameter or described using a Drude-Lorentz theory based on bulk properties. While it was shown experimentally 40 and theoretically 39,40 that the LSPR in semiconductor NCs can be strongly shifted in energy by the quantum confinement, the effects of spatial, quantum

∼ 10 nm but is strongly blue-shifted for smaller diameters due to quantum confinement effects. The intrinsic width of the LSPR peak is calculated in order to characterize plasmon losses induced by ionized impurity scattering. Widths below 80 meV are found in the best cases, in agreement with the lowest values recently measured on single NCs. These results confirm that doped ZnO NCs are very promising for the development of IR plasmonics. The width of the LSPR peak strongly increases when dopants are placed near the surface of the NCs, or when additional fixed charges are present. and dielectric confinements on impurity scattering processes are presently unknown. Indeed, in NCs, the quantization of the electronic levels could perturb the scattering channels, and electron-electron and electron-ion interactions could be influenced by the presence of the surface. [START_REF] Delerue | Nanostructures: Theory and Modeling[END_REF] In addition, the position of the impurities in the NCs is expected to play an important role, not only on the energy 7,39 but also on the linewidth of the LSPR peak. As a consequence, the minimum value of the Full Width at Half Maximum (FWHM) of the LSPR peak in doped semiconductor NCs is still unknown from a theoretical point of view.

In this paper, I present calculations of the dynamic polarizability of Ga(Al)-doped ZnO NCs in order to predict the intrinsic linewidth of the LSPR peaks. The theoretical methodology allows to work on NCs with diameter up to 14 nm and with a number of free carriers up to 700 but nevertheless describes the dopant impurity potential at the microscopic level and includes quantum and dielectric confinement effects on both the electronic structure and the impurity scattering. The calculations confirm the important role of the quantum confinement on the LSPR energy. 39,40,[START_REF] Greenberg | [END_REF] On the contrary, it is found that the calculated LSPR linewidth has a little dependence on the NC size. The narrowest linewidths just limited by ionized impurity scattering are predicted in good agreement with the smallest experimental values measured on single ZnO NCs, 23 confirming the great potential of oxide NCs for plasmonic applications. It is also shown that the FWHM is considerably increased when additional fixed charges are introduced in the NCs, or when the dopants are preferentially placed near the surface of the NCs. These results provide lower limits for the linewidths and useful indications toward their minimization in doped oxide NC systems, and in doped semiconductor NCs in general.

The calculations are based on a single-band theory in the Random-Phase Approximation (RPA). ZnO is described by a conduction band of effective mass m e = 0.25m 0 where m 0 is the free-electron mass. The small effective-mass anisotropies induced by the anisotropic wurtzite lattice of ZnO can be safely neglected (Supporting Information). The effective-mass theory provides a very good description of donor impurities in bulk ZnO, in particular for the electron binding energy. 43 The chemical shifts on Al and Ga impurities are small ( 3 meV) and their influence was found to be negligible on the LSPR spectra. The quantum states Ψ n of energy E n are calculated for spherical NCs (radius R) assuming an infinite potential well at the surface. For that purpose, the Schrödinger and Poisson equations are solved selfconsistently on a regular three-dimensional grid. In order to work with linear equations, the problem is rewritten in a Tight-Binding (TB) formalism characterized by a single s orbital φ i per site i and a nearest-neighbor hopping t. For convenience, a grid was built on a zinc-blende lattice but it was checked that the same results can be obtained using a cubic lattice. The hopping term is chosen to give the correct effective mass in the bulk, i.e., t = -4 2 /(m e a 2 ) where a is the lattice parameter. Dopants (Ga or Al) are placed at random positions on the grid, excluding the sites at the surface. The Coulomb potential induced by a fixed charge +e at each impurity nucleus is added to the bare TB Hamiltonian, 37,[START_REF] Delerue | Nanostructures: Theory and Modeling[END_REF] as well as the potential induced by the free electrons (hereafter, those brought by the dopants). The total potential is solved self-consistently. 44 The dielectric response inside the NC is described by the static dielectric constant of bulk ZnO, which is totally justified for NC diameters above 4 nm. [START_REF] Delerue | Nanostructures: Theory and Modeling[END_REF] We calculate the polarizability of a NC along a direction u at the photon energy hν as

