The effect of vacancies on the optical properties of AuAl2
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Abstract **107 words, aiming for ~100 for APL**

AuAl2 is an intermetallic compound with a vivid purple color attributable to a bulk plasmon energy in the visible part of the spectrum. However, tThe color of as-deposited thin films is not as strong and only develops upon annealing. Density functional theory calculations of the dielectric function arehave been pe presented rformed for this materialfor  with a variety of vacancy types and concentrations. The results support the view that the effect of annealing on color is correlated with a reduction in concentration of Al vacancies. It has been shown that color of AuAl2 is dependent on the vacancy concentration .and, from this, the as-deposited thin films can be identified as containing Al vacancies. The effect of vacancies on the optical properties can be understandunderstood as arising from the complex interplay between interband transitions around the Fermi level and the plasmon energy.

1. Introduction

The intermetallic compound AuAl2 has a bright purple color which is desirable for decorative purposes such as jewellery, but it has found limited application due to the intrinsic brittleness of the compound [1, 2]. AuAl2 is also formed between the gold contacts and aluminium bond pads in some microelectronic applications. Here its presence is regarded as deleterious due to its low conductivity and the possibility of mechanical failure of the bond [3]. 

The striking color of AuAl2 is associated with a sharp dip in the reflectivity spectrum at around 2.2 eV [4] which is connected to the bulk plasma frequency at this energy [5]. The energy of the plasma frequency, and hence color of the compound, will also be influenced by nearby interband transitions as well as the free electron density. There are only a few such metals which have a plasma frequency in the visible spectrum and, in addition to the possibilities this presents for tuning the color through alloying, it is expected that AuAl2 should have a reasonably strong surface plasmon response [6]. 

One route for fabrication of AuAl2 that avoids some of the challenges of the high brittleness, as well reducing the quantity of expensive materials required, is thin film deposition. Further, using thin film deposition it has been shown that alloys of AuAl2 with PtAl2 can be produced which produce a range of attractive colors spanning yellow, through peach and pink to purple [7]. insert S. Supansomboon, A. Dowd, A. Gentle, E. van der Lingen and M.B. Cortie, Thin films of PtAl2 and AuAl2 by solid-state reactive synthesis, Thin Solid Films, in press. However, it has also been observed that the color of the as-deposited materials does not display the intense colors of the bulk materials and post-deposition annealing or deposition at high temperature is required [7-11]. This behaviour has been attributed to the presence of point defects in the deposited films and was supported by ion beam irradiation studies [9].

The electronic structure of AuAl2 has been extensively studied using density functional theory (DFT) [12-20] and, most recently, the optical properties of the perfect material and its alloys with PtAl2 have been successfully reproduced [5, 6]. In this work we calculate the optical properties of AuAl2 with different vacancy concentrations and type. These results are compared to experimental ellipsometry measurements of the optical properties of a sputter deposited AuAl2 film before and after a post deposition-anneal.

2. Experimental
AuAl2 thin films of 200 nm thickness on a silicon substrate were prepared via room temperature co-sputtering from Au and Al sputter two inch targets. Sputtering was performed in a 2 mTorr Argon atmosphere using in a vacuum system with a base pressure of 1x10-7 Torr. The deposition current was adjusted such that the desired alloy composition was formed. 

The final composition was measured using energy dispersive X-ray spectroscopy (EDS) in a scanning in electron microscopy (SEM) giving a composition of 65.9 at.% Al and 34.1 at.% Au (or AuAl1.93). A Woollam V-Vase ellipsometer was utilised to measure the spectroscopic optical properties between 0.46eV and 5.63eV. Measurements were performed on the as-deposited film and after annealing at 600 K in vacuum (< 1x10-7 Torr).

3. Calculation

Perfect AuAl2 has the CaF2 crystal structure and a lattice parameter of 5.99 Å. Vacancies were introduced by generating supercells from the AuAl2 crystal structure and removing atoms to obtain the configurations as described in Table 1. Although such structures represent a periodic array of vacancies, as opposed to the disordered arrangement that would expected experimentally, our previous studies have demonstrated that, for metal alloys, the effect of atom arrangements on optical properties is small [21-23].

Table 1. Configurations used for vacancy concentrations.
	Composition
(Au1-x, Al2-y)
	Atoms in supercell (AuaAlb)
	Number of supercells (n)
	Vacancy Site
	Vacancy Concentration

	AuAl1.875
	Au8Al15
	2
	Al
	4.17 at.%

	AuAl1.75
	Au4Al7
	1
	Al
	8.33 at.%

	Au0.875Al2
	Au7Al16
	2
	Au
	4.17 at.%

	Au0.75Al2
	Au3Al8
	1
	Au
	8.33 at.%

	Au0.875Al1.875
	Au7Al15
	2
	Au, Al
	8.33 at.%



DFT calculations were performed using the the WIEN2K software package [24] which is an all-electron method that includes relativistic effects. The generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) was used for the exchange-correlation potential [25]. A sufficiently large number of k-points was chosen so that the calculated spectra and total energies were converged (> 300 in the irreducible Brillouin zone). The maximum angular momentum for the radial wave functions (lmax) was chosen as 10 and the plane-wave cut-off (RMTKmax) was set to 7.0.

