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ABSTRACT 

Title of Document:  NOVEL PROTECTIVE COATINGS FOR 
SILVER AND COPPER ALLOY CULTURAL 
HERITAGE OBJECTS USING ATOMIC 
LAYER DEPOSITED METAL OXIDE 
BARRIER FILMS. 

 
 Amy E. Marquardt, Doctor of Philosophy, 2015 
 
Directed by:  Professor Raymond J. Phaneuf, Department of 

Materials Science and Engineering  
 

Preserving silver and bronze alloy cultural heritage objects is a monumental 

challenge for museums as they house thousands of objects that are sensitive to 

atmospheric corrosion. Metal alloy objects are currently preserved by applying cellulose 

nitrate lacquers, however, these coatings are limited by short lifetimes, non-uniform 

application, and appearance changes. This thesis describes investigations of a new 

method for preserving silver and bronze alloy art and cultural heritage objects using 

atomic layer deposition (ALD) diffusion barriers. My research focused on determining 

the potential of ALD films to protect cultural heritage objects while adhering to the strict 

requirements of art conservation, which require the coatings to minimally change object 

appearance, have a long effective lifetime, and be completely reversible without 

significant substrate alteration.  

ALD coatings were structurally engineered to minimize color changes on silver, 

silver alloys and bronze patinas by modeling the simulated reflectance spectrum of single 

and multilayer ALD film stacks. Optimal ALD film structures for minimal appearance 
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ALD films protected silver at least 15 times longer than cellulose nitrate films, for an 

expected lifetime of more than 100 years. ALD film porosity decreases with increasing 

film thickness with no correlation to “dirty” surface treatment, indicating a thick ALD 

film could effectively protect a non-ideal surface or real cultural heritage object. Al2O3 

ALD films were removed with weak solutions of NaOH, however, more Cu than Ag was 

removed. XPS depth profiling on combinatorial Ag-Cu alloy libraries showed Cu 

removal was limited to the top 2-3 nm of the alloy surface.  

ALD films can be deposited on bronze alloys and patinas with and without wax 

protective layers to prevent changes due to environmental exposure. Bronze patinas have 

a more complicate surface roughness and chemistry that causes difficulty in achieving a 

uniform, high quality ALD film. Plasma cleaning is an effective method to ensure high-

quality ALD coatings on complex surfaces with tortuous paths, chemical heterogeneity, 

and topography. ALD films are promising as cultural heritage diffusion barriers as they 

are reversible with negligible effect on substrate composition.  
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Chapter One 

 Introduction 

 

 

1.1 Motivation and Goals 

Silver artifacts represent a significant component of the world’s cultural heritage, 

retained in museums for current and future generations. Silver's beauty is threatened by 

its intrinsic chemistry, particularly the formation of Ag2S from trace atmospheric H2S 

[1.1 - 1.3]. The standard protective treatment - mechanical polishing and application of 

nitrocellulose lacquer - requires extensive manual labor to replace every 10-20 years, is 

difficult to apply uniformly, and damages the surface by removing small amounts of 

silver, leading to irreversible loss of important surface detail [1.4 - 1.6].  

Depositing thin, metal oxide barrier films via atomic layer deposition (ALD) has 

been found to prevent silver from tarnishing [1.7, 1.8]. Beneq Oy developed nSilver®, an 

anti-tarnish coating for silver coins and jewelry [1.7]. Research by Paussa et. al. 

determined Al2O3 and TiO2 multilayer ALD coatings could protect silver longer than 

organic varnishes [1.8]. While ALD coatings were found effective in preventing silver 

from tarnishing, no work had been completed to determine if ALD films were suitable for 

application to cultural heritage objects. Art conservation requires any treatment must be 

reversible and not chemically or visually alter an object.  
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The goal of this thesis was to develop highly uniform, thin metal oxide 

passivation layers formed by atomic layer deposition (ALD) to reduce the tarnish rate 

dramatically, without significantly altering the surface from the thin film deposition or 

subsequent removal. This thesis developed nearly invisible coatings, quantified the 

effective lifetime of ALD films compared to nitrocellulose coatings, and quantified the 

extent of chemical alterations caused by the application and removal of ALD films. 

Optimal ALD film structures to minimize appearance changes of silver were found, 

discussed in Chapter 2. ALD films were found to be 10 or more times more effective (in 

terms of their useful lifetimes) than nitrocellulose coatings, as shown in Chapter 3, and 

can be completely removed from the silver surface without significantly altering the 

underlying substrate, shown in Chapter 4. Challenges arise in applying ALD coatings to 

3-dimensional art objects with prior surface treatments or existing native oxides but can 

be overcome with coating modifications, as discussed in Chapter 5. Finally, the ability of 

ALD films to stabilize complex bronze patinas is investigated in Chapter 6. This 

application of ALD holds promise to revolutionize the way heritage metal cultural 

artifacts are preserved – replacing tedious, imperfect manual labor with a well-established, 

controlled manufacturing process that significantly diminishes damage to valuable 

surface details and extends time between preservation treatments. 

 

1.2 Background 

1.2.1 Silver tarnishing mechanisms 

Silver has been a precious and valuable metal, whose use dates back nearly 5000 

years. Used as both a traded commodity and an artist’s material, prized for its luster and 
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shine, silver is plentiful in cultural heritage and private collections. Because of its value 

and softness, it was rarely used in its pure form (fine silver, 99.9% silver), instead, silver 

is commonly alloyed with copper. Although, older silver objects can often contain small 

amounts of lead, tin, or zinc, which were often found in the ore sources. Mercury was 

also used as an amalgam for silver plating. The development of the sterling standard in 

the 13th century, where silver is alloyed with 7.5% copper, led to a decrease but not the 

elimination of other alloying metals.  

Unlike other precious metals such as gold and platinum, silver is known to tarnish 

with time forming Ag2S when exposed to low concentrations (<1 ppb) of H2S, in ambient 

environments [1.1 - 1.3]. Sources of hydrogen sulfide include combustion of petroleum 

and natural gas, bacterial decay of organic matter in low oxygen environments, and 

geological activity, such as volcanic gases, natural gas and springs. In water, hydrogen 

sulfide is slightly soluble and will form a weak acid that causes the sulfurization of silver 

and copper. Hydrogen sulfide concentrations vary depending on geographical location, 

however, the average outdoor concentration of H2S in urban areas is around 0.3 to 0.7 

ppb [1.1, 1.9, 1.10]. Indoor concentrations are typically similar to outdoor, unless 

extensive air purifying systems are used for indoor environmental control. Indoor sources 

of sulfur can include off-gassing from paper and wood products, and cooking operations 

[1.1]. In typical indoor environments (H2S concentration ~0.5 ppb), a 1 Å silver sulfide 

tarnish layer will form in 1 hour, 3-6 Å in 1 day, 15-30 Å in 1 week, and over 60 Å in 1 

month [1.2]. As the Ag2S tarnish layer increases in thickness, the initially white color will 

change to yellow at 10 nm, violet at 26 nm, blue at 47 nm, and finally dark gray [1.11]. 

Because silver tarnish is a surface phenomenon, it does not tend to threaten an object’s 
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mechanical integrity. It can be, however, aesthetically displeasing and interfere with the 

readability of surface details.  

The most common mineral detected in silver corrosion is acanthite (Ag2S), though 

also present in much lower abundance is chlorargyrite (AgCl) [1.1]. Other compounds 

can form including sulfate, chloride, oxide, and oxygenated carbon species [1.12], 

depending on the environment to which the silver is exposed. The concentration of 

pollutants in the environment has little effect with the resulting minerals formed in the 

silver corrosion product due to differences in solubility. Ag2S is the most insoluble of the 

silver salts that can form, with AgCl slightly more soluble and found in highly 

chlorinated environments. As the silver goes through wet/dry cycles, typical of 

atmospheric aging, other silver salts may form but are dissolved, leaving behind Ag2S 

and AgCl [1.1].  

Pure silver is fairly inert in dry environments where it does not form a significant 

surface oxide at room temperature, at most one monolayer of oxygen atoms forms [1.1]. 

Under wet or humid conditions, Ag2O is stable only in high pH environments; therefore, 

the corrosion process begins through the formation of very thin Ag2O layer that reduces 

the Ag to form Ag ions at the surface [1.1]. Exposure to atmosphere leaves a thin water 

layer at the silver surface and H2S in the environment is soluble in water. HS− is created 

and will react with Ag ions or sorb to the surface of the silver to form Ag2S [1.1]. Silver 

corrosion is seemingly a diffusion limited process, as reducing the concentration of H2S 

will slow the corrosion rate [1.13], though other processes may also be at work. The 

presence of oxidizing species, such as O3, NO3 or Cl2, can increase the rate of Ag2S 

formation as they act to oxidize H2S to form reactive sulfur species [1.1]. H2S and O3 
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have approximately the same atmospheric concentration, 500 ppb, however, O3 tarnishes 

silver more rapidly than H2S and its influence in silver tarnishing are substantial [1.14].   

The exact mechanism of silver corrosion is under some debate in literature as to 

the role and effect of oxygen and humidity [1.1, 1.3, 1.13]. The presence of oxygen is 

required for sulfidation to occur and increasing oxygen levels will increase the corrosion 

rate [1.13]. Some studies show Ag corrosion is dependent on the level of humidity 

present [1.1, 1.13]; however other studies show Ag corrosion rate independent of 

humidity level [1.3]. At mid to high humidity levels, more than one monolayer of water is 

created at the silver surface, enabling protons to easily conduct and electrochemical 

reactions to occur [1.13]. At low humidity levels, less than one monolayer of water is 

absorbed at the surface, impeding the conduction of protons to sites where oxygen is 

reduced [1.13]. Contrary to this finding, another study by Rice et. al. show the silver 

corrosion rate is independent of the humidity level as direct attack of H2S has a larger 

influence [1.3]. Despite the debate in literature over the exact mechanisms of silver 

tarnishing, H2S and humidity are both present during atmospheric corrosion of silver 

objects and likely play important roles. Under experimental conditions of 50% relative 

humidity (RH) and 500 ppb H2S, small amounts of crystalline Ag2S and Ag2SO3 species 

form after 18 hours of aging [1.14]. Increasing to 90% RH and 10 ppm H2S for 18 hours, 

increases the amount of Ag2S and Ag2SO3 species present on the surface of pure silver 

samples [1.14].  

In sterling silver, corrosion is dominated by the most reactive of the alloying 

metals. The sulfidation rate copper is an order of magnitude larger than silver, resulting in 

the principle corrosion product being Cu2S [1.15]. Copper corrosion rates are strongly 



! 6!

dependent on the humidity level during exposure [1.3]. As discussed above, the dissolved 

pollutant in the absorbed surface water provides a medium for ionic mobility and the 

dissolution of surface products [1.3]. The copper in sterling silver corrodes more rapidly 

than fine silver objects.  

Due to copper tarnishing more rapidly than silver, sterling silver objects are often 

exposed to a process known as “pickling,” where the Ag-Cu alloy is exposed to an acid 

solution (often sulfuric or citric acid) to remove Cu from the surface. Repeated exposure 

to pickling and subsequent polishing can create a Ag-rich region at the object surface that 

extends 10s of microns into the bulk metal [1.16]. This process effectively coats the 

highly reactive Cu-ions in the bulk metal with a less reactive layer of Ag. While Cu 

sulfurizes more rapidly than Ag, Ag2S is the primary corrosion product in museum 

objects due to Ag enrichment at the surface.  

 

1.2.2 Kinetics model for S diffusion and tarnishing through 

ALD barrier layers 

A kinetics model to describe the diffusion of sulfur through the ALD film and 

reaction at the surface is sketched in this section. Multiple steps are involved in the 

process of tarnish formation, as schematically shown in Figure 1.1. Step 1 is the arrival 

and absorption of H2S from the atmosphere. The rate at which this occurs depends on the 

environmental concentration. Step 2 involves the dissociation of H2S into either HS- or 

S2- ions. This likely occurs via hydrolysis of H2S [1.1] in the presence of water. Moisture 

from atmosphere is likely to aid the hydrolysis of H2S. After S ions form, they diffuse 

through the ALD film until it reaches the Ag interface (Step 3 in Figure 1.1). At room 
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temperature diffusion is slow through the ALD film, however pinholes or defects in the 

film may allow for paths of fast diffusion. Upon arrival of S ions at the ALD/Ag interface, 

S reacts with Ag to form a Ag2S tarnish layer (Step 4). Tarnish layer growth may form 

from reaction (linear growth) or nucleation and island formation (sub-linear growth). In 

order for additional tarnish to form at the surface, Ag-Ag bonds from the bulk metal have 

to be broken (Step 5). Once freed, the Ag+ ions have to diffuse through the silver tarnish 

layer to reach the arriving S ions at the ALD/Ag interface (Step 6). Conversely, S ions 

may diffuse through the tarnish layer to arrive at the tarnish layer/bulk Ag interface and 

react. Islands of tarnish nucleate and eventually coalesce at the interface [1.2]. The supply 

of silver to the growing island would likely come from surface diffusion or diffusion 

from the bulk, or both. The Ag ion is about 1.8 times larger than the S ion, so diffusion of 

the S ion is likely faster.  

Although the kinetics can be quite complex at least in the case where one step is 

sufficiently slow, it should limit the overall rate of tarnishing. Determining the energy of 

activation for each step would be required for a complete picture of tarnishing kinetics. 

As a first step, experiments to determine the diffusivity of sulfur species through the 

ALD layer are described in Appendix B.  
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Figure 1.1: Schematic of tarnish formation kinetics. Step 1: Arrival of H2S from the 

atmosphere at the surface of the ALD film. Step 2: Dissociation of H2S into HS- or S2- via 

hydrolysis. Step 3: Diffusion of S ions through ALD film to arrive at the ALD/Ag interface. 

Step 4: Reaction of S ions with Ag to form Ag2S tarnish layer. Step 5: Dissociation of Ag-

Ag bonds to form Ag+ ions. Step 6: Diffusion of Ag+ ions through the Ag2S tarnish layer 

to react with S ions. Or conversely, the diffusion of S ions through the tarnish layer to 

react with Ag ions.  

 

1.2.3 Treating silver tarnish  

Undesirable color change due to tarnish can be reversed by polishing silver with 

an abrasive. In addition to being a time and labor-intensive process, polishing irreversibly 

damages the silver object by removing a small amount of metal. Repeated polishing 
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inevitably leads to the loss of surface details in the object [1.17]. This metal loss can 

happen fairly quickly, “If a hallmark stamped onto silver to a depth of half a millimetre 

on a silver object was cleaned to remove the fingerprints every couple of months, it 

would disappear in just over 40 years, along with any engraving the silver object may 

have had” [1.18]. Silver plated pieces, which have a thin layer of silver electrochemically 

deposited on top of a copper base, stand to lose both surface details and the thin layer of 

surface silver that provides the artist-intended luster and shine.  

Ideally, silver objects would be preserved in environments free of pollutants and 

corrosive gases, to eliminate tarnishing and the need for consequent polishing. Ideal 

storage of silver objects are in temperature- and humidity-controlled environments, 

typically with 70 ± 3-5°F and 50 ± 5% relative humidity (RH) [1.19]. Some museums 

install air filtration systems that “scrub” the museum air of pollutants, however these 

systems are costly and can require structural modifications that are not always possible in 

some historic buildings. Alternatively, some museums house silver objects in sealed 

cases with environmental controls, such as activated charcoal to trap H2S and humidity 

controls, Figure 1.2 shows display cases at the Walters Art Museum in Baltimore, 

Maryland. Ideally, these cases would be fully sealed to create a static environment, in 

which the activated charcoal is effective. Practically, however, this is difficult to achieve 

on the scale needed to protect large silver collections. The Metropolitan Museum of Art 

has over 6,000 silver objects in their collection, some on display and others in visible 

storage, Figure 1.2a. Environmental control of these large volume cases is very difficult, 

as gaps in the panels are common, leading to higher than desired H2S concentration 

exposure despite the presence of activated charcoal, see Figure 1.2b and Figure 1.2c.   
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Figure 1.2: Silver object display cases at the Walters Art Museum in Baltimore, 

Maryland. The cases are sealed to create a controlled environment and have activated 

charcoal to reduce H2S concentration.  

 

In other sites, storing or displaying silver objects in cases is not possible, as is the 

case in many historic homes such as Mount Vernon, in Mount Vernon, Virginia or the 

Winterthur Museum, Garden and Library in Winterthur, Delaware. Silver objects are 

displayed, as the original owner would have used them in open-air environments 

throughout some historic homes. Environmental controls are typically not possible or 

minimal due to the historic nature of buildings that are difficult to seal or make major 

structural changes. At Mount Vernon, a near constant flow of visitors moving through the 

house during peak tourist months, bringing in humid summer air, dust, and pollution from 
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the surrounding urban area makes environmental controls nearly impossible. In these 

environments, silver objects are at the greatest risk due to rapid tarnishing. The John 

Marshall House in Richmond, Virginia has silver objects on display throughout the home. 

The house has minimal environmental control systems (standard heating, ventilation, and 

air conditioning), and the objects are left on display in the dining room throughout the 

entire year, as shown in Figure 1.4a. Tarnishing occurs very rapidly in this environment; 

the tarnish visible on the knife shown in Figure 1.4b has accumulated in just one year 

since its last polishing. Museum staff, contracted conservators or volunteers perform 

routine polishing of objects as necessary, consuming scarce labor and budgets.  