α(hν) = -e 2 i,j χ rpa ij (R i • u)(R j • u)
, where the sum is over all sites i and j of position R i and R j , and χ rpa is the RPA susceptibility matrix. 45 χ rpa is given by χ 0 ε -1 , where ε = I -V χ 0 is the dielectric matrix, [START_REF] Hedin | Solid State Physics[END_REF] I is the identity matrix, V is the matrix of the bare electron-electron interaction (V ij = e 2 /|R i -R j |), [START_REF] Lannoo | [END_REF]48 and χ 0 is the independent-particle susceptibility matrix 46

χ 0 ij = χ v ij + n,n (f n -f n )c n,i c * n ,i c n,j c * n ,j hν -(E n -E n ) + iη . (1) 
The first term χ v represents the response of the valence electrons and the second one of the free electrons. f n is the electronic population at T = 300K on the state Ψ n = i c n,i φ i .

The matrix χ v is restricted to on-site and nearest-neighbor terms. The latter are all given by a single term equal to (ε ∞ b -1)a/(4π) where ε ∞ b is the dynamical dielectric constant of bulk ZnO at the frequency ν. 49 The on-site terms are determined by the relations j χ v ij = 0 that come from the charge conservation in the system. 48 This method provides a good description of the dielectric response to slowly-variable potentials in semiconductor NCs. [START_REF] Delerue | Nanostructures: Theory and Modeling[END_REF]45,48 Details on the methodology can be found in these references. The computation of χ rpa typically scales as n e V 3 where n e is the number of free electrons and V is the NC volume. In spite of this unfavorable scaling, it has been possible to investigate NCs with diameter up to 14 nm.

Finally, it is worth noting that surface scattering processes are naturally described in these calculations.

In the following, all presented spectra have been obtained with a broadening η of 0.01 eV (the role of this value will be discussed later). For the sake of comparison, the spectra correspond to α(hν)/R 3 as the polarizability α(hν) scales as R 3 . The dopant concentration is defined as the ratio between the number of dopants and the number of cations in the undoped NC.

Typical spectra of the dynamical polarizability are shown in Figs. 1a,b for NCs characterized by a uniform doping, and a ratio between the numbers of free carriers and dopants (doping efficiency) of 100%. For a number of dopants typically larger than 10, 37 each absorption spectrum [∝ imaginary part of α(hν)] is characterized by a broad peak in an energy region where the real part of α(hν) becomes negative. The integral of the absorption cross section, ∼ ∞ 0 εIm[α(ε)]dε, is proportional to the number of free carriers (Supporting Information Fig. S1). 39 At a dopant concentration of 0.6%, the LSPR peak for the NC diameter D of 6 nm exhibits (Fig. 1a) some fine structures (small oscillations) which are less visible for D = 12 nm (Fig. 1b). This is explained by a statistical effect, since the plasmon in the larger NC comes from the coupling between oscillators induced by 240 free electrons, compared to 30 in the smaller NC. As a result, the LSPR peak for D = 6 nm still contains some small structures that come from single-particle transitions. 37 Disorder effects (e.g., related to dopant positions) are also less averaged in a NC containing 30 impurities than 240.

The evolution of the LSPR peak energy (taken at the peak maximum) is shown in Fig. 1c. For D = 12 nm and 14 nm, the energy is very well described by the Drude-Lorentz theory which gives

ω DL ≈ 4πne 2 m e (ε ∞ b + 2ε m ) , ( 2 
)
where n is the volume density of free carriers and ε m is the dynamic relative permittivity of the surrounding medium (here equal to unity, except otherwise stated). Equation 2 is valid at the condition γ 2 ω 2 DL where γ is the damping factor. 3 In this situation, γ coincides with the FWHM of the LSPR peak.