The formation energies for Al and Au vacancies, Ef, were calculated using:

Ef=Etot(AuaAlb) +(4n - a)Au+(8n - b)Al – Etot(AuAl2),

where the Etot are the total energies of the supercells, either containing the vacancies or the perfect crystal, n is the number of cells in the supercell and Au, Al are the chemical potentials of the atom that has been removed. Here, the chemical potentials were obtained from the total energy for bulk fcc Au and Al.

The complex dielectric function was calculated using the random phase approximation (RPA) and neglecting local field effects (LFE) [26]. LFE are not expected to be significant in the low-energy spectral regions of interest here [27]. A broadening parameter of 0.1 eV was applied to both the intraband Drude contributions and the interband contributions. The dielectric functions were used to calculate the theoretical reflectivity spectra and these were converted into a color for each alloy using the CIELAB color system [28]. Calculations of the density of states (DOS) and bandstructures were performed. 

The effect of a volume optimisation and internal atom position relaxation was examined for the case of the 8.33 at.% Al vacancy concentration (AuAl1.75) and, somewhat surprisingly, the effects were minimal. So all results presented here correspond to the non-relaxed systems.

4. Results

Table 2 shows the calculated vacancy formation energies obtained for the different vacancy structures. As would be expected, the vacancy formation energies are not dependent on the supercell used to derive them. The energy required to form an Al vacancy is considerably lower than that required to form for an Au vacancy.

Table 2. Vacancy formation energies.
	Vacancy Site
	Vacancy Concentration
	Formation Energy, Ef (eV)

	Al
	4.17 at.%
	1.56

	Al
	8.33 at.%
	1.58

	Au
	4.17 at.%
	3.36

	Au
	8.33 at.%
	3.37

	Au, Al
	8.33 at.%
	4.91




Fig 1 shows the reflectivity of the annealed and as-deposited films, as determined from the ellipsometry measurements, and corresponding photographs of the film showing their colors. The reflectivity and observed colors are consistent with previous measurements [9]. 

Fig. 2 shows the DFT calculated reflectivity spectra calculated for the different vacancy concentrations and types using DFT along with an illustration of the corresponding colors. The CIELAB color coordinates **maybe insert ref ,  E308-01, Standard Practice for Computing the Colors of Objects by Using the CIE System (American Society for Testing and Materials (ASTM), 2001).** are given in Table 3. Vacancy-free AuAl2 is included for comparison. There is a distinct difference between the optical properties when Al vacancies are introduced compared to that for Au vacancies. In the presence of Al vacancies, AuAl2 develops a pinkish hue as a consequence of a flattening out of the reflectivity dip at 2.2 eV and a slight shift upwards in the energy. On the other hand, Au vacancies produce a bluish hue as a consequence of a shift in the reflectivity dip to lower energies and the flattening of the reflectivity dip is not as pronounced. A combination of vacancy types produces a mix of both effects, a flattening and a shift downward in energy of the reflectivity dip, giving a greyish hue to the material. For all vacancy types, the reflectivity below about ~ 1.8 eV is lower than in defect-free AuAl2, which would have a bleaching effect so that the these materials do not have as vivid hue.

[image: ]
Fig. 1. Reflectivity spectra for annealed and as deposited films of AuAl2 with the corresponding photographs of their appearance.


[image: ]
Fig. 2. Reflectivity spectra for different vacancy configurations in AuAl2 calculated using DFT with the corresponding colors determined using the CIELAB color system.

Table 3. CIELAB coordinates determined from DFT calculated reflectivity spectra.
	Vacancy Site
	Vacancy Concentration
	L*
	a*
	b*

	None
	0 at.%
	60.85
	21.69
	-20.02

	Al
	4.17 at.%
	72.48
	12.49
	-1.46

	Al
	8.33 at.%
	80.21
	8.11
	3.80

	[bookmark: _GoBack]Au
	4.17 at.%
	70.45
	1.13
	-12.14

	Au
	8.33 at.%
	75.65
	-4.97
	-8.72

	Au, Al
	8.33 at.%
	77.53
	4.60
	-1.26




The effect of the vacancies on the reflectivity can be understood by examining the complex dielectric functions (=1+i2). The experimental dielectric functions are shown in Fig. 3a and the DFT calculations shown in Fig. 4. 

[image: ]
Fig. 3. Experimental real (1) and imaginary (2) parts of the complex dielectric function for annealed and as-deposited thin films of AuAl2.

[image: ]
Fig. 4. DFT calculated real (1) and imaginary (2) parts of the complex dielectric function for different vacancy configurations in AuAl2.

