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ABSTRACT 
 
Aluminum enjoys broad band reflectivity and is widely used as 
an astronomical reflector. However, it oxides rapidly, and this 
oxide absorbs very short wavelength light, which limits the 
performance of aluminum mirrors. Accordingly, thin transpar-
ent layers, such as films of MgF2, are used to protect alumi-
num. In this study, we present an X-ray photoelectron spec-
troscopy (XPS) study of the chemical changes in MgF2 - pro-
tected aluminum that take place as it oxidizes (is exposed to 
the air). XPS reveals the rate of Al oxidation for different 
MgF2 thicknesses as determined from measurements obtained 
from 5 min to 8 months of air exposure. The degree of Al oxi-
dation depends on the MgF2 over layer thickness.  
 
 
INTRODUCTION 
 
Aluminum has unique properties and numerous applications 
[1-3]. It is generally considered to be an easy metal to work 
with. It has a relatively low melting point, it is ductile yet 
strong enough to be used in structural applications, it is 
lightweight, it can be alloyed, and it is unmatched in its ability 
to reflect light over a wide energy range [4]. A drawback to 
aluminum is that its surface oxidizes quickly. Of course, a 
small amount of oxide is not a limitation for most of 
aluminum’s applications. However, aluminum oxide, even 
when only a few nanometers thick, absorbs short wavelength 
light, which significantly limits aluminum’s ability to act as a 
space mirror and collect light over the widest possible 
wavelength range [5-9]. Because of the importance of 
aluminum and aluminum oxide, these materials have 
previously been studied by various experimental and 
theoretical methods, including X-ray photoelectron 
spectroscopy (XPS) [10-15].  
 
A general strategy for preventing aluminum from oxidizing 
while preserving its optical properties is to coat it with a wide 
band gap material [16-19]. These types of barrier layers, e.g., 
MgF2 and other inorganic salts, have been used for decades to 

protect aluminum reflectors, including those in the Hubble 
space telescope [5, 20-24]. Indeed, aluminum is currently be-
ing proposed as the primary reflector for future space missions 
such as the LUVOIR project, which will be the flagship NASA 
space observatory for the 2020s and 2030s. However, in spite 
of the importance of protecting aluminum mirrors, we are not 
aware of any systematic XPS analysis of MgF2-protected alu-
minum mirrors. Here we present such a study. We show that 
XPS can be used to follow aluminum oxidation under MgF2 
layers of varying thickness, and that its oxidation rate depends 
on the thickness of the MgF2 over it, i.e., thicker MgF2 films 
result in slower Al oxidation. This document follows our re-
cent, related conference proceedings on the spectroscopic el-
lipsometry (SE) analysis of the oxidation of MgF2-protected 
aluminum [25].  
 
EXPERIMENTAL 
 
2.1. Instrumentation 
XPS was performed with a Surface Science SSX-100 instru-
ment (maintained by Service Physics, Bend, OR, USA) with a 
hemispherical analyzer. The instrument employs monochro-
matic Al Kα X-rays. Survey scans were collected with an X-
ray spot size of 800 x 800 µm2, an instrument resolution of ‘4’, 
a nominal pass energy of 150 eV, 6 passes/scan, and a step size 
of 1 eV [23, 24]. High resolution (narrow) scans were collected 
over the Al 2s region, centered at a binding energy of 120 eV, 
with an energy window of 40 eV, and a step size of 0.0625 eV. 
The number of scans ranged between 15 and 35, and the spot 
size was 800 x 800 µm2 with an instrument resolution of ‘3’ 
(nominal pass energy of 100 eV). Area ratios were calculated 
using the CasaXPS modelling/fitting software (Casa Software 
Ltd., Version 2.3.18PR1.0). SE (M-2000D, J.A. Woollam, 
Lincoln, NE, USA, wavelength range: ca. 190-1688 nm, Com-
pleteEASE data analysis software) was used to measure the 
thicknesses of model/calibration MgF2 layers on previously 
characterized silicon substrates. Data were acquired at 75°. 
Modeling was performed with the optical functions in the in-
strument software for MgF2 (MgF2E (Sellmeier)) and Si/SiO2 
(Si_JAW and SIO2_JAW, respectively). 
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2.2. Deposition of Al and MgF2 
Four sets of aluminum films were deposited using a Denton 
(Morristown, NJ) DV-502 A thermal evaporator. This evapora-
tor uses two independent resistance-heated sources for deposi-
tions and a rotating stage to ensure even depositions. An Infi-
con (Bad Ragaz, Switzerland) quartz-crystal monitor (QCM) in 
the chamber made in situ thickness measurements so that the 
system could automatically close a shutter assembly to end 
depositions. The thickness values from the QCM (previously 
calibrated) were used in this study for the MgF2 thicknesses. 
For each sample preparation, a 1” piece of aluminum wire was 
placed into a tungsten resistance heater coil and a molybdenum 
boat was filled with ca. 15 g of MgF2. Prior to deposition, the 
system was pumped to a base pressure of 4 x 10-6 torr and the 
Al was deposited at a rate of 35 Å/sec to achieve a thickness of 
150 Å. The MgF2 was then immediately deposited onto the Al 
at a rate of 3 Å/sec. The time for both depositions was 35–45 s. 
Immediately following the depositions of Al and MgF2, the 
chamber was vented with N2(g), which took 1.5 – 2 min. The 
samples were then removed and rushed to the SE and XPS 
instruments for analysis. Samples were timed from chamber 
removal to the beginning of SE or XPS analysis. Each sample 
was divided into multiple pieces: one piece for SE analysis and 
the others for XPS. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RE