The calculated LSPR peaks are clearly shifted to higher energy with respect to ω DL in the smallest NCs, as already shown in previous works on doped semiconductor NCs. 37,39,40 In the present case, the blue shift can be interpreted by the effect of the quantum confinement on the plasmon. 39,40 As a matter of fact, we have checked that, if we tune the effective mass of the conduction band, the difference between the calculated values and ω DL scales as 1/m e (Supporting Information Fig. S2). Confinement effects are found negligible for diameters above 12 nm, in excellent agreement with the results of Refs. 40,[START_REF] Greenberg | [END_REF] In accordance with these findings, recent measurements on single AZO NCs demonstrate the absence of correlation between the LSPR peak energy and the NC size for D > 10 nm. 23 In the single-NC experiments of Ref., 23 the Al concentration was evaluated between 1.3% and 2.0%, with an average of 1.6%, and the LSPR peak was found between 0.24 eV and 0.33 eV (region depicted by a gray rectangle in Fig. 1c). These values are consistent with ensemble measurements made on AZO and GZO NCs. 21,22,24,25 In order to interpret LSPR peak energies in this range, it is necessary to consider two effects: 1) the average dielectric constant ε m of the environment is larger than unity; 2) the doping efficiency can be well below 100%, as discussed in previous studies. 21,25,[START_REF] Greenberg | [END_REF][50][51][52] For example, the Drude-Lorentz law for ε m = 2.0 and a doping efficiency of 20% gives LSPR peak energies compatible with the experimental observations (Fig. 1c). It is important to realize that, in real experimental situations, the dielectric environment of the NCs is not homogeneous and is likely to change from NC to NC.

The FWHM of the LSPR peak was obtained by fitting Im[α(hν)] with a Lorentzian function and by extracting its width F (η). Using the fact that F (η) is a linear function of the broadening parameter η (Fig. S3, Supporting Information), it is easy to determine the limit F (η → 0) that gives us the intrinsic FWHM presented in Fig. 1d. Remarkably, if we perform the same calculations but in a jellium model, i.e., after replacement of the dopant ions by an equivalent homogeneous positive charge, F (0) is very small whereas, in the model with real dopants, values of a few tens or hundreds of meV are obtained (Fig. S3, Supporting Information). This confirms the essential role of ionized impurity scattering on the plasmon damping. 5,17,20,23,34,35 In fact, the scattering of the electronic waves by the dopants leads to a profound reorganization of the single-particle intraband transitions (Supporting Information, Fig. S4) in such a way that some of them become resonant with the LSPR and provide a direct channel for the plasmon decay (Landau damping).

Figures 1c,d show that the FWHM of the LSPR peak is always small compared to the LSPR energy (implying γ 2 ω 2 DL ), explaining why the LSPR energies agree with Eq. 2 when confinement effects become negligible. In addition, the results show that surface scattering is negligible for the dopant concentrations investigated here (> 10 20 cm -3 ), at least for NCs with a spherical shape in absence of surface roughness.

The linewidths presented in Fig. 1d do not include the contribution (γ ph ) from phonon scattering (at 300K, mainly polar phonon scattering 53 ). This contribution can be estimated from the carrier mobility µ measured in best-quality undoped (lightly doped) ZnO samples.

A mobility of 440 cm 2 /(Vs) was found in Ref. 53 from Hall measurements confirmed by the theory, in good agreement with terahertz time domain spectroscopy measurements of Ref. 54 [493 cm 2 /(Vs)]. This gives a damping factor γ ph = e/(m e µ) of about 10 meV. This phonon contribution is small compared to the FWHMs of Fig. 1d but becomes non negligible for the lowest dopant concentrations (<0.5%), and will become dominant for concentrations below 0.1%. In addition, if the number of dopants in a NC is of the order of 10 or below, a regime is reached where the LSPR peak strongly overlaps with intraband transition peaks, giving rise to more complex lineshapes 37 (see also Refs. 22,55 for single-particle spectra). This regime was not considered here.

Figure 1d shows that the FWHM of the LSPR peak increases with the dopant concentration due to the increasing scattering of the free carriers by the ionized impurities. However, this dependence is sub-linear due to the variations of the screening length and the Fermi level with the carrier density. 56,57 The weak dependence of the FWHM on the NC size suggests that the electrons are scattered by ionized impurities in NCs approximately like in bulk.