 

 

Figure 1.3: Visible silver storage units at the Metropolitan Museum of Art in New York 

City, New York. a) Large glass cases hold thousands of silver objects that are not on 

a) 

b) 

c) 
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display. b) Environmental control of the internal air in the cases is attempted by having 

closed cases, however, gaps in the glass panels are common, allowing untreated air to 

enter. c) Activated charcoal is placed in the cases but its effectiveness is limited as the 

cases are not a fully static environment. Photographs courtesy of Eric Breitung.  

 

 

Figure 1.4: Dining room table at the John Marshall House in Richmond, Virginia, a) set 

with silver service pieces to allow visitors to see the house as it would have been with the 

original occupants. b) The open-air display of silver leads to severe tarnishing that 

occurs in less than one year.  

 

1.2.4 Nitrocellulose coatings for protecting silver objects 

As it is often not practical to provide ideal environments for object display and 

storage, due to cost, space and accessibility, coatings are often used to create a physical 

barrier between the silver object and the environment. Nitrocellulose (also called 

cellulose nitrate) lacquer is one of the more commonly used materials for barrier films 

used by conservators to prevent silver objects from tarnishing [1.6]. Agateen Air Dry 

b) a) 



! 13!

Lacquer #27 (produced by Agate) is the commercial name for the nitrocellulose lacquer 

mostly commonly used by conservators in the United States. The Winterthur Museum, in 

Winterthur, Delaware, houses around 11,600 silver objects and was the first to widely use 

Agateen on their collection and conduct long term studies of its performance [1.20]. 

Agateen was found to outperform other, acrylic coatings in preventing H2S diffusion and 

the subsequent tarnishing of silver [1.5, 1.21]. Beginning in 1974, Don Heller began 

cleaning and coating silver objects at the Winterthur Museum with Agateen #27 and 

suggested it could last up to 28 years in museum environments with careful handling 

[1.20]. From 1982-1987, over 1,000 silver objects in the collection were treated. Further 

studies of the silver objects in the Winterthur collection show that many of the Agateen 

coatings on complex silver objects tend to fail due to tarnishing within 10 to 15 years 

after application [1.20]    

Creating a uniform coating thickness is critical for producing a protective coating 

[1.5, 1.21]. In practice, multiple coats of nitrocellulose are often applied by brushing, 

spraying the object to ensure complete coverage. Spraying has been found to produce the 

best protective coating, likely due to the thicker films produced [1.5]. Nitrocellulose films 

can be easily applied, as the lacquer will level itself, correcting small holes and masking 

brush strokes, as it dries. Accelerated aging tests found nitrocellulose coating protect 

silver from tarnishing for the equivalent of 10 years in low to moderate relative humidity 

aging and for 20 years of light aging (exposure to controlled lighting conditions) [1.6]. 

Other investigations report a 5-10 fold reduction in required polishing treatment 

(polishing was required once tarnish was visible) frequency compared to un-coated silver 

objects [1.22]. Uncoated silver objects typically visibly corrode in three to twelve months, 
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depending on the storage environment, however, nitrocellulose coated objects can last 

between 5 to 10 years [1.23]. The lifetime of the nitrocellulose coating, as defined as the 

overall appearance change of the object either due to nitrocellulose yellowing or tarnish 

formation, depends greatly on the environment under which it is stored, high humidity 

and light levels, or H2S rich environments will shorten the film lifetime. Additionally, the 

quality of the coating is critical; a uniform coating of even thickness (often between 1-2 

µm thick) must be achieved across the entire object to provide protection. If the climate 

can be controlled and an contiguous coating achieved, nitrocellulose coatings have been 

reported to last close to 30 years at the Metropolitan Museum of Art, the Walters Art 

Museum, and the Winterthur Museum.  

Despite these benefits, this approach is far from ideal: achieving a uniform film 

with nitrocellulose is extremely difficult, especially on three-dimensional objects with 

protrusions such as handles, feet, or lips. In one study of nitrocellulose lacquers on 

museum silver collections, uneven tarnishing was caused by uneven application or 

removal of nitrocellulose lacquer [1.24]. Pores or cracks in nitrocellulose coatings are 

found to occur due to incomplete coverage, causing points of failure and corrosion pitting 

[1.24, 1.25]. Additionally, as nitrocellulose films age, they are known to degrade and 

yellow from UV exposure, causing an undesirable color change on silver objects and 

making removal more difficult [1.24, 1.26, 1.27].  
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1.2.5 Atomic layer deposition to protect silver cultural 

heritage objects 

The limitations of nitrocellulose coatings may potentially be avoided by instead 

coating silver objects with atomic layer deposited (ALD) metal oxide thin films. ALD 

diffusion barriers have been successfully used to protect new silver jewelry and silver 

coins from tarnishing by Beneq Oy® [1.8]. Conformal, dense metal oxide thin films 

deposited with ALD on silver alloy art objects meet the cultural heritage conservation 

requirements of being more effective than current protection methods, reversible without 

significant substrate alteration, and optically transparent [1.28-1.31].  

 

1.2.6 Atomic layer deposition (ALD) 

ALD is a thermally activated gas phase process for synthesizing thin solid films 

by sequentially exposing an object to a series of two or more gaseous reactants, each of 

which undergoes self-limiting chemisorption surface reactions [1.32-1.34]. A sample is 

placed into the ALD vacuum chamber and heated (experimental details of ALD 

deposition can be found the Methods section). A metal-organic precursor and oxidizing 

co-reactant are pulsed into the chamber sequentially, separated by an inert gas purge. A 

standard ALD cycle for Al2O3 is schematically shown in Figure 1.5. In the top left corner, 

the metal surface with existing hydroxyl surface groups is exposed to the metal-organic 

precursor. For the work presented in this report, trimethylaluminum (TMA) is used as the 

metal-organic precursor and water for the co-reactant. The precursor partially 

decomposes by reacting with the hydroxyl surface groups, leaving a –CH3 terminated 
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surface. The precursor reacts only with hydroxyl groups and not with itself, leading to 

self-limiting growth. Once all hydroxyl sites have been reacted additional exposure to the 

precursor will not result in additional growth, creating one monolayer of reacted 

precursor. The system is purged with inert gas to remove excess precursors, reactants or 

by-products. The –CH3 terminated surface is then exposed to the co-reactant, which in 

similar self-limiting growth, reacts on the surface to leave one monolayer of Al2O3. The 

hydroxyl-terminated surface is similar to the starting surface, so the ALD process can by 

cycled to achieve the desired film thickness. The self-limiting nature of some chemistries 

(such as Al2O3, TiO2 and ZnO) implemented in ALD process produce high quality, dense 

and nearly pinhole-free films with thickness control at the atomic level, excellent 

thickness uniformity and unequalled conformality [1.34, 1.35]. ALD has been 

demonstrated to produce films that are nearly perfectly conformal even for nanoporous 

substrates whose pore depth to diameter ratio far exceeds ten to one [1.36, 1.37].  
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Figure 1.5: ALD Process – Schematic of one cycle of Al2O3 ALD growth. The hydroxyl-

terminated starting surface is exposed to a metal-organic precursor that reacts with the 

surface in a self-limiting reaction. Once the system is purged with an inert gas to remove 

excess precursors and by-products, a second co-reactant is introduced and reacts to form 

one monolayer of Al2O3 ALD. The ending hydroxyl-terminated surface is similar to the 

starting surface, allowing the process to be cycled to grow the desired film thickness.  

 

ALD films have been demonstrated to be effective diffusion barriers for corrosion 

protection [1.38 – 1.42]. The density of Al2O3 ALD films (3.0-2.5 g/cm3, depending on 

deposition temperature) is at least 1.5 times greater than the density of nitrocellulose (1.6 

g/cm3), creating better barriers that slow the rate of gas diffusion [1.43, 1.44]. For 

applications in cultural heritage, the thickness of a barrier film involves a tradeoff; a thick 

barrier film results in a long diffusion path for corrosive gases, while thicker films tend to 

affect the optical properties and visual appearance of the film more profoundly. The 

visual appearance of the ALD films can be tuned by varying the thickness and refractive 

index of the ALD film structures used on a substrate [1.45]. Single or multilayer ALD 

films consisting of multiple materials or film thicknesses can be deposited with sub-

nanometer control over the coating thickness. Optical modeling techniques, adopted from 

high precision optical coatings for devices like telescopes and spectrometers, can be used 

to predict, optimize, and minimize surface coloration [1.46, 1.47]. This flexibility allows 

for the creation of nearly invisible ALD films on both coated silver and sterling silver 

substrates [1.28-1.31].  



! 18!

Nearly perfect conformality with ALD is achievable even for substrate feature 

aspect ratios far exceeding those typically found on cultural heritage objects. As a result, 

ALD can create uniform coatings on intricately detailed surfaces with inscriptions and 

surface texturing. Coating 3-dimensional objects with ALD is possible, as it is a ‘non-

directional’ technique. Unlike a directional technique, such as spray coating, the location 

of the source of the ALD precursor chemicals relative to the object does not affect 

deposition uniformity. Rather, as long as the ALD precursors are allowed sufficient time 

to surround and adsorb onto the object, including all crevices, a conformal coating can be 

achieved. Indeed, due to the non-directional nature of the ALD process, any wettable 

surface within the reactor can in principle be coated, allowing the process to be scaled up 

to treat large objects or simultaneously coat multiple objects. The limiting factor is 

seemingly the size of the ALD coating chamber. Large volume ALD reactors are 

commercially available [1.48] and ALD systems for atmospheric pressure, low 

temperature have been developed [1.49-1.51], though modifications to the technology 

may be required for cultural heritage applications.  

Effective ALD film structure depends on the environment (dry vs. aqueous) and 

corrosive species responsible for corrosion and degradation for a given substrate. The 

following film structures were investigated in this thesis; single layer (one ALD 

component), multi-layer (two or more ALD components and film layers), “reactive layers” 

(ALD components that may react with H2S or S- ions) and ALD applied to organic 

coatings (nitrocellulose and wax). Films consisting of a single component (e.g. Al2O3) or 

“single layer” ALD films are effective diffusion barriers against corrosive gas species, as 

shown by Al2O3 ALD single layer films on silver preventing H2S diffusion [1.8], while 
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causing minimal object appearance changes and easy removal [1.28-1.31]. Single layer 

films are ideal for silver substrates exposed to dry environments. However, single layer 

Al2O3 ALD films are susceptible to pinhole formation and degradation in aqueous 

environments [1.340]. Films consisting of alternating layers of different components (e.g. 

Al2O3/TiO2/ Al2O3) or “multilayer” films are known to overcome pinholes in ALD films 

by creating a tortuous diffusion path for corrosive compounds [1.52-1.54], as shown in 

Figure 1.6, and can be designed with an inert capping layer to prevent moisture 

degradation [1.40, 1.55]. Multilayer ALD films are useful for substrates exposed to 

humid environments, however, the film structure has to be tailored to minimize color 

change. With multilayer films, added film functionality can be incorporated by 

selectively choosing the ALD materials. Reactive layers increase multilayer film 

functionality by incorporating layers that react or bind with "active" species, reducing 

their concentration to acceptably low levels in critical regions. Potential gettering layers 

useful for chemical binding of sulfur and nitrates include metal oxides such as ZnO 

[1.56], NiO [1.57], TiO2 and Pt [1.58, 1.59]. Additional functionality can be added by 

incorporating UV protection layers, such as TiO2, especially critical for textiles [1.60].  
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Figure 1.6: Schematic of direct path for oxidizing species through a) a pinhole with 

single layer oxide, vs. b) tortuous path through pinholes and along interfaces for 

multilayer oxide. 

 

1.3 Art Conservation Considerations for ALD Films 

 While ALD seems to be a promising technology to better protect cultural heritage 

objects, there are strict rules governing art conservation practices that have to be met 

before a new technology can be adopted. The research presented in this thesis is mostly 

focused on determining if ALD films are acceptable for use on cultural heritage objects. 

For the coatings to be acceptable, they must be nearly invisible, more effective at 

reducing the silver tarnish formation rate than the current nitrocellulose coatings used, 

and removable without significantly changing the appearance and composition of the 

underlying silver substrate. With regard to reversibility, an ideal treatment would be 

applied and removed without any changes to the object. Practically, this is nearly 

impossible, as most treatments will cause changes that are measurable at some level. For 

example, simply rinsing an object in water will often leave trace amounts of Na or Cl that 

may not be measureable with bulk analysis techniques, such as energy dispersive 
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spectroscopy (EDS), but can easily be measured with x-ray photoelectron spectroscopy 

(XPS).  

Additionally, current methods that are commonly used by art conservators are 

inherently not reversible, as they damage the object or leave residues behind. For 

example, polishing with precipitated chalk is commonly used by conservators to polish 

silver objects. This technique is far from ideal, as it is known to remove metal 

irreversibly from the surface. Additionally, polishing tends to leave behind residue that is 

nearly impossible to completely remove. Atomic force microscope images of sterling 

silver substrates polished with 0.05 µm precipitated chalk and cleaned in ultrasonic baths 

of acetone, methanol, and isopropanol are shown in Figure 1.7. Polish residue is clearly 

visible on the surface of the substrate despite the extensive cleaning. This cleaning 

procedure is far more vigorous than what is typically possible with cultural heritage 

materials. Despite the reversibility nominally required by art conservation, polishing is 

considered an acceptable technique; however it not only removes metal from the surface 

but also leaves residue. Thus we adopted a comparative approach in this thesis. In order 

to evaluate the comparative reversibility of ALD films, the changes caused by the 

application and removal of ALD films were compared to the changes caused by polishing, 

as discussed in Chapter 4.   
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Figure 1.7: Atomic Force Microscopy (AFM) image of sterling silver substrate after 

polishing with 0.05 µm precipitated chalk and cleaned in ultrasonic baths of acetone, 

methanol, and isopropanol. Despite the vigorous cleaning, residue from polishing 

remains on the surface. While polishing is considered an acceptable technique to help 

conserve cultural heritage objects, it is not entirely reversible.  
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Chapter Two 

Appearance – Optimizing ALD films structures 

to minimize color change 

 

 

 

From an art object conservation point of view, the application of a tarnish barrier 

film ideally should not produce any visible change in the appearance of the underlying 

object, or at least this change should be minimal. One aspect of this requirement is that 

the films should be highly conformal, to minimize smearing, or optical distortion out of 

the fine details produced by the artisan who created the object. Previous work has 

demonstrated that ALD produces a degree of conformality unrivalled by any other film 

deposition technique [2.1, 2.2]. A second important aspect of the appearance, which we 

deal with here, is the color rendition of the object as coated.  

 

2.1 Thin film interference effects 

The ALD metal oxides applied are transparent however, color can arise from thin 

film interference effects as light travels through the films and reflects off the surface. 
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When light hits the first surface of a thin film (sub-nanometer to micron), it is either 

reflected or transmitted from the surface. The transmitted light travels to the second 

interface and can similarly be reflected or transmitted from the lower interface, 

quantitatively described by the Fresnel equations, and illustrated in Figure 2.1. The light 

reflected from the first and second interfaces will interfere, either constructively or 

destructively, depending on the difference in their phase, as shown in Figure 2.2. 

Changes in the phase are caused by differences in the refractive index of the film, the 

film thickness, and the original angle of incidence. These effects had to be taken into 

account to develop ALD coatings that did not affect silver object appearance.   

 

 

Figure 2.1: Incident light is reflected and transmitted as it is incident upon the ALD thin 

film surface: the transmitted light travels through the ALD thin film and reflects from the 

silver substrate. Thin film interference effects are what gives rise to color of the 

transparent ALD films.  

 

 

ALD coating 
Silver Substrate 
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Figure 2.2: Reflected light can have constructive (left) or destructive (right) interference 

due to the phase difference caused by the thin film thickness, refractive index, or incident 

light angle. Copyright © 2013 Jhbdel, Wikimedia Commons.  

 

2.2 ALD thin film reflectance spectrum calculations  

To predict how the appearance of silver objects might change subsequent to ALD 

coating, we first carried out calculations of the optical reflectance spectra using a multiple 

reflection Fresnel analysis [2.3, 2.4] and the known optical constants of each of the 

component films. A MatLab code developed by Shy-Hauh Guo (code described in 

Appendix A) was modified for use on these ALD systems of a single component oxide 

film (referred to hereafter as a “single layer film”) or a stack of multiple films of different 

oxides (referred to hereafter as a “multilayer film”) on a fine (100%) Ag or sterling (7.5% 

Cu) silver substrate. Multilayer films of Al2O3, TiO2 and ZnO were modeled (see Section 

1.2.6 for description of materials selection). In this program, the refractive index of the 

materials used, thin film thicknesses, layer structure, angle of incident light, and 

frequency range were the input parameters.  

The modeled reflectance spectrum for a single layer 5, 10, 20, 50 and 100 nm 

Al2O3 ALD films on fine silver is shown in Figure 2.3. Also in this graph shown by the 
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neon green curve is the reflectance spectrum for bare fine silver. To obtain these curves, 

the angle of incident light was varied at 10° intervals from 0 to 89° and averaged to 

produce the angle averaged reflectance spectrum. Changes in the reflectance spectrum are 

indicative of color change so finding structures with minimal reflectance spectrum 

changes compared to the bare substrate is ideal. The perfectly invisible ALD film 

structure would have a modeled reflectance spectrum identical to that of the bare 

substrate. Practically, this is difficult to achieve so film structures with only small 

changes in reflectance are sought. The calculated spectra from thin films of 5, 10 and 20 

nm of Al2O3 ALD closely match the reflectance spectrum for bare silver, with small 

changes at short wavelengths. Calculated spectra for the 50 and 100 nm thick Al2O3 ALD 

films are significantly different than the bare silver substrate and would likely induce a 

visible color change on a silver substrate.  