The shifts in the energy of the reflectivity dip with different vacancy types can be identified with the similar shifts in the zero crossing of 1, which is usually associated with a bulk plasmon. When Au vacancies are present, 2 reveals that the interband transitions that start at around 2.5 eV in defect-free AuAl2 are shifted down in energy. However, for Al vacancies this interband transition stays at approximately the same energy but is broadened and reduced. The effect of all types of vacancies is to significantly increase 2 at low energies (below ~2 eV) giving rise to the reduction in reflectivity in this energy range. Calculations of the optical response without the intraband contribution (not shown here) reveal that this is predominantly due to a large number of low energy interband transitions.

Further understanding can be developed by examining the total electronic DOS and bandstructure. Fig. 5 shows the DFT calculations of these for AuAl2, AuAl1.75 and Au0.75Al2. The structures with the vacancies, although retaining many of the same features, have a much more complex bandstructure, as is to be expected. In particular there are large numbers of additional states around the Fermi level (EF) and it is transitions between these states that are responsible for the increase in 2 below ~ 2eV. Although subtle, for the case of Au vacancies there is an overall shift downwards in energy of the bandstructure and DOS relative to the Fermi level, when compared to the case for defect-free AuAl2 and for Al vacancies. Given that Au vacancies essentially correspond to a higher Al content and more free-electron-like states, such behaviour is reasonable in a rigid band filling picture.
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Figure 4. Electronic band structures and DOS for AuAl2, AuAl1.75 and Au0.75Al2.

5. Discussion

The correspondence between the experimental optical properties for an AuAl1.93 as- deposited thin film and the DFT calculations for a vacancy containing AuAl1.85 structure is excellent. Upon annealing at 600 K, the thin film optical properties transform to the expected vacancy-free AuAl2 optical response. The calculations presented here support earlier conclusions that the absence of the vivid purple color in samples of AuAl2 fabricated by thin film deposition can be attributed to the presence of vacancies [9]. Furthermore, we have demonstrated that the type of vacancy present can be determined by the color of the material; a pinkish hue will correspond to Al vacancies and a blueish hue to Au vacancies. In other work (to be published) we have observed a change in colour from pink through to blue as the material changes from Au rich through to Al rich.

On the basis of the optical response of the as-deposited film, the calculations indicate that the vacancies in this film are Al vacancies, although the presence of a small number of Au vacancies cannot be entirely excluded. Interestingly, in the work of Furrer et al. [9], the as-deposited films displayed a flattening of the reflectivity dip, with no shift in energy, whereas on the introduction of defects with Au+ ion irradiation a downwards shift was observed. This would indicate that it is Al vacancies were predominant in the as-deposited film but Au vacancies were also introduced upon irradiation. It is not unexpected that both vacancy types would be formed upon ion beam irradiation.

That it is Al vacancies that are mainly present in an as-deposited film agrees with the The calculated vacancy formation energies support the view that as-deposited films will contain Al vacancies rather than Au vacancies because; the Al vacancies have a much lower formation energy than the Au vacancies. The vacancy formation energies calculated here are similar to those in a previous study of the diffusion kinetics in Au-Al bond contacts [19]. The preference for Al vacancies is also supported by the results of a high pressure synthesis of AuAl2 that found that the Al states were only partially occupied [29].

The observation that the colour of the alloy can reveal the type of vacancy present is remarkable. Although defect states in insulators are well known to be able to have a strong effect on the colors, as in in gemstones such as ruby and sapphire, we are not aware of any other similar phenomenon in metals. It arises because of the unusual characteristic of AuAl2 of having a plasma frequency in the visible part of the spectrum. The energy of this plasma frequency is strongly influenced by the nearby interband transitions. All of the vacancies introduce low-energy interband transitions, below the plasma frequency, and this has the effect if pushing the plasma frequency up in energy. However, on the introduction of Au vacancies, the interband transitions that occur above the plasma frequency reduce in energy **why? (so that the Fermi level moves upwards (**? downwards surely if interband transition energies are reduced?****with respect to the bands). ). This in turn pushes the plasma frequency back down in energy. For very high vacancy concentrations the bulk plasmon response becomes completely damped and interband transitions dominate.

6. Summary and Conclusion

The DFT calculations presented here have confirmed that the reason for as-deposited thin films of AuAl2 lacking the rich purple color of the bulk or annealed material is the presence of vacancies and that these vacancies can be identified as beingare predominately on the Al site. The optical properties and color of this compound areis quite sensitive to the vacancy type and concentration, which is a unique phenomenon for a metallic material. The behaviour is determined by the shift in the bulk plasma frequency as the nearby interband transitions also change due to the competing effects of the introduction of vacancy states and around the Fermi level and the band filling with Al concentration.	Comment by michael.cortie@gmail.com: At the moment this important sentence does not make sense to me..phrase possibily?  (MBC)..
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