Remarkably, Fig. 1d shows that the well-known Brooks-Herring theory 56,57 that describes impurity scattering in a bulk degenerate semiconductor (details in Supporting Information) not only explains the evolution of the FWHM with the dopant concentration but also provides the correct magnitude. Deviations of the calculated FWHMs from the Brooks-Herring law are only visible in the smallest NCs at high doping level (Fig. 1d). The effect of the quantum confinement on the impurity scattering mechanism is therefore weak, which seems counter-intuitive since at the same time the LSPR peak energy is strongly affected. On one hand, this can be understood by the fact that impurity scattering takes place at a length scale corresponding to the mean distance between impurities which is much smaller than the NC diameter. On the other hand, the single-particle oscillators remain quantized due to the confinement, influencing the LSPR frequency. 39,40 Some experimental studies on ZnO films have reported that the carrier mobility can sometimes increase at growing dopant concentration, 53,58 in contradiction with the Brooks-Herring theory. This is interpreted by the presence of grain boundaries forming barriers which are reduced at high doping level. This effect cannot be operative in single-crystalline NCs.

The curves of the FWHM vs dopant concentration (Fig. 1d) present small oscillations which can be understood as follows. The LSPR in doped NCs comes from the complex coupling between many single-particle intraband transitions of the free carriers. Even if, for a sufficiently high number of free carriers, the response of the NCs is dominated by collective oscillations at frequencies that only depend on the carrier concentration, 37 the shape and the width of the LSPR peak are still influenced by the underlying single-particle transitions.

The FWHM of the LSPR peak for single AZO NCs was measured between 75 meV and 197 meV, with a median at 150 meV. 23 The theoretical data are clearly compatible with the Figure 2: (a) FWHM of the plasmon peak in 6-nm NCs vs active dopant concentration calculated for different situations: uniform doping (black, +), doping in a 4-nm core (green, * ), doping in a 1-nm-thick shell (red, circles), uniform doping but with an efficiency of only 30% (blue, ×). Magenta triangles: uniform doping but the NCs are embedded in a medium with the same dielectric constant as ZnO. (b) Spectra of Im(α(hν)/R 3 ) for a 6-nm NC containing 100 dopants, uniformly doped (Full), doped in a 4-nm core (Core) or doped in a 1-nm-thick shell (Shell). (c) Same as (b) but for the real part Re(α(hν)/R 3 ). (d-f) Results for 12-nm NCs containing 120 active dopants. (d) Energy (solid lines) and FWHM (dotted lines) of the plasmon peak vs core diameter. The dopants are located either in the core (blue, circles) or in the shell (red, triangles). Imaginary (e) and real (f) parts of α(hν)/R 3 for uniform doping (Full) or doping in a 4-nm core (Core). lowest experimental values. The present calculations confirm that a FWHM below 100 meV is attainable, which is very promising for applications of doped ZnO NCs in the IR. However, these narrow LSPR peaks are predicted for single uniformly-doped NCs. For example, the FWHM tends to increase in assemblies of NCs due to the coupling between LSPR of neighbor NCs. 25 It is enlightening to look at physical parameters that influence the FWHM of the LSPR peak. Three features are considered, the dielectric screening by the surrounding medium, the position of the dopants, and the presence of additional scattering centers. It is found that the dielectric constant of the environment has little influence on the FWHM of the LSPR peak whereas it has a strong effect on the LSPR peak energy. Very similar values of the FWHM are obtained for ε m set at the bulk ZnO value and for ε m = 1 (Fig. 2a). This is due to the strong screening by the free carriers of the electrostatic potential of the dopants which therefore becomes quite insensitive to the environment. This is also consistent with the weak dependence of the FWHM on the NC size.