 

 

Figure 2.3: Modeled reflectance spectrum for single layer Al2O3 ALD films on fine 

uncoated (bare) silver (green). Film thicknesses of 5 nm (blue), 10 nm (purple), 20 nm 
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(olive green), 50 nm (red), and 100 nm (gray) are shown. The angle of incident light was 

average from 0 to 89°. 

 

The film structures modeled in this thesis are shown schematically in Figure 2.4. 

The reflectance spectrum results, for various thicknesses of alumina, as well as a number 

of multilayer combinations are summarized in Figure 2.5. Also shown are calculated 

reflectance spectra for uncoated silver and uncoated sterling silver, which are used as the 

reference spectrum. For single layer films, thinner (10 nm Al2O3) films more closely 

match the reflectance spectrum for bare silver and interference effects become noticeable 

for the thicker (100 and 112 nm) alumina films. Some of the multilayer films (the “2 

layer” and “4 layer” films) are calculated to produce reflectivity spectra closely matching 

that of uncoated silver. 

 

Figure 2.4: ALD film structures modeled for reflectance spectrum calculations (not to 

scale).  

An important finding from these calculations is that the optimal film structure will 

vary according to the composition of the underlying alloy. The reflectance spectrum for 

fine (99-100%) Ag is different than that of sterling (7.5% Cu) silver, as shown in Figure 

2.5. This means the optimal film structure for fine silver is different than the optimal 

coating for sterling silver. Efforts have been made to account for this difference and are 

discussed further in Section 2.8.  
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Figure 2.5: Calculated reflectance spectra for bare Ag (thick, dark blue curve), bare 

sterling silver (thick green curve), Ag coated with 10 nm of Al2O3 (cyan curve), Ag coated 

with 100 nm of Al2O3 (purple curve), Ag coated with 112 nm of Al2O3 (red curve), Ag 

coated with 10 periods of: (7 nm of Al2O3/1 nm TiO2) (light brown curve), Ag coated with 

a 2 layer film consisting of 48.8 nm Al2O3/45.3 nm TiO2 (thin green curve), Ag coated 

with a 3 layer film consisting of 48.1 nm Al2O3/37.6 nm TiO2 /11.6 nm ZnO (thin dark 

brown curve), and Ag coated with a 4 layer film consisting of 49.7 nm Al2O3/41.7 nm 

TiO2/8 nm ZnO/5 nm Al2O3 (thin yellow curve).  See Figure 2.4 for schematics of 

multilayer film combinations used in calculations. 
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2.3 Quantifying Color Change – ΔE  

The modeled reflectance spectra described in Section 2.2 show changes in the 

reflectance that indicate color changes. However, interpreting and quantifying the amount 

of color change is needed. Color space, as defined by the Commission Internationale de 

l’Eclarirage (CIE), was adopted to quantitatively describe the perceived color of ALD 

film-coated silver. Multiple standards for colorimetry have been created to describe all 

possible colors based on human perception. The history of the CIE standards has evolved 

from the CIE 1964 (U*V*W*), CIE 1976 (L*u*v*), to CIE 1976 (L*a*b*). Models to 

describe the color difference include CIE 1994 and CIEDE2000. The details and 

differences between each system are beyond the scope of this paper and can be found 

elsewhere [2.5-2.7]. Each successive system more accurately described human perception 

to color, as perception is not uniform across all colors, Figure 2.6a. The CIE L*a*b* is 

considered the most accurate color model for describing all colors, where L* represents 

luminance, a* is the red-green axis, and b* is the blue-yellow axis, Figure 2.6b. The L-

axis indicates brightness from (+L) white to (-L) black. The a-axis represents (-a) green 

to (+a) red and the b-axis extends from (-b) blue to (+b) yellow. 

 



! 30!

 

Figure 2.6: a) The XYZ color space and the b) CIEL*a*b* color space. The linear 

chromatic distance between colors in the XYZ color space does not correspond to 

perceived color differences, given the human eye’s non-uniform color perception. The 

CIEL*a*b* color space takes into account hue superimportance to develop a more 

accurate model for color differences. Figure 2.6a was taken from <http://www.color-

theory-phenomena.nl/10.03.htm> and Figure 2.6b from 

<http://www.sapdesignguild.org/goodies/glossary_color/index1.html>. 

 

A system for describing color change, i.e. the difference between two colors, is 

important for creating an objective, quantitative measurement. A simplistic way to 

quantify the change ΔE, between two colors is by determining the magnitude of the 

vector between two points on the chromaticity diagram, given by Equation 2.1.  

   !" = !! + !! + !!     Equation 2.1 

This was the classic method used to quantify color change starting in 1974. On 

this scale, a value under 2 is generally viewed as an undetectable color change. This 

model, however, does not take into account human perception differences for different 

a) b) 
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colors. The human eye is more sensitive to smaller changes in some colors than others, as 

was found with the hue superimportance effect described by Judd in 1969 [2.8]. Human 

eyes are more sensitive to hue differences than to lightness and chroma differences [2.8]. 

Additionally, smaller differences in some hues (red-varying) are perceptible whereas 

similarly small changes in other hues (yellow-varying) are perceptible [2.9]. The non-

linear nature of hue superimportance results in the ellipsoidal nature of the chromaticity 

diagram, shown in Figure 2.6a. Additionally, the color change cannot accurately be 

described by the linear, Euclidean geometry described by Equation 2.1. These problems 

lead to a more advanced calculation of color change, starting with the CIE1994 now the 

more accurate CIEDE2000, that is now widely used by industry [2.6, 2.7]. The 

CIDED2000 method was found to statistically superior to the CIE 1994 and ΔE models 

in determining color differences for different data sets [2.10]. The CIEDE2000 equation 

for color change is given in Equation 2.2 and the details of its derivation can be found in 

Sharma, et. al [2.5]: 

Equation 2.2: 

 

Equation 2.2 contains many additional parameters compared to Equation 2.1, all 

to take into account the non-uniform perception of the human eye. The factors SL, SC, SH, 

and RT are weighting functions that positionally correct the color due to the non-

uniformity of the CIEL*a*b* color space. The factors kL, kC, and kH correct for 

experimental viewing conditions. The following equations define the remaining factors.  

!! = !∗      Equation 2.3 
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!! = 1+ ! !∗             Equation 2.4 

!! = !∗                       Equation 2.5 

!! = !!" + !!"            Equation 2.6 

!! = !"#!! !′ !′           Equation 2.7 

            ! = 0.5 1− !!"∗!
!!"∗!!!"!

     Equation 2.8 

Where !!"∗! is the mean of the Cab values for a pair of samples. The exact 

equations for all of these parameters can be found in Sharma, et. al [2.5]. Practically, 

these equations were implemented through a Microsoft Excel spreadsheet distributed by 

Sharma et. al. [2.5] to calculate the color change CIEDE2000 for measured spectra in this 

work. While the CIEDE2000 color difference formula is a more accurate description of 

color changes across many different hues, it is most accurate for L* values around 50. As 

polished silver is very bright, with L* values closer to 100, the CIEDE2000 value can 

only estimate the color change. Despite this fact, color change was still measured with the 

CIEDE2000 method to give comparable, quantitative values. The final determination of 

color change acceptability was left to the opinions of conservators during a blind study of 

ALD coated and uncoated objects, as discussed in Section 2.10.  

 

2.4 Methods  

2.4.1 Measuring color change via colorimetry 

Color alterations of silver substrates due to the ALD films were determined using 

a HunterLab UltraScan PRO with integrated sphere reflectance spectrophotometer to 
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measure the reflectance as a function of wavelength and determine the L*a*b* (space 

color values with respect to D65 illumination at a 10° viewing angle and 0% UV 

filtration). This unit was housed at the Library of Congress in the Preservation Science 

Department. The reflectance spectrum and CIE L*a*b* values were obtained for samples 

before and after ALD coatings were applied. Using the CIE L*a*b* values, the color 

difference of the silver coupons before and after ALD coatings was quantified using CIE 

dE2000 calculations in the spreadsheet develop by Sharma et. al. [2.5-2.7]. On this scale, 

a value over 1 unit is considered noticeable to an expert eye, while changes less than 1 

unit are considered not perceivable.   

 

2.4.2 Atomic Layer Deposition 

ALD films were deposited on sterling silver using a Beneq TFS 500 Atomic 

Layer Deposition (ALD) system, in a class 1000 clean room. Before ALD deposition all 

samples were cleaned by rinsing with trichloroethylene, acetone, methanol, isopropenol 

and deionized water, followed by blow-drying with N2 gas. Samples were allowed to 

equilibrate in the ALD chamber at 5 mbar and 150°C for 1 hour before deposition, using 

trimethylaluminum (TMA), diethyl zinc (DEZ), and tetrakis-dimethyl-amido titanium 

(TDMAT) and water as precursors for Al2O3, ZnO, and TiO2, respectively. The 

deposition rates were 0.9 Å/cycle, 1.9 Å/cycle, and 0.5 Å/cycle for Al2O3, ZnO, and TiO2, 

respectively. The desired film thickness was reached by repeating each cycle a number of 

times given by this value divided by the corresponding deposition rate.  
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2.4.3 Thermal evaporation of silver substrates 

Thin Ag-Cu film samples were also prepared on silicon (1 0 0) wafers using 

thermal evaporation in a CHA Mark 40TM  system. Approximately 150 nm of 95% Ag - 

5%Cu alloy was deposited on a silicon wafer using a mixture of Cu (99.9%) and Ag 

(99.9%) with a 2Å/second deposition rate. Higher or lower crucible temperatures led to 

faster or slower deposition of a range of alloy compositions. The difference in partial 

pressures between Cu and Ag allowed for the control of the surface alloy composition 

between 0-15% Cu and 100-85% Ag.  

 

2.5 Calculating the color change due to ALD thin films 

The CIE ΔE2000 method for calculating color change was adopted to relate the 

modeled reflectance spectrum to the subsequent color change of a given ALD film 

structure on silver. CIE ΔE2000 color change, calculated from measured (Figure 2.7, red) 

and modeled (Figure 2.7, black) reflectance spectra for various Al2O3 ALD films on flat 

silver substrates, is shown. For comparison, the color change due to a freshly applied 

nitrocellulose coated sample is shown in blue. Both 10 nm and 130 nm Al2O3 ALD films 

produced a CIE ΔE2000 value comparable with nitrocellulose coatings. The 10 nm film is 

contiguous, but thin enough to avoid significant interference color. The 130 nm “sweet” 

spot in the ALD film thickness where the color change is a local minimum is due to thin 

film interference effects.  
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Figure 2.7: Color change due to Al2O3 ALD films of various thicknesses on fine silver. 

The measured color change (red) via colorimetry, and calculated from reflectance 

modeling (black) are comparable. The color change due to nitrocellulose is also 

compared. Nominally, a value under 1 is undetectable to the human eye. Nearly invisible 

coatings are possible with 10 and 130 nm thick Al2O3 ALD films on silver films.  

 

 

2.6 Color change due to ALD materials 

The perceived color change associated with TiO2, ZnO and Al2O3 ALD films as a 

function of thickness on silver was next determined. For each material, the reflectance 

spectrum at 5 nm film thickness intervals were modeled, the CIEL*a*b* values 

determined, from which the CIEDE2000 color change calculated. The color change as a 

Undetectable 
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function of ZnO (green curve), TiO2 (red curve) and Al2O3 (blue curve) film thickness is 

shown in Figure 2.8 (conditions: D65 source, CIE1986 observer, 10° incident angle). Not 

surprisingly for all three materials, the color change is smallest at very thin films. 

Noticeable color change (CIEDE2000 > 1) increases more rapidly with thickness for 

TiO2 and ZnO films than Al2O3 due to their higher index of refraction. The color changes 

associated with a 5 nm thick film of ZnO, TiO2, and Al2O3 ALD are 0.71, 1.11, and 0.33 

CIEDE2000, respectively. Local minima in the color change occur in thicker films at 100, 

85 and 130 nm for ZnO, TiO2, and Al2O3 ALD films. The oscillation between maxima 

and minima in color change is due to thin film interference effects, as discussed above in 

Section 2.1. These calculations give the ranges of interest in film thickness for 

minimizing color change for different ALD metal oxide films on silver.    
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Figure 2.8: Modeled color change (CIEDE2000) due to ZnO, TiO2 and Al2O3 ALD films 

as a function of thickness on silver substrates. The reflectance spectrum were first 

modeled followed by determinations of CIEL*a*b* values and CIEDE2000 values.  

 

2.7 Multilayer ALD films 

Multilayer ALD films of TiO2, ZnO and Al2O3 were investigated as they 

potentially provide superior corrosion protection over single layer ALD films, as 

discussed in Section 1.2.6. However, due to the different indices of refraction of the 

materials, noticeable color change can occur with thinner films. Multilayer films were 

modeled to determine structures that would produce acceptably small color changes. 

Essential MacLeod© software (sold by Thin Film Center, Inc.) was used to predict the 
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color change from the deposition of multilayer films on silver. The film thickness, index 

of refraction, and ALD structure (i.e. sequence and thickness of layers) were the input 

parameters from which the software calculated the reflection spectrum and CIEL*a*b* 

values. Many different ALD structures and film thicknesses were modeled to determine 

the acceptable thickness ranges.  

ALD was next used to fabricate a number of films, including alumina single 

layers of different thicknesses, as well as some of the multilayer films for which the 

calculations indicated reflectivity spectra close to that of uncoated silver. The multilayer 

film structures are shown in Figure 2.4. To quantify the change in color balance, in each 

case the reflectivity spectra was measured, from which the CIEDE2000 values were 

determined, shown in Figure 2.9. Only the thinnest alumina films meet the criterion of 

invisibility to the expert eye as all other multilayer films have CIEDE2000 values greater 

than 1.  

To learn about the sensitivity of the results to the specific reactor and process 

parameters, identical sterling silver coupons were sent to Beneq, the manufacturer of the 

ALD reactor used in this thesis, who deposited additional coatings of alumina at various 

thicknesses as well as a so-called “chemically resistant” film, consisting of 45nm 

TiO2/45nm Al2O3 [2.11]. This film was found to produce a significant amount of color 

change, far more than the single layer ALD films we discussed above, as summarized in 

Figure 2.9. According to their website, “the coating the coating factually enhances the 

reflectivity of the surface, which gives an nSILVER coated article a brighter and more 

glossy appearance than silver itself” (<http://www.beneq.com/nsilver-anti-tarnish-

coating.html>). This creates a blue appearance to the film that can be desirable for some 
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applications; however, it is unacceptable for applications in cultural heritage; as discussed 

earlier, color change should be minimal and based upon our conversations, a slight 

yellow appearance is preferable among art conservators to a blue appearance.  

 

 

Figure 2.9 Measured color change (CIEDE2000) due to atomic layer deposition of 

alumina and multilayer films on silver alloy substrates (illustrated schematically in 

Figure 2.4). Black solid squares show color changes for deposition of a sterling silver 

coupon; red solid circles show color changes for deposition of a Ag0.89Cu0.11 film; blue 

solid triangles show color changes after deposition on a sterling silver coupon, where the 

“chemical-resistant” film consists of 45nm TiO2/45nm Al2O3. 
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The effect of substrate on color change was also determined. In Figure 2.9 the 

black solid squares show color changes for deposition on a sterling silver coupon; red 

solid circles show color changes for deposition of a Ag0.89Cu0.11 film; blue solid triangles 

show color changes after deposition on a sterling silver coupon, where the “chemical-

resistant” film consists of 45nm TiO2/45nm Al2O3. Calculations for these multilayer thin 

films were done using 100% Ag as the substrate. However, the films were applied to bulk 

sterling silver substrates (black and blue markers) or thermally evaporated Ag0.95-Cu0.05 

alloys (red markers), rather than pure silver. The effect of substrate on the color change is 

noticeable, the 3 and 4 layer multilayer films (shown schematically in Figure 2.4) 

produce a higher color change for sterling Ag0.925-Cu0.075 silver than for the lower Cu 

content, thermally evaporated Ag0.95-Cu0.05 alloys. 

   

2.8 Multilayer film for sterling silver substrates 

In this section we discuss attempts at designing better multilayer films that 

reduced the amount of color change and were better suited for sterling silver substrates. 

Given the different in reflectance spectrum of fine and sterling silver, Figure 2.5, the 

sterling silver reflectance spectrum was used to determine an optimal multilayer ALD 

coating. The MacLeod software and reflectance modeling described in Section 2.7 had 

limited capabilities for performing this optimization. Instead acceptable multilayer film 

structures for sterling silver were determined through optical optimization and simulation 

of the various multilayer candidates by Dr. George Dalakos, at General Electric, assisted 

with reflectivity calculations with a commercially available software package, TFCalc (v. 

3.5.15) from Software Spectra, Inc. For model inputs, optical constants of sterling silver 
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were derived from measured reflectance spectra and optical constants for all thin film 

oxides were taken from bulk material values supplied by the software. Optimization and 

generation of potential multilayer structures was accomplished by first starting with a 

trial and error approach. This typically involved alternating different high and low optical 

index material combinations on the substrate. Optical quarter-wave thickness or multiples 

of it was used as initial guesses for each of the layers. The software then optimized the 

structure by adjusting the layer thicknesses from the initial guesses to achieve a best fit 

(using a sum of squares algorithm) with the reference reflectance spectra of sterling silver. 

After the optimization step, the optical response of the optimized multilayered structures 

could then be generated. Reflectance, transmittance and color parameter metrics were all 

used. The resulting optimal sterling silver coating was found to be sterling Ag/ 55.4nm 

Al2O3/ 50.6 nm TiO2/ 5 nm ZnO/ 70.6 nm Al2O3/ Air, shown schematically in Figure 

2.10.  

This multilayer film was then deposited on a sterling silver substrate, as described 

in Section 2.4.2, and the color change measured via colorimetry, as described in Sections 

2.4.1 and 2.5. 