SULTS AND DISCUSSION 
 
3.1. XPS Analysis 
XPS is a surface sensitive technique that probes the upper 5 – 
10 nm of materials. It yields elemental compositions and oxi-
dation states[20]. XPS Al 2s narrow scans of MgF2 – protected 

Al (see Fig. 1) were modeled by peak fitting, which is often 
essential in XPS data analysis because the natural line widths 
in XPS are often comparable to the chemical shifts for the el-
ements [26].  
 
To study the oxidation rate of Al as a function of MgF2 thick-
ness, we examined the Al 2s signal at ca. 118 eV. The Al 2s 
and 2p peaks are the most intense signals from Al. We chose 
the Al 2s region for simplicity, i.e., so that we would not need 
to consider spin-orbit splitting, which should be accounted for 
in Al 2p peak analysis. For the peak fitting, two types of pseu-
do Voigt synthetic line shapes were considered: Gaussian-
Lorentzian product (GLP) and Gaussian-Lorentzian sum 
(GLS) functions [22]. Ultimately, we used GLS line shapes 
because they fitted our data better than the GLP functions. As 
expected, the lower energy component in the Al 2s narrow 
scans attributable to the unoxidized (metallic) Al film exhibit-
ed greater Lorentzian character and was narrower than the peak 
that accounted for the oxide in the material – we attribute the 
greater width (FWHM) of the oxide signal to disorder in the 
oxide and phonon broadening [27]. To obtain the best fits to 
the narrow scans, we varied the Lorentzian character of both fit 
components to minimize the standard deviation of the residuals 
(STDRes) to the fit. This analysis (see Fig. 2) yielded best val-
ues of the Lorentizian character/fraction in the GLS line shapes 
of 50% and 0% for the Al and Al2O3 fit components, respec-
tively. These values were used in the remainder of this study.  

 
Figure 2. The standard deviation of the residuals 
(STDRes) for fits of the Al 2s XPS narrow scans as a 
function of the Lorentzian character in the Al2O3 (oxide) 
and Al (metal) fit components. These values are the 
averages of fits to 27 narrow scans. 

 
Figure 1. Model of the stack deposited and 
analyzed in this study (not to scale). 

Layer 1 – Al, ca. 15 nm 

Layer 3 – MgF2,	2	–	3	nm 

Layer 2 – Al
2
O

3
 

Si Substrate 
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XPS spectra of MgF2-covered Al layers were acquired as a 
function of time. For example, Fig. 3 shows representative Al 
2s narrow scans taken at three air exposure times. Oxidation of 
the Al layer is clearly taking place here, as evidenced by the 
steady increase in the Al2O3 to Al area ratio. In spite of the fact 
that neither the separation nor the full width at half maximum 
(FWHM) values for the Al and Al2O3 fit components were 
constrained in any of these fits, the average FWHM values for 
the Al and Al2O3 fit components across the fits were very simi-
lar: 1.72 ± 0.07 eV and 2.98 ± 0.13 eV, respectively, which is 
consistent with these peak envelopes being well described by 

the two proposed components. These FWHM values are within 
10% of respective literature values for γ-Al2O3, and within 
15% for Al metal[26-29]. In addition, the energy difference 
between the Al2O3 and Al fit components was quite constant: 
2.57 ± 0.12 eV, as was the ratio between them (see Table 1). 
These results suggest that our model for analyzing the Al 2s 
peak envelope was reasonable.  