The role of the dopant position was studied by considering core-shell ZnO NCs in which the dopants are placed either in the core or in the shell. Examples of spectra for D = 6 nm are presented in Figs. 2b,c. When the dopants are located in a 5-nm diameter core, the LSPR peak is slightly shifted to higher energy compared to the uniform doping case but the FWHM remains relatively unchanged except at high doping level where the FWHM is slightly reduced (Fig. 2a). On the contrary, when the dopants are placed in a 1-nm-thick shell, the LSPR peak is red-shifted (as found in Ref. 39 ) and its FWHM is considerably increased. In that case, the electron gas is strongly pushed towards the surface (a typical example is shown in the Supporting Information Fig. S5a) and the scattering by dopant impurities is therefore maximized. The LSPR peak becomes very broad and the real part of α(hν) does not reach negative values, i.e., the plasmon is strongly damped. These trends are also found in 12-nm NCs as shown in Fig. 2d which presents the energy and the FWHM of the LSPR peak as functions of the core diameter (shell thickness). A main conclusion of this study is that the doping in a shell near the surface must be avoided if we want to reduce plasmon losses.

An interesting situation occurs when the dopants are placed in a small core at the center of the NC, for example in a 4-nm core of a 12-nm NC (Figs. 2e,f). The imaginary part of α(hν)/R 3 is characterized by three peaks instead of one for uniform doping, and the real part always remains positive. The lowest peak has the highest intensity and is shifted to lower energy compared to the full-doping case (Fig. 2d). The three peaks are attributed to coupled oscillations of different parts of the electron gas. Due to the concentration of the dopant impurities at the center of the NC, an important part of the electron gas is localized in the interior of the NC (Supporting Information Fig. S5a). A deeper analysis of the polarizabilities shows that the lowest-energy peak mostly comes from dipoles close to the surface, approximately like in the case of uniform doping (Supporting Information Fig. S5b).

On the contrary, the two other peaks at higher energy involve dipoles formed at the interior of the NC.

Figure 2a also shows that the FWHM of the LSPR peak is considerably increased in a situation where only 30% of the dopants are electrically active, the remaining dopants being still ionized but compensated by positive charges introduced at random positions.

These positive charges could simulate the effect of compensating defects (e.g., vacancies, other impurities). In that case, the FWHM of the LSPR peak reaches very high values, above 400 meV, due to the high number of fixed charges that induce a relatively unscreened potential.

We have seen that the FWHM of the LSPR peak for single AZO NCs was measured between 75 meV and 197 meV, with a median at 150 meV. 23 In addition, the measured LSPR peak energies can be explained only if the doping efficiency is low, possibly of the order of 20% (Fig. 1c). However, we conclude from the present calculations that these inactive dopants cannot be all in the ionized state because, otherwise, the FWHM would be too large compared to experiments. In other words, an important fraction of the inactive dopants are probably in a neutral state. For example, dopants could be at surface, antisite or interstitial sites, or associated with another defect to form close pairs. Further experimental and theoretical studies are therefore necessary to investigate situations where dopants behave as neutral centers. In addition, it would be important to determine the relative amount of dopants staying close to the surface since we have seen that they tend to enhance the plasmon damping. If we consider a dopant concentration of 1.5% and among them 80% are inactive but neutral, if we assume that neutral defects do not significantly contribute to electron scattering, the FWHM of the LSPR peak must be the one predicted for an active dopant concentration of 0.3% and therefore, from the present work, should be of the order of 70 meV (Fig. 1d), including a phonon contribution of 10 meV. Remarkably, this is close to the lower value found in single-NC experiments of Ref. 23 If we consider the experiments on core/shell-doped NCs, the situation is unclear. In Ref., 59 a narrowed lineshape is found in Sn-doped In 2 O 3 NCs when Sn atoms segregated near the surface. In Ref., 19 the lowest damping is obtained when the core is doped. When the shell is doped, the LSPR linewidth is larger than in core-doped NCs but is smaller than in homogeneously-doped NCs, except for thick shells (> 2.5 nm). This complex behavior could be due to a doping efficiency depending on the placement of the dopants 7 or the thickness of the shell. In addition, the FWHM measured in ensembles of Sn-doped In 2 O 3 NCs for various doping configurations ranges from 1600 to 3100 cm -1 , 19 while measurements on single homogeneous NCs give values as low as 600 cm -1 . 23 In these conditions, it is difficult to conclude since the sample heterogeneity may vary depending on the placement of the dopants.