Other thin multilayer films were deposited on sterling silver, consisting of 

various thicknesses of ZnO and Al2O3 ALD, to determine their effect on the 

perceived color and reflectance change. Three different strategies for minimizing 

color change were used, employing modifications at the multilayer interfaces to 

minimize abrupt transitions from one material to another, shown schematically in 

Figure 2.10. The total thickness of the multilayers of the three different component 

metal oxides was kept constant at 15 nm. Discrete layers were used, in which one 
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layer is grown on top of the other layer to produce distinct multilayers. A nucleation 

period during the initial growth of a new ALD chemistry on top of another was 

accounted for during multilayer growth. As reported by Yun et al., the thickness of 

TiO2 ALD films grown on Al2O3 decreases by 10% during the initial 10 nm growth, 

after which linear growth resumes [2.12]. To account for this, 21 cycles of TiO2 ALD 

were added when grown on Al2O3 ALD. When growing ZnO on Al2O3, a 4-6 cycle 

nucleation period was added [2.13]. Gradient layers were made between the ZnO and 

Al2O3 ALD layers, using the following recipe: 4 cycles Al2O3 / 1 cycle ZnO / 3 cycles 

Al2O3 / 2 cycles ZnO / 2 cycles Al2O3 / 3 cycles ZnO / 1 cycle Al2O3 / 4 cycles ZnO. 

Doped layers were made of using 2 cycles of ZnO and 20 cycles Al2O3, repeated 6 

times. 

The color change of ALD films on sterling silver was compared to those for a 

nitrocellulose film alone and a nitrocellulose film with 25 nm Al2O3 ALD applied on top, 

as shown schematically in Figure 2.10. The nitrocellulose coating consisted of Agateen 

Lacquer #27 and Agateen Thinner #1 in a 1:1 mixture (cellulose nitrate, Agate Lacquer, 

New Jersey). It was applied by brushing 2 coats onto the surface at 90° from each other. 

The ALD coating was applied one week after the nitrocellulose coating was applied to 

ensure total drying of the coating.  
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Figure 2.10: Schematic of ALD multilayers (clockwise from the top left) including the 

optimal sterling silver multilayer coating, a doped, a gradient, and discrete Al2O3/ZnO 

multilayer coatings, nitrocellulose coatings without and with a 25 nm Al2O3 coating, and 

single layer Al2O3 ALD films on sterling silver. The images are not to scale.  

 

2.9 Results: Calculating color change of sterling silver 

optimized coatings 

The perceived color change, due to the single, multilayer and nitrocellulose films 

described in Section 2.8 and Figure 2.10 are shown in Figure 2.11. Of the ALD films, the 

10 and 130 nm Al2O3 films are sweet spots in coating thickness that have the lowest 

measured color change: less than 2 on the CIEDE2000 scale. The values are close to that 
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caused by deposition of nitrocellulose alone, and of 25 nm ALD on nitrocellulose. Other 

Al2O3 ALD film thicknesses produce a larger color change, also shown in Figures 2.7 and 

2.8.  

The multilayer films we have investigated produce more color change than these 

single layer Al2O3 films, as shown in Figure 2.11. A multilayer film whose structure was 

based on that predicted by simulations to be optimal in its effect on appearance (see 

Section 2.8) was applied to sterling silver substrates. Instead we found that it produced a 

large CIEDE2000 color change of approximately 6 units. We speculate that this 

discrepancy may be due to difference between the ideal and actual ALD layer thickness. 

Growth rates of the different ALD chemistries were calibrated on Si wafers, the growth 

rate on different substrates may differ slightly, especially at early growth stages. Slight 

changes in each layer of the coating may change the color of the overall film significantly. 

TEM cross-sections of the resulting ALD coating should be obtained to determine the 

actual thickness of each layer and adjust growth rates accordingly.  

The thin 15 nm thick multilayer films with doped, gradient and discrete layers 

produced a smaller color change than the nominally optimal multilayer, as shown in 

Figure 2.11. Of these coatings, the gradient and discrete layers created nearly equivalent 

color changes, with marginally smaller values for the former. The doped layer multilayer 

film produced a slightly larger color change than the gradient and discrete multilayers. 

The color change of the multilayer films is more noticeable than the color change of the 

single layer ALD films; the added benefit of multilayers in extending the effective silver 

tarnish protection lifetime may be worth the slight color modification. The silver 

substrates tend to have a slight yellow appearance after the thin multilayer coatings are 
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applied. Whether this is acceptable or not is up to the art conservators’ judgment. Further 

calculations toward designing thicker multilayer films, which provide a high level of 

tarnish resistance and good color match to Ag-Cu alloys are needed. 

 

Figure 2.11: CIEDE2000 measurements of single layer Al2O3 ALD films (black markers), 

the optimal sterling silver multilayer (red), thin multilayer (red), nitrocellulose with 25 

nm ALD applied (blue) and without ALD applied (blue). Schematics of the film structures 

are shown in Figure 2.10. The 10 nm, 20 nm, 130 nm thick Al2O3 and gradient multilayer 

films produce the least amount of color change on sterling silver.  

 

2.10 Art conservators’ opinions of ALD films on knives 

The measured CIEDE2000 color change values give a good estimation of the 

amount of color change and the degree of perceptibility. However, variables in the 

mathematical model and observer perception differences mean there are discrepancies in 

some data sets [2.10, 2.14]. Final evaluation of “acceptable” color change is best carried 

out by expert observers. Visual inspections of the ALD films by art conservators were 
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carried out at the American Institute of Conservation’s 41st Annual Meeting in 

Indianapolis, Indiana on May 29-June 1, 2013. A blind study was done during the 

Objects Specialty Group Luncheon and Tips Session, entitled “A New Barrier Coating to 

Reduce Tarnish on Silver Art.”  

During this session, three silver knives were displayed in a photography light box 

and the conservators asked to determine the treatment of each knife through visual 

inspection only. The three knives were polished and cleaned by a conservator at the 

Wintherthur Museum in Delaware. One of the knives was coated with nitrocellulose 

according to the procedure used by conservators at the museum, and the second knife 

remained uncoated. The third knife was coated with a 10 nm thick Al2O3 ALD layer (the 

knife is also discussed in Chapter 5 with the procedure used to coat the knife is described 

in Sections 5.1.1, 5.1.2, 5.2.1, and discussion of a pinhole in Section 5.2.3). The three 

knives were arranged in random order and were not labeled with descriptions of their 

treatments. Art conservators in attendance were then asked to determine which knife was 

coated with nitrocellulose, 10 nm Al2O3 ALD and which remained uncoated. A survey of 

their answers showed that all of the conservators were successfully able to identify the 

nitrocellulose-coated knife. Conservators were not able to distinguish between the bare 

and ALD coated knife easily. Results showed half the responses successfully identified 

the ALD coated knife, indicating random guessing between the bare and ALD coated 

knife. Therefore, to within the uncertainty of the determinations, the thin 10 nm Al2O3 

ALD coating was undetectable to trained art conservators.  
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2.11 Effect of prior surface treatment on ALD film appearance 

In addition to the blind study with knives, sterling silver substrates with various 

ALD coatings were shown to art conservators to allow them to see side-by-side 

comparisons with bare and nitrocellulose coated silver. The effect of prior surface 

treatments on the appearance of the ALD film was investigated as the substrates had 

undergone commonly used surface treatments. 10 and 100 nm thick ALD films were then 

applied to the substrates after cleaning. The samples were mounted onto a board that 

contained information on the surface pre-treatment and coating type. Nitrocellulose 

coated and uncoated sterling silver substrates were randomly mixed in with the ALD 

coated samples to provide comparisons.   

 

2.11.1 Sterling silver sample preparation 

 Sterling silver coupons (Pasternak, Tel-Aviv, Israel) were pretreated 

with four different common surface preparation techniques used in museums, 

consisting of: 

(1) polishing with precipitated chalk coupons were polished with a ethanolic 

slurry of precipitated calcium carbonate (particle size 0.04 microns, purchased from 

Conservation Support Systems, Santa Barbara, CA, USP Grade) for approximately 2 

minutes;  

(2) a silver dip, consisting of a solution of 8 g thiourea (Kodak, reagent ACS 

grade), 5 g concentrated sulfuric acid in 100mL of DI water to which 2 drops of non-

ionic detergent (TritonX-100 from Sigma) was added as a wetting agent - this 
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solution was applied to the coupons for 4-5 seconds, rinsed for 5 minutes with 

distilled water, then gently agitated in deionized water for one hour;  

(3) nitrocellulose (NC) was applied using Agateen lacquer #27 (cellulose 

nitrate, Agate Lacquer, New Jersey) diluted 50% with Agateen thinner- the 

nitrocellulose coating was allowed to cure for 5 days before being removed with 

acetone  

(4) coupons were polished using “Pre-lim”, a commercial, gently abrasive 

surface cleaning paste (Picreator Enterprises, Ltd., London), and cleaned with acetone.  

The substrates of all coupons were then coated with films of various 

thicknesses and compositions using atomic layer deposition as described in Section 

2.4.2. Single layer Al2O3 ALD films were applied with thicknesses of 10 and 100nm. 

A multilayer structure of 49.7 nm Al2O3, 41.7 nm TiO2, 8 nm ZnO, and 5 nm Al2O3 

was deposited.   

2.11.2 Conservators opinion of surface treatment on ALD 

film appearance 

Art conservators were shown the ALD coated, nitrocellulose coated and 

uncoated silver substrates that had prior surface treatments, as described in Section 

2.11.1. As with the knives, art conservators could almost always identify the 

nitrocellulose coated substrate, due to the plastic appearance and discoloration from 

thin film effects. Conservators were typically not able to distinguish the single layer 

ALD coated samples from the uncoated sample. Substrates treated with the silver ‘dip’ 

and pre-lim surface cleaner tended to have a yellow or darker surface due to the pre-

treatment but not effected by the ALD film.  
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Conservators were also shown a multilayer ALD film of 49.7 nm Al2O3, 41.7 

nm TiO2, 8 nm ZnO, and 5 nm Al2O3 on the different surface pre-treatments. The 

color change associated with the ALD films was noticeable, as conservators always 

noted a resulting yellow appearance. While noticeable, typically, this color change 

was judged not off putting, as it was comparable to the yellowing of nitrocellulose 

that happens as it ages. (Depending on the conditions, nitrocellulose yellowing can 

occur 6 months to 2 years after the nitrocellulose coating is applied.) Generally, 

conservators expressed the opinion that the yellow color change of the ALD films 

would be acceptable for use, as long as all objects in close proximity or on display 

were equally coated.  
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Chapter Three 

 Effectiveness – ALD vs. nitrocellulose film  

 

 

 

To determine the relative effectiveness of the ALD compared to that of 

nitrocellulose films, a custom accelerated aging chamber was built to expose samples to 

elevated H2S concentrations at controlled temperature and humidity. This method, instead 

of aging over a range of elevated temperatures, was required to make direct comparisons 

due to the temperature sensitivity and flammability of nitrocellulose. Accelerated aging 

conditions for the following tests were chosen to allow observable effects of surface 

corrosion on each of the control, nitrocellulose coated and ALD metal oxide coated 

samples after practical exposure times. Although it is difficult to directly compare 

accelerated with ambient aging results directly [3.1], the following tests allow for relative 

comparisons of effective lifetimes for different coating types under conditions of 

accelerated aging. 
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3.1 Accelerated aging chamber  

 Accelerated aging tests were performed to compare the performance of ALD 

Al2O3 and nitrocellulose NC coatings directly. Two samples of each of the following 

were prepared: a Ag (89%)-Cu (11%) film deposited on a silicon substrate; this Ag 

(89%)-Cu (11%) film coated with of 5 nm, 10 nm, 20 nm, 70 nm, and 100 nm thick 

Al2O3 ALD; brush coated nitrocellulose (NC); flow coated NC; and uncoated controls 

were prepared on Ag (89%)-Cu (11%) coated silicon. In this work a custom aging 

chamber that controlled the temperature, H2S partial pressure and humidity level was 

built to age coated and uncoated silver alloy samples. The design of this chamber was 

inspired by similar chambers used to age and study silver oxidation [3.2-3.7].  

A description of the aging chamber used in these studies follows below. An 

epoxy/fiberglass composite insulated box with a glass front panel was modified to 

include two gas inlets and two wall-mounted feedthroughs for the absolute humidity and 

H2S sensors, as seen in Figure 3.1. Gas is introduced into an upper gas mixing chamber, 

separated from the sample chamber by five perforated stainless steel plates spaced 2 mm 

apart, the latter acted to allow more homogeneous gas concentration throughout the lower 

sample chamber, as seen in Figure 3.2. An insulating box, built around the chamber, 

allowed the chamber to be heated using eight incandescent light bulbs controlled by a 

Variac power controller; this heating was found necessary to suppress vapor 

condensation within the chamber. This approach allowed the temperature to be adjusted 

from room temperature (25°C) to 50°C (which was the upper operating limit for the H2S 

sensor) by adjusting the setting of the Variac controller. Fans were installed within the 
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insulating box to allow for a more even temperature distribution by circulating air. A 

thermometer was mounted inside the insulating box to monitored the temperature.  

The commercial software package National Instruments LabVIEWTM was used to 

develop a user interface to control a set of mass flow controllers (MFCs) and sensors.  

Ultra Zero Compressed Air (20-22% O2, <2ppm H2O, <1ppm CO and CO2) and 20ppm 

H2S in air were purchased from Airgas. H2S concentrations were controlled using 20 ppm 

H2S in air with a flow rate controlled by a feedback loop employing a commercial (KWJ 

Engineering Inc.) RH2S50 H2S sensor to control a (MKS M100B) 1000 sccm MFC, the 

latter fitted with neoprene o-rings for corrosion resistance. With this system we 

maintained a level of 20 ppm H2S at a fixed flow rate. A commercial (Ohmic AHT-200-

01) absolute humidity sensor monitored the humidity level in the chamber, which was 

maintained in the range of 15-18 g/m3 (corresponding to 30-35% relative humidity) using 

a MFC-controlled flow of air through a heated water bath. After placing samples in the 

chamber and introducing the gas, the samples and chamber were allowed to equilibrate 

for one hour before the aging time was started, i.e. one hour was subtracted from the total 

time the sample was exposed to the gas to determine the aging time. The samples were 

aged in the chamber for a cumulative time of 500 hours and were removed at intervals for 

optical reflectance measurements.  
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Figure 3.1: Modified sample chamber with gas inlets (visible in lower left panel) and 

wall feedthroughs (visible in lower right panel) for mounting the absolute humidity and 

H2S sensors.  
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Figure 3.2: Schematic of accelerated aging chamber used to test ALD and nitrocellulose 

film effectiveness.  

 

3.2 Quantifying film effectiveness through time dependence of 

tarnish layer thickness 

 In this section we consider a model developed to quantify the ALD and 

nitrocellulose film effectiveness based on the time dependence of the thickness of the 

tarnish layer that develops as H2S from the atmosphere diffuses through the barrier film 

and reacts to form Ag2S at the silver surface, as illustrated schematically in Figure 3.3. 

Analytical techniques, including x-ray photoelectron spectroscopy (XPS) and time of 

flight secondary ion mass spectroscopy (TOF-SIMS) are capable of analyzing the tarnish 

layer thickness when combined with ion-sputter erosion. However, each of these 
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techniques employs a destructive mode of depth profiling, which in addition can take 

hours to probe to depths of 50 nm. A fast, non-destructive technique was required to 

analyze samples repeatedly after intervals of accelerated aging. Reflectance spectroscopy 

was found to be an efficient means to determine approximately the tarnish layer thickness 

rapidly and non-destructively. The prediction of this model was tested and verified using 

XPS depth profiling to determine the tarnish layer thickness directly in one case.  

  

 

Figure 3.3: Schematic of Ag2S tarnish layer formation due to H2S diffusion through Al2O3 

ALD barrier layers on silver.  

 

A commercial HunterLab UltraScan PRO with Integrated Sphere Reflectance 

Spectrophotometer housed at the Library of Congress Preservation Research and Testing 

Division was used to measure the sample reflectance. The reflectance as a function of 

wavelength was used to determine the 1976 CIE L*a*b* space color values with respect 

to D65 illumination, at a 10° viewing angle. For these determinations the specular 

reflectance was included, 0% UV filtration was employed, and a wavelength range of 350 

nm to 1050 nm was measured.  
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3.3 Reflectance model to estimate tarnish layer thickness 

 The measured reflectance was used to estimate the thickness of the tarnish layer 

that formed as sulfur from the atmosphere diffused through the barrier film and reacted at 

the silver surface. Accelerated aging in humid H2S and air leads to a mainly silver sulfide 

tarnish layer at the coating/metal interface. A simple model correlating colorimetry 

measured reflectivity at 500 nm to tarnish layer thicknesses was developed. The 

following assumptions were made: 1) the ALD metal oxide is completely transparent, 2) 

the silver substrate is completely reflective, 3) light impinges at normal incidence, and 4) 

multiple reflections in the film are neglected. As the reflectivity for untarnished silver at 

500 nm is near unity, the measured reflectivity R at this optical wavelength can be 

described according to a form of the Beer-Lambert law, Equation 3.1, 

 

   ! = !"# −2! ! !!"#$     Equation 3.1 

 

where α is the optical attenuation coefficient for silver sulfide at a given wavelength and 

ztarn is the thickness of the tarnish layer. In the middle of the visible spectra, 

α(500nm)=0.026 nm-1 and the thickness of the tarnish layer can be calculated, as shown 

in Table 3.1 [3.8]. According to this model, even a thin tarnish layer of Ag2S will 

drastically reduce the reflectance of silver. With only a 1 nm Ag2S tarnish layer thickness, 

the predicted reflectance is reduced by 5%, which would be a noticeable change in the 

silver appearance. This 5% reflectance reduction or 1 nm Ag2S tarnish layer thickness 

was set as the standard for evaluating the effective lifetimes of ALD metal oxide and 

nitrocellulose protective coatings during accelerated aging tests.  
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Reflectance % Ztarnish (nm) 

100 0 

95 1 

90 2 

50 13 

10 43 

5 57 

 

Table 3.1: Calculated Ag2S tarnish layer thickness, ztarnish, for corresponding reflectance 

measurements at 500 nm and an Ag2S optical attenuation coefficient of 0.026 nm-1. 