 
Figure 4 shows the Al2O3/Al fit component ratios from MgF2 - 
protected samples exposed to the air for between 5 min and 8 

MgF2	
Thickness	

(nm)	

Average	
FWHM	Al	2s	

Peak	

Average	FWHM	
Al2O3	2s	Peak	

Average	BE	
Difference	Al-
Al2O3	2s	Peaks	

Average	FWHM	
Ratio	Al2O3	/Al	

2s	Peaks	

1.82	 1.76	±	0.14	 2.96	±	0.14	 2.49	±	0.1	 1.68	±	0.09	

2.20	 1.68	±	0.06	 2.82	±	0.08	 2.59	±	0.08	 1.68	±	0.08	

2.30	 1.74	±	0.04	 2.99	±	0.08	 2.46	±	0.04	 1.72	±	0.06	

3.08	 1.71	±	0.04	 3.15	±	0.22	 2.75	±	0.24	 1.84	±	0.16	

Average	 1.72	±	0.07	 2.98	±	0.13	 2.57	±	0.12	 1.73	±	0.09	
 

Table 1. Average FWHM values, peak energy (BE) differences, and ratios of FWHM values for the Al and 
Al2O3 fit components in the Al 2s narrow scans considered in this study. 

 

Figure 4. XPS Al2O3/Al ratios as a function of air 
exposure time as fit to the following lines: 
        1.82 nm MgF2: y=0.0637 ln(x)+0.305 
         2.20 nm MgF2:y=0.0414 ln(x)+0.367 
         2.30 nm MgF2: y=0.0431 ln(x)+0.356 
         3.08 nm MgF2: y=0.0346 ln(x)+0.214 

 
Figure 3. Representative Al 2s narrow scans from 

MgF2 – coated Al as a function of air exposure time. 

Table 1. Average FWHM values, peak energy (BE) differences, and ratios of FWHM values for the Al and 
Al2O3 fit components in the Al 2s narrow scans considered in this study. 

 

MgF2	
Thickness	

(nm)	

Average	
FWHM	Al	2s	

Peak	

Average	FWHM	
Al2O3	2s	Peak	

Average	BE	
Difference	Al-
Al2O3	2s	Peaks	

Average	FWHM	
Ratio	Al2O3	/Al	

2s	Peaks	

1.82	 1.76	±	0.14	 2.96	±	0.14	 2.49	±	0.1	 1.68	±	0.09	

2.20	 1.68	±	0.06	 2.82	±	0.08	 2.59	±	0.08	 1.68	±	0.08	

2.30	 1.74	±	0.04	 2.99	±	0.08	 2.46	±	0.04	 1.72	±	0.06	

3.08	 1.71	±	0.04	 3.15	±	0.22	 2.75	±	0.24	 1.84	±	0.16	

Average	 1.72	±	0.07	 2.98	±	0.13	 2.57	±	0.12	 1.73	±	0.09	
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months. Reasonable linear fits to the data are obtained by relat-
ing the Al2O3/Al area ratio to the logarithm of time, as follows: 
 
(1) Al2O3/Al = m ln t +b  
 
where m and b are the slope and intercept of this line. It is sig-
nificant that (i) both the Al2O3/Al ratios and m values (slopes) 
are smallest for the thickest over layers of MgF2, which con-
firms their ability to slow aluminum oxidation, and (ii) oxida-
tion appears to continue over the entire exposure of the sam-
ples to the air. To further emphasize the decrease in oxidation 
with increasing over layer thickness, the m values (slopes) for 
the lines in Fig. 4 are plotted in Fig. 5 as functions of MgF2 
thickness.  
 

CONCLUSIONS 
 
The effects of MgF2 thickness on the oxidation rate of alumi-
num was determined by XPS. The raw data showed that as the 
MgF2 thickness increased, the oxidation rate of aluminum de-
creased. Good fits to the Al 2s narrow scans were obtained 
with relatively few constraints. The Gaussian-Lorentzian sum 
functions used to model the Al2O3 and Al peaks in the Al 2s 
narrow scans had 0% and 50% Lorentzian character, respec-
tively. Plots of the Al2O3/Al ratios as a function air exposure 
time showed that oxidation increased in a logarithmic fashion 
that depended on the thickness of the MgF2 over layer. 
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