The present work suggests that the LSPR linewidth could be reduced in absence of impurities. However, this narrowing is not seen in the case of photodoped ZnO NCs. 40,52 Two reasons can be invoked. First, in absence of positive charges inside the NC, the electron gas is strongly pushed at the surface and therefore its oscillation becomes strongly sensitive to surface effects (even more than in the case of shell-doped NCs). Second, the FWHM of the NC ensemble may be determined by inhomogeneous broadening, as found in experiments on single AZO NCs. 23 Many experimental studies have reported LSPR peaks characterized by an asymmetric lineshape (for a recent discussion, see Ref. 7 ). This asymmetry is interpreted by a frequencydependent energy-loss induced by ionized impurity scattering usually described by an analytic expression which can be used to fit the experimental lineshape via free parameters. 60 However, the physical meaning of these extracted parameters is not clear. For example, in Sn-doped In 2 O 3 NCs, an important asymmetry is found in Ref. 51 whereas almost symmetric peaks are reported in Ref. 16 Furthermore, measurements on single NCs demonstrate that the peak asymmetry is much larger in the ensemble than in single NCs and strongly varies from NC to NC. 23 For comparison, an analysis of the LSPR peaks calculated in this work was performed (Supporting Information, Fig. S6). The calculated peak asymmetry is found to be small, usually below 4%, whereas in the experiments on single AZO NCs, 23 the peak asymmetry is also small but covers a wider range of values, up to ±10%. On the theoretical side, this discrepancy could come from dynamical correlation effects which are missing in the RPA. On the experimental side, it would be interesting to investigate the effects of the environment and of the sample heterogeneity on the peak asymmetry, effects which are predicted to be large. 51 In summary, the optical response of Al(Ga)-doped ZnO NCs was calculated. In the case where the NCs are uniformly doped, their response is characterized by a LSPR at a frequency well given by the classical Drude-Lorentz theory for a NC diameter of 12 nm or above. At smaller diameters, the LSPR is shifted to higher energy due to quantum confinement effects.

The width of the LSPR peak limited by impurity scattering reaches values below 100 meV, in agreement with recent measurements on single ZnO NCs. This width has a weak dependence on the NC size but is considerably increased when dopants are placed in a shell or when additional partially-screened charges are present in the NCs. 
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 1 Figure 1: Real (Re) and Imaginary (Im) parts of α(hν)/R 3 for NCs doped at a concentration of 0.6%: D = 2R = 6 nm and 30 dopants (a), D = 12 nm and 240 dopants (b). (c)Energy of the LSPR peak vs doping concentration for D = 4 nm (red +), 6 nm (blue ×), 8 nm (green * ), 12 nm (magenta squares), and 14 nm (brown circles). The black solid line represents the LSPR energy predicted by the Drude-Lorentz law for a surrounding medium of dielectric constant ε m = 1. The black dashed line shows the same curve but for a doping efficiency of 20% and ε m = 2.0. The gray rectangle indicates the region containing the LSPR peak energies measured on single AZO NCs in Ref.23 (d) Contribution of ionized impurity scattering to the FWHM of the LSPR peak for D = 4 nm (red +), 6 nm (blue ×), 12 nm (magenta squares), and 14 nm (brown circles). The black dotted line represents the same contribution deduced from the Brooks-Herring theory for bulk ZnO. The phonon scattering contribution to the FWHM which must be added is estimated of the order of 10 meV.

Figures

  Figures showing: (S1) the integral of the optical cross-section vs number of dopants; (S2) the LSPR peak energy vs effective mass; (S3) the evolution of the FWHM vs broadening parameter η; (S4) absorption spectra calculated in RPA and in single-particle approximation, including in the jellium model; (S5a) electron densities in a NC uniformly doped, doped in a core or in a shell; (S5b) an analysis of the dipoles in a NC at main absorption peaks for
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different doping configurations; (S6) the asymmetry ratio versus LSPR peak energy. The Supporting Information also presents a discussion on the effect of effective-mass anisotropy and a derivation of the Brooks-Herring theory in the case of a degenerate semiconductor. This material is available free of charge via the Internet at http://pubs.acs.org/.