 

3.4 Testing the reflectance model for determining tarnish layer 

thickness 

 Below, the predictions of the simple attenuated reflectance model were tested 

experimentally by the calculated tarnish layer thickness as determined by reflectance 

measurements with the measured tarnish layer thickness determined through XPS depth 

profiling.  

R = 95% 

t = 
1nm 
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3.5 X-ray photoelectron spectroscopy depth profiling: 

The near-surface composition of the deposited silver alloy films was characterized 

by x-ray photoelectron spectroscopy (XPS) performed on a Kratos AXIS 165 

spectrometer, using a monochromatic Al Kα (h � = 1486.7 eV) x-ray source, with a 

125mm Omnicron (model EA 125) hemispherical analyzer ; this system has a seven-

channel detection capability for photoemission analysis. All peaks energies were 

calibrated to the C1s peak, centered at 284.6 eV. XPS surface concentrations were 

calculated using the commercial software package CasaXPSTM from the peak areas of O 

1s, Ag 3d, Cu 2p and C 1s, using manufacturer supplied relative sensitivity factors. Depth 

profiles were obtained by alternating XPS analysis with Ar gas sputtering. A schematic 

illustrating acquisition of XPS spectra as a function of depth into the sample is shown in 

Figure 3.4. To convert from sputtering time to sample depth, a profilometer was used to 

determine the thickness of the deposited Ag-Cu alloy before aging and XPS depth 

profiling. During the alloy deposition, part of the sample was masked off to aid 

profilometry measurements. The profilometry measured alloy thickness was then used to 

calibrate the sputtering rate obtained from the XPS depth profile by dividing by the time 

necessary for the Ag 3d core level intensity to fall to less than 50% of its initial value in 

the measured spectra.  For simplicity, we assume a constant sputter rate, which neglects 
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the effects of compositional variation. 

 

Figure 3.4: Schematic illustrating how XPS depth profiles are obtained by alternating 

XPS analysis with Ar gas sputtering.   

 

 

3.6 Methods: Testing the reflectance model 

3.6.1 Silver alloy substrate preparation 

Thin Ag-Cu film samples were prepared via deposition on silicon (1 0 0) wafers, 

using thermal evaporation in a CHA Mark 40TM  system. Approximately 150 nm of 95% 

Ag - 5%Cu alloy was deposited on a silicon wafer using a 90% Ag-10% Cu mixture of 

Cu (99.9%) and Ag (99.9%) with a 2Å/second deposition rate. Higher or lower crucible 

temperatures led to faster or slower deposition of a range of alloy compositions. The 
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difference in partial pressures between Cu and Ag allowed for the control of the surface 

alloy composition between 0-15% Cu and 100-85% Ag.  

 

3.6.2 Accelerated aging 

 Accelerated aging of the Ag-Cu alloy samples was performed in the aging 

chamber described in Section 3.1. The chamber was heated to 40°C, maintained at a 

relative humidity between 30-50% and filled with a  flux of gas consisting of 20 ppm H2S 

in air. Four samples were aged, with and one each removed after exposures of 45 minutes, 

1.5 hours, 2.5 hours and 3.5 hours. 

  

3.6.3 Reflectance measurements 

 Reflectance measurements were obtained for each sample before and after aging 

according to the methods described in Section 3.2. 

  

3.6.4 XPS depth profiling 

 XPS depth profiles were obtained for the 45 minute and 3.5 hour aged samples 

according to the procedure described in Section 3.5. 
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3.7 Results: Depth profiles of tarnished samples to verify 

reflectance model 

Equation 3.1 was used to calculate the tarnish layer thickness from the measured 

optical reflectance at 500 nm, for samples aged under accelerated conditions for 45 

minutes, 1.5 hours, 2.5 hours and 3.5 hours. The result is shown in Figure 3.5. After 

aging for 45 minutes and 3.5 hours, the calculated tarnish layer thickness was 8 nm and 

12.5 nm, respectively. Subsequent to this XPS depth profiles were measured for the 45 

minute and 3.5 hour aged samples to compare the measured tarnish layer thicknesses with 

those based upon attenuated reflectance.  

 

 

Figure 3.5: Calculated tarnish layer thickness from measured reflectance at 500nm after 

various accelerated aging times.  

 

Figure 3.6 shows the concentration (in atomic percentage) vs. sputter time (in 

seconds) of 5 different elements compared to the depth, as determined from the bare Ag-
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Cu alloy sample after 45 minutes of accelerated aging. The three regions of the sample 

can be observed through the spectrum: 1) at very short sputter times a peak in the S 2p 

profile is observed, which falls off quickly - we interpret this as corresponding to the 

tarnish layer; 2) at intermediate times there is an increase and then plateau in the Ag 3d 

profile, which we interpret as corresponding to the underlying Ag-Cu alloy; 3) at late 

times there is an increase in Si 2p profile corresponding to the Si substrate. As discussed 

above in section 3.5 sputtering time was converted to depth using profilometry data 

collected before the samples were aged. We assign the position of interfaces between 

layers to correspond to the time at which there is a 50% decrease in an elemental signal 

from its measured maximum.  
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Figure 3.6: XPS depth profile of bare Ag-Cu alloy after 45 minutes accelerated aging at 

20 ppm H2S, 40C, and 30%RH. The tarnish layer is observed through the peak in the S 

2p profile at the surface of the film.  

 

 Figure 3.7a and 3.7b show the elemental concentration depth profiles, calculated 

from the measured XPS data vs. sputter time, for the 45-minute and 3.5 hour aged 

samples, respectively. The thickness of the Ag2S tarnish layer for the 45 minutes aged 

sample was 8.4 nm and 12 nm for the 3.5 hours aged sample. These values are in good 

agreement with the values obtained from the calculated thickness based on the measured 

reflectance, given in Figure 3.5. In summary, we find that the approach of calculating the 

tarnish layer thickness from the measured reflectance subsequent to accelerated aging 

experiments allow for quick and non-destructive quantification of tarnish thickness. 

Below we apply this approach to evaluation of barrier film effectiveness.  

A.  
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B.  

Figure 3.7: XPS depth profiles of samples aged under accelerated conditions for A) 45 

minutes and B) 3.5 hours. The tarnish layer thickness determined from these profiles 

closely matches the calculated tarnish layer thickness from reflectance measurements. 

  

3.8 Methods: Accelerated aging of silver  

 3.8.1 Silver substrate preparation 

 As described above in section 3.6.1, thin Ag-Cu film samples were prepared on 

silicon (1 0 0) wafers using thermal evaporation in a CHA Mark 40TM system.  

Approximately 100 nm of 89% Ag-11%Cu alloy was deposited on a silicon wafer using a 

90% Ag-10% Cu mixture of Cu (99.9%) and Ag (99.9%) at 2 Å/second deposition rate.   

  

 3.8.2 Nitrocellulose Coatings 

 Nitrocellulose (NC) and NC thinner were purchased under the trade names 

Agateen Lacquer #27 and Agateen Thinner. Solutions of 1:1 nitrocellulose lacquer and 
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thinner were applied to thermally evaporated Ag-Cu alloy film samples by either 

brushing on or dipping into the NC/thinner solution. For both methods, a second coat was 

applied, after the first had dried 1 hour, rotating the sample 90°. A commercial 

(AlphaStep 200 Tencor TP-20) profilometer was used to measure the thickness of the 

nitrocellulose films after a strip of the film was removed with acetone. The dipped and 

brushed nitrocellulose films were found to be 1.9 µm and 355 nm in thickness, 

respectively.  Significant non-uniformity was observed in the brush applied films where 

troughs were measured to be 290 to 370 nm deep. Non-uniform dipped nitrocellulose 

films were also observed, where areas of the film were much thicker.  

 

3.8.3 Atomic Layer Deposited Al2O3 

 A Beneq TFS 500 Atomic Layer Deposition (ALD) system with a 200 x 170 x 5 

mm sub-chamber was used in the production of all Al2O3 films discussed in this work. 

Before deposition, samples were cleaned by rinsing with a series of solvents (all reagent 

grade): trichloroethylene, acetone, methanol, isopropanol and deionized water; this was 

followed by blow drying with N2 gas. Samples were allowed to equilibrate in temperature 

ALD chamber, held at 150°C, for 30 minutes before deposition began. 

Trimethylaluminum and H2O were used as precursors to deposit Al2O3 at 150°C with a 

deposition rate of 0.9 Å/cycle (determined by ellipsometry measurements of ALD film 

thickness after 500 cycles on Si wafers), adjusting the number of cycles to produce the 

desired film thickness. 
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3.8.4 Accelerated aging 

The samples were aged in the chamber described in Section 3.1 using the 

following conditions: a flux of 20 ppm H2S in air, a temperature of 40±1°C, and 15-18 

g/m3 humidity (30-35% relative humidity) for a total cumulative time of 500 hours.  They 

were removed at intervals for optical reflectance measurements.   

 

3.8.5 Reflectance spectroscopy to determine tarnish layer 

thickness 

Reflectance spectroscopy measurements were recorded from all samples at 

intervals during the accelerated aging using the system described in Section 3.2. Tarnish 

layer thickness was calculated from the measured reflectance at 500 nm according to the 

model explained in Section 3.3, using Equation 3.1. 

 

3.9 Results: Effectiveness of ALD versus nitrocellulose films 

 The effectiveness of ALD metal oxide and nitrocellulose coatings at reducing the 

rate of silver sulfide tarnish formation in an atmosphere containing 200,000 times the 

H2S concentration found in ambient (0.1 ppb) is discussed in this section.   
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Figure 3.8:  a) Measured Ag2S tarnish layer thickness after accelerated aging (20 ppm 

H2S, 30% RH, 40ºC) of 89% Ag - 11% Cu alloy films on Si wafers with no coating (bare), 

nitrocellulose brushed and dip applied, 5 nm, 10 nm, 20 nm and 100 nm Al2O3 ALD aged 

for 500 hours. Effective film lifetimes are defined as aging time for 1 nm Ag2S to form. b) 

Photographs of films after 500 hours accelerated aging. Nitrocellulose films tarnish non-

uniformly in areas with thinner coatings. ALD films slow the rate of Ag2S tarnish 

formation (scratches on surface due to handling). 

 

 The results of our tarnish layer thickness determinations, as a function of 

accelerated aging time are shown in Figure 3.8a and 3.8b for 89% Ag - 11% Cu alloy 

films, with no coating (bare), coated with nitrocellulose (brush and dip applied), and 

coated with 5 nm, 10 nm, and 20 nm thick ALD Al2O3 films. The bare silver alloy 

tarnishes rapidly, with an effective lifetime (operationally defined as the time to form a 1 

nm thick Ag2S layer) of less than an hour under these conditions. Coatings of 

Nitrocellulose, brushed on and dipped, increased the lifetime to 35 and 57 hours, 

respectively, as marked by arrows in Figure 3.8a. Samples covered with Nitrocellulose 

coatings tarnished non-uniformly, with heavy tarnishing in thinner areas, as shown in the 
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photographs taken after 500 aging hours (Figure 3.8b). Even very thin ALD Al2O3 

coatings increase this lifetime dramatically, with 5 nm, 10 nm and 20 nm thick films 

effectively protecting the silver alloy from tarnishing for 270, 350, and 517 hours, 

respectively, under accelerated aging conditions. Photos of these samples show little sign 

of tarnishing (although there are some visible surface scratches caused by handling). 

Table 3.2 shows the effective film lifetime for the 5 nm, 10 nm and 20 nm thick ALD 

Al2O3 films; these are 2, 8, 10 and 15 times longer than those for dipped nitrocellulose 

films, respectively.  

 Of interest to a conservator would be the enhanced lifetimes of these films under 

ambient conditions. We can estimate these if we assume that the average nitrocellulose 

lifetime in museum environments (approximately10 years) is limited by tarnish formation 

of approximately the same level as in our tests, and not by yellowing of the lacquer itself 

(see the discussion in Appendix C). A simple scaling would then predict that a 10 nm 

Al2O3 ALD may protect silver cultural heritage objects for nearly 100 years. Yet thicker 

ALD films produce even more impressive results: after 450 aging hours a 0.7 nm tarnish 

layer was measurable with a 100 nm Al2O3 ALD film, Figure 4a, potentially protecting 

silver for over 300 years, while extrapolating for 130 nm thick films, a local minimum in 

the color change, predicts a very long lifetime indeed: three and a half centuries.   
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Coating T20 ppm H2S (hours) TAmbient H2S (years) 

Nitrocellulose - Brushed 35 10 

Nitrocellulose – Dipped 57 16 

5 nm Al2O3 270 75 

10 nm Al2O3 350 98 

20 nm Al2O3 517 148 

Table 3.2: Results of accelerated aging tests for different nitrocellulose and ALD 

coatings on silver alloy films after 500 hours of accelerated aging. The accelerated aging 

time to form 1 nm of Ag2S is given by T20 ppm H2S (hours). The accelerated aging times 

have been scaled to ambient lifetimes, assuming the nitrocellulose film lasts 10 years in 

ambient conditions, and given by TAmbient H2S (years). Results show a 10 nm Al2O3 ALD 

film may protect silver cultural heritage objects for nearly 100 years.  

   

 These predicted lifetimes are upper limit estimations of the actual lifetime that 

might be expected from ambient aging. Direct comparisons of accelerated aging and 

ambient aging are difficult to assume, as the corrosion products formed during 

accelerated aging tests are different than those formed during ambient aging [3.1]. 

Standards environmental conditions (relative humidity, temperature, corrosion product 

concentration, etc.) for evaluating samples are difficult to establish as they are 

geographically varying. Pollution levels in urban environments differ widely from rural 

environments. Locations near marine environments contain more chlorides, while 

environments close to geographically active features, such as volcanoes, swamps, etc., 
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may have more sulfur species pollution. Long-term studies in geographically varying 

locations are needed to directly evaluate ALD film performance in ambient environments.  

 

 

3.10 ALD film effectiveness on surface topography 

ALD films are seemingly effective in protecting clean, flat silver alloy surfaces 

against tarnishing, such as those used in the effectiveness study described above. In this 

section we present the results of a direct comparison of the effectiveness of ALD films to 

that of nitrocellulose films when applied on a silver coin with complex surface 

topography. In this investigation a 130 nm thick Al2O3 ALD film was applied onto a 

region of a silver coin, a photograph of which is shown before coating in Figure 3.9a. 

Portions of the coin were masked off using Kapton® tape to prevent Al2O3 ALD 

deposition on the silver coin locally.    

The top region of the coin was coated with 130 nm Al2O3 ALD, the middle region 

had no coating, and the bottom region was coated with nitrocellulose; a photograph of the 

result is shown in Figure 3.9b. Neither the nitrocellulose nor the Al2O3 ALD coating 

noticeably altered the visual appearance of the silver coin. The coin was subsequently 

exposed in the accelerated aging chamber for 45 hours in 20 ppm H2S in air at 30% 

relative humidity and 40°C. After this relatively short aging time, the bare region without 

a coating has noticeably tarnished and darkened, as seen in Figure 3.9c. Significant 

tarnishing is also visible on parts of the nitrocellulose-coated region of the coin, likely in 

areas where the coating is thinner. By comparison, the ALD coated portion of the coin 

did not tarnish after 45 hours of accelerated aging, keeping the coin bright and shiny. 



! 71!

Based on the results shown above for the films in Figure 3.8, we might expect this 

coating to last a few centuries at ambient conditions, assuming a defect free coating.  

 

 

Figure 3.9: Effectiveness of ALD vs. nitrocellulose films after accelerated aging. a, Bare 

silver coin. b, silver coin with nitrocellulose (bottom third), uncoated bare coin (middle) 

and 130nm Al2O3 ALD (top third). c, Coated coin after 45 hours of accelerated aging in 

20 ppm H2S at 30% relative humidity and 40°C. Significant tarnish is visible in 

nitrocellulose-coated region while the appearance of the ALD-coated region remains 

unchanged. 

 

3.11 ALD film porosity: Electrochemical measurements  

 Ideal corrosion barrier films should be dense, to retard the diffusion of reactive 

gases to the underlying metal object. As shown above, and illustrated in Figure 3.8, 

atomic layer deposited alumina films of thicknesses ranging from 5-20 nm extend the 

time before visible tarnishing of silver alloy objects by at least an order of magnitude, 

with thicker films providing even longer protection. Surprisingly, the dependence of the 
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useful lifetime of these films under accelerated conditions did not show the simple power 

law scaling with the square of the layer thickness, which might be expected from the 

simplest, diffusion-limited kinetics. A question, which emerges, is then whether “short-

circuit” paths might be responsible for this behavior, and whether the elimination of these 

might further extend the protective lifetime provided by ALD-based tarnish barrier films. 

Although amorphous alumina by its non-crystalline nature avoids some types of defects, 

such as grain boundaries and dislocations, which act as diffusion short circuits in 

crystalline materials, there remains the possibility of so-called “pinholes” through the 

films. 

While contiguous ALD films were found in this thesis work to be highly effective 

in preventing silver objects from tarnishing, pinholes or defects in the films can severely 

limit the effective film lifetime by acting as diffusion “short circuits.” Uncovered areas or 

areas where the coating is thinner will allow H2S gas molecules, or ionic molecular 

fragments, such as HS- or S2- to reach the metal substrate more quickly than diffusion 

through the dense metal oxide ALD coating. These pinholes create a significant problem 

as the diffusion flux through the pinholes, Jpinhole, is much larger than that through the thin 

film bulk, JBulk; see Figure 3.10. Additionally, localized corrosion causing pitting in areas 

left uncovered by defects, causing more damage than uniform corrosion over the entire 

surface.  
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Figure 3.10: Schematic of pinholes in bulk thin films. Pinholes in the thin film bulk create 

“short circuits” for diffusion, as the pinhole diffusivity, Jpinhole, is much larger than the 

bulk diffusivity, JBulk. 

  

ALD thin films are often described as pinhole and defect free films; however, the 

literature reports the occurrence of small densities of pinholes or defects [3.9, 3.10]. The 

source of the pinholes is under debate in the literature. In some cases, pinholes may be 

caused by uncoated areas where the ALD failed to nucleate, possibly caused by surface 

chemistry changes or dust particles [3.10]. Pinholes may also refer to chemical defects, 

typically –OH groups, that percolate through the entire thickness of the film and allow 

rapid gas permeation [3.11]. Increasing the ALD film thickness or growth temperature 

are effective means to reduce the number of this type of defects, as percolation through 

the entire film become less probable for larger thicknesses, while higher temperature 

deposition results in a smaller concentration of –OH group defects [3.11].  

 In the literature, the term “pinholes” often refer to small defects that are 10s of 

nanometers in diameter or smaller, e.g. a coalescence of –OH defects in the film. In the 

experiments conducted in this thesis work large areas, 10s of micron in diameter, with 

Pinholes 
JPinhole 
JBulk 
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little or no ALD film coverage have been observed. In the following discussion no 

distinction between pinholes and larger coating-less defects is made. 

 An important, but still unresolved issue is how such defects might initiate. 

One possibility is that they may nucleate at impurities on the surface, and thus their 

density should be sensitive to the surface preparation. To investigate this issue we 

used electrochemical impedance spectroscopy, measuring the complex impedance vs. 

frequency. The results were modeled in terms of a simple equivalent circuit in which 

the pinholes act as a shunt resistance to the capacitance provided by the alumina film.   

 EIS data is often presented as the Bode plot, showing the logarithm of the 

impedance |Z|, or phase angle Φ, versus the logarithm of the frequency (in Hz). 

Figure 3.11 shows a model Bode plot for a completely intact protective coating; 

damaged coatings, equivalent circuit modeled with pure capacitors and one with 

constant-phase elements (CPE); and a coating where electrolyte diffusion is 

significant (taken from [3.12]). The Nyquist plot for the same set of samples is shown 

in Figure 3.12, also taken from [3.12]. The shape of both plots changes as the coating 

becomes damaged. In the Bode plot, the magnitude of the impedance decreases as the 

coating becomes damaged. The shape of the curve also changes from a straight line 

that plateaus at low frequencies for an intact coating to one having more features as 

the coating becomes damaged. The Nyquist plot also changes in shape, the diameter 

of the semi-circle decreases as the coating becomes damaged. If diffusion is prevalent, 

the 45° Warburg trail can be observed. These ideal plots help to analyze the plot 

features obtained for the ALD coatings on silver substrates.  
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Figure 3.11: Ideal Bode plots of an intact coating (solid line), a damaged coating 

modeled with a pure capacitor and a CPE, and a coating with significant diffusion of 

the electrolyte. This plot is taken from reference [3.12].  
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Figure 3.12: Nyquist plot of an intact coating (solid line), a damaged coating 

modeled with a pure capacitor and a CPE, and a coating with significant diffusion of 

the electrolyte. This plot is taken from [3.12].  

 

3.12 Experimental Methods: Electrochemical Impedance 

Spectroscopy 

3.12.1 Silver thin film preparation 

 Silver thin films were deposited on Si wafers using the Metra Thermal 

Evaporator in the FabLab at the University of Maryland. A 10 nm thick Al2O3 ALD 

adhesion layer was deposited on the Si wafers before Ag deposition to prevent the Ag 

delaminating from the Si wafer. 99.999% Ag (Sigma Aldrich) was deposited at a rate 

of ~10 Å/second under a base pressure of 2.0x106 Torr.  
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3.12.2 Sterling silver sample preparation 

 Sterling silver coupons (Pasternak, Tel-Aviv, Israel) were pretreated with four 

different common surface preparation techniques used in museums, consisting of: 

(1) polishing with precipitated chalk coupons were polished with a ethanolic slurry of 

precipitated calcium carbonate (particle size 0.04 microns, purchased from 

Conservation Support Systems, Santa Barbara, CA, USP Grade) for approximately 2 

minutes;  

(2) a silver dip, consisting of a solution of 8 g thiourea (Kodak, reagent ACS grade), 

5 g concentrated sulfuric acid in 100mL of DI water to which 2 drops of non-ionic 

detergent (TritonX-100 from Sigma) was added as a wetting agent - this solution was 

applied to the coupons for 4-5 seconds, rinsed for 5 minutes with distilled water, then 

gently agitated in deionized water for one hour;  

(3) nitrocellulose (NC) was applied using Agateen lacquer #27 (cellulose nitrate, 

Agate Lacquer, New Jersey) diluted 50% with Agateen thinner- the nitrocellulose 

coating was allowed to cure for 5 days before being removed with acetone  

(4) coupons were polished using “Pre-lim”, a commercial, gently abrasive surface 

cleaning paste (Picreator Enterprises, Ltd., London), and cleaned with acetone.  

The substrates were then coated with films of various thicknesses and 

compositions using atomic layer deposition. Before ALD, two corners of each sample 

were masked off with Kapton™ tape, preventing ALD thin film deposition to allow 

an electrical contact for EIS measurements. ALD films were deposited on sterling 

silver using a Beneq TFS 500 Atomic Layer Deposition (ALD) system, in a class 

1000 clean room. Before ALD deposition all samples were cleaned by rinsing with a 
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series of solvents (trichloroethylene, acetone, methanol, isopropanol and deionized 

water), followed by blow-drying with N2 gas. Samples were allowed to equilibrate in 

the ALD chamber at a base pressure of 5 mbar and 150°C for 1 hour before 

deposition, using trimethylaluminum, diethyl zinc, and tetrakis-dimethyl-amido 

titanium and water as precursors for Al2O3, ZnO, and TiO2, respectively. The 

deposition rates were 0.9 Å/cycle, 1.9 Å/cycle, and 0.5 Å/cycle for Al2O3, ZnO, and 

TiO2, respectively. Single component layer Al2O3 ALD films were applied to 

substrates, which had been prepared by the different methods described above, with 

thicknesses of 10 and 100nm. For comparison, multicomponent-layer films consisting 

of 49.7 nm Al2O3, 41.7 nm TiO2, 8 nm ZnO, and 5 nm Al2O3 were deposited on other 

substrates.   

 

3.12.3 Electrochemical impedance spectroscopy (EIS) 

analysis 

Electrochemical analysis was carried out on ALD-coated samples of the 

various thicknesses and layer structures using a three-electrode cell with an Ag/AgCl 

reference electrode and a platinum counter electrode, as shown schematically in 

Figure 3.13. The sample was tested while oriented horizontally, with the electrolyte 

exposed to a controlled area of the ALD coated surface. The sample was held 

between two glass tubes sealed with o-rings at the ends. An Ag/AgCl reference 

electrode and a platinum sheet counter electrode were mounted on a micrometer stand 

so the distance between the sample and the end of the electrodes could be controlled. 

Before measurements, the Kapton™ tape was removed from the corners of the silver 
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sample. The exposed corners of the bulk silver samples were polished with sand 

paper and cleaned with acetone to produce a conductive electrical contact. No 

polishing was done on the deposited silver thin films on Si wafers. An area of 1.77 

cm2 on the working electrode was defined using a Neoprene® o-ring. A 1.0 molar 

NaCl (Sigma Aldrich, reagent grade) solution made with ultra-pure water (resistivity 

> 17 MΩ) was de-aerated by bubbling a 150 sccm N2 gas flow through it for 30 

minutes prior to testing and a 50 sccm N2 gas flow while measurements were taken. 

Electrochemical impedance spectroscopy (EIS) was performed 30 minutes after the 

electrolyte was introduced to the electrode cell to allow the system to stabilize 

chemically. Measurements were performed in the frequency range of 10 mHz to 100 

kHz with a 5 mV exciting signal amplitude, at open circuit potential (OCP). Upon 

completion of the EIS spectrum acquisition, the system was allowed to stabilize for 

an additional 20 minutes (1 hour after electrolyte introduction to the electrode cell) 

before linear sweep voltammetry (LSV) was used to measure polarization curves. The 

initial voltage was -1.0 V measured versus OCP, with a 1 mV/s scan rate.     
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Figure 3.13: Electrochemical impendence spectroscopy (EIS) schematic for 

characterization of ALD-coated silver samples. This set up was used for both the 

deposited silver thin film (shown in schematic) and bulk sterling silver substrate (not 

shown). 

 

3.12.4 Porosity evaluation from EIS 

 The porosity of the ALD thin films was quantified using the method described 

by Diaz [3.13]. Defects, holes or pinholes in the insulating ALD film are assumed to 

act as short circuits for conductivity, allowing the aqueous electrolyte to contact the 

conductive sample substrate. ALD film porosity was evaluated from the EIS 

measurements by determining the fraction of uncoated silver in direct contact with the 
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electrolyte. Film porosity PR was evaluated using Equation 3.2 as the ratio of the 

polarization resistance of the uncoated !!! (Ω) and ALD coated samples !! (Ω) [3.14]. 

!! =
!!!
!!
×!100%    Equation 3.2 

The polarization resistances in this equation were obtained from equivalent 

circuit modeling of the EIS measurements using ZView® software. A simplified 

model, presented in Figure 3.14 was used to reduce errors in the calculated 

polarization resistance where RE is the resistance of the electrolyte measured at the 

high frequency intercept, the charge transfer resistance RCT measured at the low 

frequency intercept, and the capacitance of the ALD film C [3.13, 2.15]. The charge 

transfer resistance RCT is roughly equivalent to the polarization resistance Rp [3.16], 

therefore the resistance at the low frequency intercept with the real axis was used to 

calculate the porosity of 5, 10, 20, 70, and 100 nm Al2O3 ALD films in this study.  

 

Figure 3.14: Simplified equivalent circuit model for ALD coatings on silver used for 

fitting electrochemical impedance spectroscopy data, adapted from [3.16]. 

 

3.13 Results: ALD film porosity as measured by 

electrochemical impedance spectroscopy (EIS) 

Results from of the EIS measurements for varying thicknesses of ALD 

alumina films are shown in Figure 3.15. Using electrochemical impedance 

!
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spectroscopy (EIS) we determined the ALD film porosity for a series of Al2O3 ALD 

films, 5, 10, 20, 70, and 100 nm in thickness, deposited on thermally evaporated 

silver substrates. A Bode plot summary of the electrochemical spectra results for the 

uncoated sample, and ALD coated silver samples, is shown in Figure 3.15a. The 

magnitude of the low frequency impedance limit (effectively the resistance of the 

equivalent circuit) increases dramatically with increasing ALD film thickness, 

consistent with a decreasing exposed area fraction. A measure of the porosity, 

specifically the ratio of the uncoated polarization resistance to the ALD coated 

polarization resistance (Eq. 3.1, described in Section 3.11.3), of the ALD films was 

calculated from the low frequency intercept with the real impedance axis, and is 

plotted in Figure 3.15b. The porosity of the ALD films decreases strongly as the film 

thickness increases from 0 to 100 nm. We find that ALD Al2O3 films under 10 nm in 

thickness have a significant density of pinhole defects, indicating the initial growth of 

the ALD film is defective. As the coating thickness is increased, these holes or 

defects apparently tend to fill in or become covered with the additional alumina 

deposition.  
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Figure 3.15: Electrochemical impedance spectroscopy (EIS) of 5, 10, 20, 70 and 100 nm Al2O3 

ALD coated silver substrates with the a) electrochemical spectra (Bode plot) and b) calculated 

porosity (Equation 3.2).  

 

The results of EIS measurements are shown in the Nyquist plot in Figure 3.16, for 

a Ag coupon which had been cleaned with trichloroethlyene, acetone, methanol, and 

isopropanol prior to atomic layer deposition of 10 nm of alumina (red curve), 100 nm of 

alumina (black curve) or a “multilayer” film consisting of 50nm Al2O3/41nm TiO2/8nm 

ZnO/5nm Al2O3 (blue curve). Multilayer films have been suggested as effective in 

interrupting existing pinholes [3.17] by providing a tortuous path for diffusion. In our 

simple equivalent circuit model the radius of curvature of the plot should be proportional 

to the shunt resistance, and thus inversely proportional to the area fraction of the film 

made up of pinholes. Clearly the thicker alumina film and multilayer films show higher 

resistance and thus a lower pinhole fraction than the 10 nm alumina film.   
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Figure 3.16: Effect of surface treatments on porosity of ALD Al2O3 film. (Top)  Electrochemical 

impedance spectroscopy Nyquist plot for untreated surfaces coated with 10 nm ALD Al2O3 (red 

curve), with 100 nm ALD Al2O3 (black curve), and with a multilayer film consisting of 50nm 

Al2O3/41nm TiO2/8nm ZnO/5nm Al2O3 (blue curve). 

 

We repeated this determination for a number of surface preparations commonly 

used by conservators for silver art objects, in each case finishing the surface preparation 

by cleaning with trichloroethlyene, acetone, methanol, and isopropanol prior to atomic 

layer deposition. These preparations consisted of: (1) polishing in precipitated chalk: (2) 

a silver dip, consisting of a thiourea solution (3) nitrocellulose (NC) was applied and 

removed with acetone (4) coupons were polished using “Pre-lim” surface cleaner (details 

of surface preparation treatments are in Section 3.11.1). ALD films of 10 nm of alumina 

(red curve), 100 nm of alumina (black curve) or a “multilayer” film consisting of 50nm 

Al2O3/41nm TiO2/8nm ZnO/5nm Al2O3 (blue curve were applied after surface treatment. 

The Nyquist plots for each of these treatments and ALD films are shown in Figure 3.17. 
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The Nyquist plots for each surface treatment were fitted using the equivalent circuit 

shown in Figure 3.16 and the porosity calculated according to Equation 3.2. The porosity, 

i.e. the area fraction made up of pinholes is summarized for each surface treatment in 

Figure 3.18. Contrary to expectations based on a model in which pinholes nucleate at 

defects, no clear correlation between surface preparation and porosity is evident. The 

porosity of the 10 nm thick Al2O3 ALD films is higher than the porosity of the 100 nm 

thick films. For the “dip” sample, the porosity of the 10 nm thick film is significantly 

higher than the 100 nm thick ALD film. This substrate is likely to have the biggest 

change in the surface chemistry compared to the untreated silver, as the thiourea solution 

reacts at the surface. The 10 nm thick film on this type of substrate is very porous and 

would not protect this surface well; however  applying a 100 nm ALD film on a similarly 

prepared substrate results in an effective barrier with porosity comparable to the other 

surface treatments. Further, the multilayer film does not clearly result in a lower porosity 

than the use of a thicker amorphous alumina film.  

To summarize the main results of this section, we find that thin ALD films (~10 

nm) do not effectively coat the surface of pre-treated silver substrates, however, 

increasing the ALD film thickness effectively coats the surface regardless of prior 

treatments.  
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Figure 3.17: Electrochemical impedance spectroscopy (Nyquist) plots for ALD films on 

commercial sterling silver coupons, following various surface pretreatments. (a) “Chalk” 

pretreatment: surface mechanically polished in slurry of precipitated calcium carbonate (0.04µm 

particle size) in ethyl alcohol, for approximately 2 minutes, followed by a series of solvent rinses.  

(b) “Prelim” pretreatment: surface of coupons polished using a gently abrasive surface cleaning 

paste (“Pre-lim” surface cleaner), then cleaned with acetone, followed by a series of solvent 

rinses.  (c) “Nitrocellulose” or “NC” pretreatment: surface of coupons was coated with Agateen 

(nitrocellulose) lacquer #27 diluted 50% with Agateen thinner. The nitrocellulose coating was 

allowed to cure for 5 days before being removed with acetone, followed by a series of solvent 

rinses. (d) “Dip” pretreatment: the coupon surface was coated with a solution of consisting of  8 

g thiourea and 5 g concentrated sulfuric acid in 100 mL of deionized water; this was left on for 4-

5 seconds, then rinsed for 5 minutes with distilled water, then gently agitated in deionized water 
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for one hour, followed by a series of solvent rinses.  In each case the series of solvent rinses 

consisted of trichloroethlyene, acetone, methanol, and isopropanol. Red curves show complex 

impedance for 10 nm thick Al2O3 films; black curves show complex impedance for 100 nm thick 

Al2O3 films; blue curves show complex impedance for a multilayer film consisting of 50nm 

Al2O3/41nm TiO2/8nm ZnO/5nm Al2O3. 

 

 

Figure 3.18: Porosity of ALD films for each of the surface pretreatments of sterling silver 

coupons.  Black squares show porosity for 10 nm Al2O3 films; red solid circles show porosity of 

100 nm Al2O3 films; blue triangles show porosity of a multilayer film consisting of 5nm Al2O3/ 

8nm ZnO/ 41nm TiO2/50nm Al2O3. 
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Chapter Four 

Reversibility of ALD films on cultural heritage 

objects 

 

 

Reversibility is one of the biggest challenges for new technology adoption for 

cultural heritage objects. The “golden rule” of art conservation is a process used on an 

object must be able to be undone and reversed without changing the object, i.e. the 

process should not alter the object at all, but practically this standard is nearly impossible 

to meet. Instead, conservators have to consider how a treatment will affect an object 

during future treatments. Can the current treatment be reversed so a more effective future 

treatment can be used? And how does the current treatment effect future analysis that 

may be done on the object, such as compositional analysis via x-ray fluorescence (XRF)?  

Ideally, materials for conservation are chosen based on their ability to resist 

chemical changes overtime and to be completely removed without leaving residues or 

causing object damage. Practically, strict adherence to this rule is difficult and 

conservators make the final judgment on the acceptability of a particular treatment. 

Polishing silver, which causes irreversible metal loss and can leave residual polish 

particles (see Section 1.3) is an example of a damaging but widely accepted conservation 
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practice. Repeated polishing over time results in the loss of fine surface detail, see Figure 

4.1. Even so, standard conservation practices involve repeated silver polishing, though 

conservators try to minimize polishing on important silver objects. As complete reversal 

is often not possible, conservators try to select materials that are compatible with the 

object and will not cause further corrosion or damage. Furthermore, a conservation 

treatment should not inhibit the re-treatment by another method.  

 

Figure 4.1: United States silver quarter in pristine condition (left) and after repeated 

polishing and wear (right).  

 

 In the case of nitrocellulose reversibility can be achieved by exposure to solvents 

or steam cleaning. However, chemical changes caused by the degradation of 

nitrocellulose make removal very difficult on heavily aged films. Before ALD films can 

be considered for use on cultural heritage objects a procedure for complete removal must 

be demonstrated. More critically, what effect does the ALD film application and removal 

have on the underlying substrate? The following chapter describes efforts to determine 

reversibility of Al2O3 ALD films on silver objects and the effect of this removal on the 

underlying sterling silver substrate.  
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4.1 Selection of ALD etching solutions 

ALD removal via mechanical polishing is one possible removal method, however, 

given the time intensive process and metal loss associated with polishing a second 

removal method was tested. Weak solutions of sodium hydroxide (NaOH) dissolved in 

water have been found to dissolve Al2O3 but not Ag or Cu [4.1]. Sodium hydroxide was 

deemed plausible to be used on sterling silver by conservators at the Walters Art Museum. 

Solutions of 0.05 wt%, 0.5 wt% and 5.0 wt% NaOH in water were tested on sterling 

silver samples. While suitable for sterling silver with known composition, concern was 

raised by conservators about the effect of NaOH on sterling silver with trace amounts of 

Pb, Sn, Hg, etc. Older silver objects often contain impurities or small amounts of other 

metals from processing or impure ores. The effects of NaOH-based removal on these 

metals was not investigated, therefore ALD application on silver objects with unknown 

compositions is not recommended. Instead this method of coating removal from sterling 

silver, comprised of 92.5% Ag – 7.5% Cu, was investigated.  

 In addition, due to the stated concerns over the effect of NaOH etching on trace 

metals in sterling silver, sodium carbonate, Na2CO3, in water was also investigated as a 

means to remove Al2O3 ALD. Solutions of 1 wt%, 3 wt% and 5 wt% Na2CO3 in water 

were exposed to ALD coated sterling silver. Simple removal tests were completed to as a 

proof of concept to determine if Na2CO3 could be used to remove Al2O3 ALD.  
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4.2 Rapid Tarnishing Test 

 In order to determine the effectiveness of NaOH-based removal of ALD films on 

sterling silver, a quick method for evaluating complete removal was needed. X-ray 

photoelectron spectroscopy (XPS) and energy dispersive spectroscopy are capable of 

detailed surface evaluation, and in determining the presence and even thickness of the 

ALD coating. However, difficulty in scheduling and long data collections times inspired 

led to the development of a rapid, high throughput method for determining ALD film 

presence that could be completed within our laboratory.  

 A dilute photo toning solution was found to quickly tarnish bare sterling silver 

substrates quickly. The solution employed in these studies is a polysulfide toner 

(Photographers Formulary Inc., polysulfide toner 06-0190), which is commercially used 

in photographic developing. The polysulfide solution contained 0.0045g potassium 

polysulfide and 0.0015g sodium carbonate for each 10mL of deionized water in the 

solution. After 10 seconds of exposure to the polysulfide solution, the sample was rinsed 

with deionized water. Preliminary experiments showed a bare sterling silver sample 

would visibly tarnish after a 10 s exposure; however, a 2 nm Al2O3 ALD film would 

prevent visible tarnish from forming during such an exposure, see Figure 4.2. Therefore, 

if a 10 second immersion in polysulfide solution resulted in visible tarnish after NaOH 

etching we concluded that the Al2O3 ALD film was less than 2 nm thick.  

Removal rates in 0.05 wt%, 0.5 wt% and 5.0 wt% NaOH in water were 

determined by immersing half of the ALD coated sterling silver samples for various time 

intervals (described in Section 4.3). After immersion, the sample was rotated by 90° and 

dipped in the diluted polysulfide solution to visually observe differences in the coated 
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and uncoated portions of the sample visually, see Figure 4.3C. In Figure 4.3B, the top 

half of the sample has been exposed to a 3 minute, etch in 5 wt% NaOH in water, and the 

bottom half has the Al2O3 ALD film intact. The sample was then rotated 90° and the right 

half of the sample immersed in the polysulfide solution for 12 seconds. Tarnish is visible 

in only the top right corner, where the ALD film has been removed and the silver 

exposed to the polysulfide solution. The bottom right corner has also been exposed to the 

polysulfide solution but the Al2O3 ALD film prevents tarnish formation. This test showed 

the polysulfide solution was sufficient as a rapid tarnish test to determine the presence of 

Al2O3 ALD films. The rough timescale for removal of Al2O3 ALD films in 0.05 wt%, 0.5 

wt% and 5.0 wt% NaOH in water was established through this method and removal 

verified with XPS and EDS.  

 

(A)  (B)  

Figure 4.2: Bare (a) and 2nm coated (b) silver exposed to 6% photo toner solution 

for 10s each. 
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Figure 4.3: 20nm coated sample before (A) & after (B) NaOH and toner as shown in 

schematic (C). 

 

  

4.3 Removal rate determination for NaOH solutions 

 The removal rate for each of the NaOH solution concentrations investigated was 

determined by a series of etching tests with ALD coated sterling silver. 92.5% Ag-7.5% 

bulk sterling silver (Rio Grande™, 20 gauge, dead soft, 3’’ x 1’’) was cut into 1 cm x 8 

cm strips. Samples were polished with aluminum oxide polishing papers and cleaned 

with in successive ultrasonic baths of acetone, methanol, isopropanol and deionized water 

for 5 minutes each.  A 20 nm Al2O3 ALD film was applied onto three sterling silver 
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samples following the method described in Section 3.8.3. Each sample was tested in one 

of the three NaOH etching solutions with the following concentrations: 0.05 wt%, 0.5 

wt%, and 5 wt% in water. A stock 5 wt% NaOH solution made from 5 g of NaOH pellets 

(Sigma Aldrich, reagent grade) for each 100 mL of deionized water. The other solutions 

of 0.5 wt% and 0.05 wt% NaOH were made from the appropriate dilution of the stock 5 

wt% NaOH solution. 

 To determine the removal rate, the narrow end of each sample was placed in a 

small beaker about the same height as the sample and a small amount of the given NaOH 

concentration solution added for a given time. The NaOH solution was added until 

roughly 1 cm of the silver sample was covered. After a certain time interval, additional 

NaOH solution was added to submerge another 1 cm high area for the same amount of 

time, followed by additional solution and additional time. Eventually the sample was 

nearly completely submerged in the NaOH solution with the result of a gradient of NaOH 

exposure times along the sample. The sample was then rotated 90° and submerged in the 

polysulfide solution for 10 seconds (as described in Section 4.2: containing 0.0045g 

potassium polysulfide and 0.0015g sodium carbonate for each 10mL of deionized water 

in the solution). Figure 4.4 (left) shows a schematic of this procedure. 
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Figure 4.4: Schematic and photographs of removal rate testing to determine timescale of 

Al2O3 ALD film removal in 0.05 wt%, 0.5 wt% and 5 wt% NaOH in water.  

 

 The results of the removal rate tests are shown in Table 4.1. The exposure time to 

etch a 20 nm Al2O3 ALD film to less than 2 nm thick for 0.05 wt%, 0.5 wt%, and 5 wt% 

NaOH in water is 14 minutes, 4 minutes, and 1 minute 45 seconds, respectively. The 

results of these tests for the different NaOH concentrations are also shown on the right in 

Figure 4.4. Tarnished areas are visible on the left side of the samples, where the ALD 

film was removed and the silver exposed to the polysulfide solution. On the right side of 

each sample, the ALD film has been etched for different times but the sample has not 

been exposed to the polysulfide solution, therefore it remains silvery in appearance, i.e. 

without tarnish. The removal rates were then calculated, adjusting for the approximately 

2 nm thickness that may remain on the surface after etching, and are shown in Table 4.2.  

 

Al2O3 ALD Film 

Thickness (nm) 

NaOH Concentration (wt%) Exposure Time to Remove 

(minutes:seconds) 

20 5  1:45 

20 0.5  4:00 

20 0.05 14:00 

Table 4.1: Exposure time to remove 20 nm Al2O3 ALD film as a function of NaOH 

concentration. 
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NaOH Concentration (wt%) Removal Rate (nm/second) 

5 0.171 ± 0.002 

0.5 0.075 ± 0.001 

0.05 0.021 ± 0.0002 

Table 4.2: Removal rates of Al2O3 ALD films in 0.05 wt %, 0.5 wt% and 5 wt% NaOH. 

 

4.4 XPS analysis of ALD coating removal 

Still to be determined was if the NaOH treatment method would be acceptable to 

art conservators. To address this, the near-surface composition of post-etched surfaces 

was characterized by x-ray photoelectron spectroscopy (XPS), as shown in Figure 4.5. 

The Al 2p core level spectrum is compared for an unetched 10 nm thick Al2O3 ALD film 

on bulk sterling silver, and for an area of that film which was exposed to 0.05% NaOH 

for 8 minutes (approximate time to remove 10 nm based off removal rates in Table 4.2). 

Essentially complete removal of Al2O3 ALD is indicated by the absence of the Al 2p after 

NaOH etching, leaving behind only a small overlapping Cu 3p peak signal. XPS analysis 

probes the composition of the top approximately10 nm at the substrate surface. Given the 

absence of Al 2p peaks, this indicates the Al2O3 ALD film can be completely removed by 

etching in 0.05 wt% NaOH solutions. Fitting the peak after ALD was etched with 0.05% 

NaOH to the sum of the Cu 3p and Al 2p peaks reveals it is comprised of nearly 65% Cu 

3p and 35% Al 2p. The thickness of the Al2O3 ALD layer can be calculated based on the 

attenuation of the Ag 3d peak using Equation 1. 

! ! ! d = λ cosθ ln IANB

IBNA

+1
!

"
#

$

%
& ! ! ! Equation 1 
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Where d is the thickness of the Al2O3 ALD layer, λ is the mean free path, θ is the 

emission angle of the electrons with respect to the surface normal, IA is the intensity of 

the Ag 3d signal with the Al2O3 ALD layer on top, and IB is the intensity of the Ag 3d 

signal without the Al2O3 ALD layer, NA and NB are the atomic density of Al and Ag, 

respectively. Using the NIST Electron Effective Attenuation Length Database, the mean 

free path is estimated to be 18 Å, for this case [4.2]. From the data the intensities IA and 

IB can be measured. Calculations using Equation 1 show there is approximately 3 Å of 

Al2O3 left on the surface of the silver after one etching time in 0.05% NaOH. Doubling 

the etching time effectively removes the Al2O3 ALD film, as will be discussed in Section 

4.5.  

 

 

Figure 4.5: ALD removal probed by high resolution XPS scan of Al 2p core level 

spectrum before and after 0.05% NaOH etch.  
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4.5 Removal on ideal substrates 

Etching with 5 wt% NaOH was done on 89% Ag-11% Cu alloy films which had 

been thermally deposited on Si according to Section 3.6.1, and subsequently coated with 

Al2O3 ALD films. These samples were exposed to a 5wt % NaOH solution for one 

characteristic “etching time”, defined as. the amount of time required to remove the 

Al2O3 ALD coating, as calculated from the coating thickness divided by the removal rates 

given in Table 4.2. After one etching time, SEM and EDS analysis in different areas of 

the sample revealed significant Al still on the surface, Figure 4.6. The light gray areas in 

the SEM image (right upper image) have 9% more Al as measured by EDS (right bottom) 

than the darker areas (left images). The ALD layer is removed in some areas more rapidly 

than other. SEM and EDS results indicate the Al2O3 ALD was not completely removed 

from these flat, clean silver alloy surfaces, with RMS roughness of 2-3 nm, at the same 

rate as expected from experiments on flat bulk silver alloys, with RMS roughness of 18-

20 nm. To attempt complete removal from the thermally evaporated silver alloy samples, 

the etching time was doubled. XPS analysis showed the 100 nm Al2O3 ALD film on 

thermally evaporated 89%Ag-11%Cu alloys was completely removed after 2x the etching 

time in 0.05, 0.5 and 5 wt% NaOH, as shown in the spectra in Figure 4.7 and 

compositions in Table 4.3. For all three NaOH concentrations, doubling the etching time 

completely removed the Al2O3 ALD coating.  
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Figure 4.6: SEM and EDS images of deposited silver sample after coating and etching in 

different regions of the sample. 

 

 

Figure 4.7: Al2O3 ALD removal probed by high resolution XPS scan of Al 2p core level 

spectrum for 5 wt%, 0.5 wt%, and 0.05 wt% (from left to right) NaOH etches. Different 

etching times were tested, including, no NaOH etching (pink), 1x the removal time for a 

Al 

Ag 

O 

Ag 

89%Ag/Cu Alloy, 5% NaOH dip for 1x Removal Time 

Al 

Ag 

O 

Ag 

5 wt% NaOH 0.5 wt% NaOH 0.05 wt% NaOH 

No removal 
1x removal 
2x removal 

No removal 
1x removal 
2x removal 

No removal 
1x removal 
2x removal 

Al 2p Al 2p Al 2p 
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given NaOH concentration, as determined by Table 4.2 (gold), and 2x removal time for a 

given NaOH concentration, as determined by Table 4.2 (red).  

 

 

0.05 wt% NaOH 0.5 wt% NaOH 5 wt% NaOH 

Etching 

time 

Ag 3d 

(At%) 

Al 2p 

(At%) 

Ag 3d 

(At%) 

Al 2p 

(At%) 

Ag 3d 

(At%) 

Al 2p 

(At%) 

0 0 27.96 0 28.6 0 27 

1x 1.56 27.15 0 30.28 15.66 19.18 

2x 50.63 0 50.28 0 44.39 0 

 

Table 4.3: XPS data for Al and Cu on 89%Ag-11%Cu thermally evaporated samples 

before etch coated with 100 nm Al2O3 ALD. Samples were exposed to one and two times 

the expected etching time (based off removal rates listed on Table 4.2) in 0.05 wt%, 0.5 

wt% and 5 wt% NaOH in water.  

 

These results indicate the anticipated etch times, empirically determined through 

trials with bulk sterling silver samples, were not as accurate on the clean, flat, thermally 

evaporated samples. Surface contamination may play a significant role in etching rates. 

Literature reports suggest that small amounts of contamination can greatly influence etch 

rates, especially on the micro- and nano-scale [4.3-4.5]. The bulk sterling silver samples, 

despite extensive solvent cleaning, likely have residual organic contaminates on the 

surface that may affect the etching rate. The very clean surfaces of the thermally 

evaporated alloys may not be as susceptible to etching, suggesting longer etch times will 

be necessary for the uniform films deposited on flat, clean samples. Other explanations 
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that could cause changes to the etching rate include, Cu dissolving in the etchant or 

nanoscale roughness generated by sputter deposition.   

 

4.6 Removal rates in Na2CO3 solutions 

Removal rate determinations were repeated with 1 wt %, 3 wt% and 5 wt% 

Na2CO3 in water and the results are summarized in Table 4.4. Removal in Na2CO3 in 

water is faster than NaOH, at 5 wt%, the removal rate in Na2CO3 is 0.214 nm/s 

versus0.171 nm/s in NaOH. The effect of NaOH-based removal on the composition of 

the near-surface of the underlying alloy was investigated thoroughly with XPS and 

inductively couple plasma mass spectroscopy (ICP-MS), however the effect of Na2CO3 

has not yet been determined.  

 

Na2CO3 Concentration (wt%) Na2CO3 Concentration 

(M) 

Removal Rate (nm/second) 

5 0.05 0.214 

3 0.03 0.167 

1 0.01 0.130 

Table 4.4: Removal rates of Al2O3 ALD films in 1 wt %, 3 wt% and 5 wt% Na2CO3. 

 

The removal rate of Al2O3 ALD films deposited on silicon wafers was also tested 

with 1 M Na2CO3 in water to determine the effect of the substrate on removal. The film 

thickness was determined using the N&K spectrophotometer located in the UMD 

Nanocenter FabLab. The reflectance and transmission spectra of the sample were 
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recorded by the spectrophotometer, and the proprietary software used to analyze the 

residual ALD coating thickness. The Al2O3 ALD coating thickness as a function of 

etching time in 1 M Na2CO3 is shown in Figure 4.8. This solution is effective at removing 

the Al2O3 ALD coating, with a removal rate of 0.47 nm/second (shown in Å/s on the 

graph in Figure 4.8).  

 

  

Figure 4.8: Removal rate of Al2O3 ALD films deposited on silicone wafers in 1 M Na2CO3 

as determined by N&K spectrophotometer.  

 

4.7 Removal rates of Al2O3 ALD in water  

In addition to aqueous solutions of NaOH and Na2CO3, it has been reported that 

water alone, at temperatures of 90°C can remove Al2O3 ALD films [4.6]. However, with 

a removal rate of 1.5 nm/day, removal of films of the thicknesses studied in this thesis in 

heated water would be extremely slow.  On the other hand, minimal damage would likely 
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occur to important or sensitive cultural heritage objects. If used on real cultural heritage 

objects, the removal technique would have to be customized to the object and spot tested 

before ALD application and removal occurred. Our results show that Al2O3 ALD is easily 

removed in different basic solutions, on practical time scales, and many options for 

removal exist, making customized removal treatment plans for sensitive cultural heritage 

objects possible.  

For cultural heritage applications, exposure to water at room temperature is of 

concern as samples may be exposed to high relative humidity environments. Removal of 

Al2O3 ALD films with room temperature is assumed to be slower than that of 90°C water 

and may happen on the time scales over which the accelerated aging results (from 

Chapter 3) suggest they would be efficient. In high humidity environments, a chemically 

inert capping layer, such as TiO2, on top of the Al2O3 ALD layer would likely be 

recommended to prevent film degradation, as discussed in the following section.   

 

 

4.8 TiO2 ALD removal 

In the last section we showed that aqueous solutions of NaOH, Na2CO3 and even 

water alone can be used to remove Al2O3 ALD films, however, not all ALD metal oxides 

are as easily removed. NaOH and Na2CO3 solutions do not readily etch TiO2 ALD films. 

Measured TiO2 ALD thicknesses on silicon wafers as a function of etching time in 1 M 

Na2CO3 in water are shown in Figure 4.9. Even after 100 minutes of immersion in 

solution, there is no significant change in the measured TiO2 ALD thickness. It is unclear 

if Na2CO3 solution does not etch TiO2 or if etching would occur after long exposure 
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times. Either way, the etching time is significantly longer than what might be practical for 

removal from cultural heritage objects. Experiments with 5 wt% NaOH solution also 

showed no measurable indication of removal of TiO2 ALD films from the surface of 

silver alloy samples. We note however that a chemically inert capping layer may be 

useful in severe environments. Al2O3 ALD coatings would likely be etched in humid or 

wet environments over long time scales, providing insufficient protection over time. 

Using a thin, chemically inert TiO2 ALD capping layer is a reasonable approach toward 

preventing the degradation of the Al2O3 ALD layer. TiO2 ALD films have been found to 

take nearly 10 times longer to dissolve in heated water than Al2O3 ALD films [4.6]. If the 

capping layer was made thin enough to allow etching despite the slow etching rates, the 

extra protection of the capping layer could be useful for practical applications.  

 

 

Figure 4.9: Removal rate of TiO2 ALD films deposited on silicon wafers in 1 M Na2CO3 

solution, as determined by N&K spectrophotometer measurements. 
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4.9 Effect of ALD coating removal in NaOH solutions on 

underlying substrate 

 More important than establishing complete removal of the ALD coatings is 

determining how the ALD application and removal affects the underlying substrate in 

order to meet the “golden rule” of conservation. Ensuring that removal of a coating does 

not significantly alter the object is a critical step in determining if ALD coatings are 

acceptable on cultural heritage objects. Alterations to the surface are inevitable at some 

scale, as even cleaning an object with tap water will leave trace residues of chlorine or 

sodium, while touching an object will alter the surface with oils at the very top surface. 

All treatments will alter the surface to some extent. In the following section we quantified 

the relative changes at  the surface the silver substrates for two treatments: ALD removal 

by NaOH solution-based etching and mechanical polishing. 

 

 

4.10 Removal of Al2O3 ALD thin films 

 In this part of the thesis study chemical and mechanical methods were used to 

remove ALD Al2O3 coated films. For chemical removal, 0.05%, 0.5% and 5% NaOH 

(Sigma Aldrich, reagent grade) etch solutions were used. The amount of time required for 

each NaOH solution to remove the Al2O3 coating was determined as described in 

Sections 4.2 and 4.3. The removal rates for each NaOH solution concentration were 

determined by incrementally submerging an Al2O3 coated bulk sterling silver strip into 
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the NaOH solution for a given amount of time followed by exposure to the polysulfide 

solution. The removal rates of the 0.05%, 0.5%, 5% NaOH etch are shown in Table 4.2.  

 To determine the effect of the NaOH etching on the composition of the sterling 

silver substrate, inductively coupled plasma mass spectrometry (ICP-MS) was used to 

analyze trace element concentrations in the etch solutions. Bulk sterling silver samples 

were coated with 70 nm of Al2O3. The back side of the silver was masked with 

chemically resistant DuPontTM Kapton® tape prior to Al2O3 deposition to ensure that 

only the top and sides of the silver samples contributed to the concentration of metals in 

the NaOH etch solutions. For each NaOH solution concentration, the characteristic 

removal time to etch 70 nm Al2O3 was determined by dividing this thickness by the 

removal rates previously measured. ALD coated and uncoated bulk sterling silver 

samples were immersed in 4 mL of 0.05%, 0.5%, 5% NaOH solutions for characteristic 

removal times of 53 minutes 45 seconds, 15 minutes 30 seconds, and 6 minutes 45 

seconds, respectively. After removing the silver samples, the water from solution that 

remained was allowed to evaporate. The list of samples for NaOH removal is shown in 

Table 4.5.  

 

Table 4.5: List of NaOH removal samples prepared for ICP-MS analysis.  

- Uncoated sterling Ag dipped in 5% NaOH solution for 6 minutes 46 seconds 

- 70nm Al2O3 sterling Ag dipped in 5% NaOH solution for 6 minutes 46 seconds 

 

- Uncoated sterling Ag dipped in 0.5% NaOH solution for 15 minutes 30 seconds 

- 70nm Al2O3 sterling Ag dipped in 0.5% NaOH solution for 15 minutes 30 seconds 
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- Uncoated sterling Ag dipped in 0.05% NaOH solution for 53 minutes 54 seconds 

- 70nm Al2O3 sterling Ag dipped in 0.05% NaOH solution for 53 minutes 54 seconds 

 

- Uncoated sterling Ag dipped in 5% NaOH solution for 13 minutes 30 seconds 

- 70nm Al2O3 sterling Ag dipped in 5% NaOH solution for 13 minutes 30 seconds 

 

- Uncoated sterling Ag dipped in 5% NaOH solution for 10 minutes 30 seconds 

- 70nm Al2O3 sterling Ag dipped in 5% NaOH solution for 10 minutes 30 seconds 

 

- 5% NaOH blank solution 

- 0.5% NaOH blank solution 

- 0.05% NaOH blank solution 

 

 

 Mechanical removal was performed via hand polishing with 0.04 µm precipitated 

chalk (Conservation Support Systems, Grade USP/NF) and Buehler Micropolish Linde B 

0.05 µm gamma alumina polishing powder slurries in ethanol. Bulk sterling silver 

coupons were ALD coated with 80 nm of Al2O3. The polishing removal time for each 

powder was determined by periodically dipping into polysulfide, in an analogous 

approach to that described above. The coating was removed by polishing for 15 minutes 

using a cotton-tipped wooden stick (“Q-tip”) and either 0.04 µm precipitated chalk or 

0.05 µm alumina polishing powder in ethanol. For comparative studies, uncoated bulk 
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sterling silver coupons were polished for 2 minutes using the same procedure. Control 

samples were made of the cotton swabs and polishing powders. All polishing materials, 

including used polish and cotton swab tip, were collected for ICP-MS analysis. Blank 

samples were prepared using equal amounts of polish, cotton swab tip, and ethanol. 

 

 

4.11 ICP-MS analysis 

 Samples were dissolved completely in concentrated nitric acid (70% BDH® 

Aristar Ultra grade) followed by dilution with MilliQ (18.2M Ohm) water to 50mL. 

Solutions were analyzed using a Thermo Finnigan Element 2 ICP-MS. Solutions were 

introduced to the ICP-MS using a self-aspirating PTFE nebulizer at a rate of 50 µL min-1 

and sprayed into an ESI Apex IR desolvator. In order to monitor oxide production, the 

uranium and uranium ion beams were measured and the ratio calculated. Mass 

spectrometer tuning to minimize oxide production led to a uranium oxide ions/uranium 

ions production rate between 1% and 2%. 

 Isotopes for analysis were selected to avoid potential isobaric interferences (both 

elemental and molecular). Sample windows were set to 100% with ten mass stations 

defining the peak. Each station was counted for 5 msec and the entire mass list counted 

20 times, giving a total analytical time for each sample of 30 seconds. The system was 

cleaned with water between samples with a 4-minute washout time. Standard solution 

addition and analysis was used to calculate concentrations. 
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4.12 Results of Al2O3 ALD removal studies 

 Thermally evaporated 89%Ag-11%Cu silver alloy substrates were coated with 70 

nm thick Al2O3 ALD films and etched in 0.05, 0.5, and 5 wt% NaOH in water for the 

characteristic time calculated from dividing the layer thickness by the removal rates listed 

in Table 4.2. XPS analysis was done to determine the amount of Cu and Ag at the surface 

after etching in varying concentrations of NaOH. High resolution scans of the Cu 2p and 

Ag 3d peaks were used for quantification, and the results are shown in Figure 4.10. The 

amount of Cu at the surface decreases with increasing NaOH concentration; at 5wt% 

NaOH etching the amount of Cu at the surface decreases to approximately 3%. These 

results make clear that immersion in NaOH solution affects the surface concentration of 

Cu.  
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Figure 4.10: XPS analysis of the Ag 3d and Cu 2p peaks on thermally evaporated 

89%Ag-11%Cu samples coated with 70 nm Al2O3 ALD and removed with 0.05, 0.5, and 

5 wt% NaOH in water.  

 

We now address the relative degree to which the two removal processes affect the 

alloy surface composition. To do so we measured the amount of Ag and Cu loss during 

immersion in the NaOH (aq.), and compared it to the amount lost during polishing with 

both precipitated chalk and ɣ-alumina grit using inductively coupled plasma mass 

spectroscopy (ICP-MS). Mechanical polishing using precipitated chalk is a common art 

conservation treatment. Both ALD coated and uncoated samples were exposed to varying 

concentrations of NaOH (as described in Sections 4.10 and 4.11, respectively). Ideally, 

the silver alloy sample would be exposed to the NaOH etchant for just enough time to 

sufficiently remove the Al2O3 ALD coating. However, if a defect or hole in the ALD 

coating existed at exposed bare silver to the etchant then bare silver would be exposed for 

the entire time. For this reason, the worst-case scenario of exposing bare silver to the 

etchant was also tested. The concentration of Ag and Cu removed by mechanical and 

chemical removal as determined by ICP-MS analysis on ALD coated samples and 

uncoated samples are shown in Figure 4.11 and Figure 4.12, respectively. 

Mechanical removal on ALD coated samples with precipitated chalk and γ-

alumina removed more Ag than Cu, as expected from the composition of sterling silver. 

The amount of Cu and Ag is not stoichiometric based of the ideal 92.5%Ag-7.5%Cu 

sterling silver alloy. Upon examination, the sterling silver substrates were found to have a 

non-homogenous surface with Cu-rich regions giving rise to a reddish appearance in 
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some areas of the sample, as shown by the light microscope image of the sterling silver 

surface in Figure 4.12. Therefore, the surface from which the ALD coating was polished 

off likely contained more Cu than the predicted sterling silver stoichiometry. Precipitated 

chalk removed less Ag and Cu than γ-alumina. Precipitated chalk is softer and less 

abrasive than γ-alumina and is often recommended for cleaning art objects [4.7, 4.8].  

Chemical removal of the ALD coating removed more Cu than Ag from the 

substrate. Preferential etching of Cu occurs as more Cu than Ag is removed from the 

sterling silver samples. More Cu is removed by immersion in solutions with higher 

NaOH concentrations while little Ag is removed at any NaOH concentration. In fact 5 

wt% NaOH removes almost 6 times more Cu than γ-alumina polish. Decreasing the 

NaOH concentration decreases the amount of Cu removed, as 0.05 wt% NaOH removes 

slightly less Cu than precipitated chalk polishing. At low NaOH concentrations there is 

very little Cu and Ag removed from the sterling silver substrate, far less material 

removed than from precipitated chalk polishing.  
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Figure 4.11: Amount of Ag and Cu removed from ALD coated sterling silver substrates 

by mechanical (polishing) and chemical (NaOH etch) removal. Preferential etching of Cu 

occurs during NaOH solution-based removal, but low 0.05wt% NaOH concentrations 

limit the amount of Cu removed. 
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Figure 4.12: Light microscope image of sterling silver showing a heterogeneous alloy 

with Cu-rich regions. 

 

Mechanical removal of uncoated samples with precipitated chalk and γ-alumina 

removed an order of magnitude more Ag than chemical etching. More Ag is removed 

than Cu yet the ratio is not stoichiometric, which we attribute to the non-homogeneous 

sterling silver alloy composition, as discussed above. As with the other samples, γ-

alumina removes more metal than precipitated chalk.  

Chemical removal of the uncoated samples removed more Cu than Ag from the 

substrate, preferentially etching Cu from the substrate. NaOH soaking removed ~10 times 

less Cu than mechanical polishing with ɣ-alumina, as shown in Figure 4.13. Chemical 

removal selectively dissolved Cu from the sterling silver, however, the lowest NaOH 

concentration removed almost no Cu or Ag. The amount of Cu removed was 0.02 ppm 

for 0.05 wt% NaOH and 70 ppm for precipitated chalk polish, indicating the lowest 

concentration of NaOH tested here removed significantly less Cu than mechanical 

polishing.  
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Figure 4.13: Amount of Ag and Cu removed from uncoated sterling silver substrates by 

mechanical (polishing) and chemical (NaOH etch) removal. While chemical removal 

selectively etches Cu from the sterling silver, low 0.05 wt% NaOH concentrations remove 

10 times less Cu than mechanical polishing. 

 

 

4.13 Depth of Cu preferential etching 

As discussed above, preferential etching of Cu from NaOH removal of ALD 

coatings was found to occur from ICP-MS analysis (Section 4.12), indicating irreversible 

changes are being made to the sterling silver substrate. While the substrate has been 
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modified, an important question is how deeply is the modification occurring? Is Cu being 

etched from the bulk of the sterling silver sample or is it limited to the near surface? 

These questions are important considerations for art conservation.  

For the removal of ALD coatings, we had to consider how deep into the bulk the 

immersion in NaOH solution was preferentially etching Cu. If the NaOH-based removal 

treatment is etching Cu from deep within the bulk of the sterling silver substrate, that 

might be considered significant alterations to the object as future chemical analysis might 

be affected. However, if the Cu was being etched only from from the very near surface, 

below the detection limits of most bulk chemical composition analysis techniques, then 

changes induced by the NaOH removal might be deemed insignificant by a conservator.  

The following section describes efforts to use x-ray photoelectron spectroscopy 

(XPS) depth profiling to determine the depth of Cu removal from 0.05 wt% NaOH 

etching. Combinatorial sputter deposition was used to make Cu-Ag libraries to test a wide 

range of compositions and make samples appropriate for XPS depth profiling. Through 

these efforts it was found that the depth of Cu removal in 0.05 wt% NaOH is limited to 

the top 2-3 nm of the metal alloy surface. As mechanical polishing removes an order of 

magnitude more metal from the surface, yet is currently used by art conservators, these 

changes induced by NaOH etching were deemed insignificant.  

 

4.13.1 X-ray photoelectron spectroscopy (XPS) depth 

profiling 

XPS depth profiling was carried out according to the description given in Section 

3.5, using Ar ion sputtering to erode the sample. Ideally, a bulk sterling silver sample 
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would have been analyzed to determine the amount of Cu removed from the bulk of this 

sample. However, in practice bulk samples are not possible to use for XPS depth 

profiling due to their rough surfaces. While the silver used was polished, visible scratches 

on the surface were still visible. XPS depth profiling with a finite XPS spot size (~30 

microns) and a rough surface leads to an apparent broadening of interfaces as peaks are 

eroded faster than valleys, Figure 4.14. The top surface should ideally be eroded away 

evenly across the analysis area to get a sharp peak between interfaces, see Figure 4.14a. 

However, with an undulating surface, the top surface material is etched off the peaks first 

but remains in the valleys, while the underlying bulk material is already exposed on the 

peaks, see Figure 4.14b. Instead of exposing one layer of material at a time during Ar ion 

erosion, a heterogeneous surface is exposed composed of two materials. This broadens 

the XPS elemental profiles and makes interfaces between materials more difficult to 

locate.  
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Figure 4.14: Schematic of XPS depth profiling on a) an ideal flat surface and b) on a 

rough surface. Argon sputtering on flat surfaces leads to compositional profiles with well 

defined interfaces. Rough surfaces broaden the interface region as the underlying 

material in the peaks is exposed while the top surface remains in surface valleys.  

 

 

4.13.2 Combinatorial sputter deposition for Ag-Cu alloy 

libraries 

To get around roughness problems for XPS depth profiling with a bulk sterling 
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onto silicon wafers (with an Al2O3 ALD adhesion layer) to create a nearly atomically flat 

surface that have sharp interfaces between material layers.  

With these deposited alloys, the next question became which Ag-Cu alloy 

composition should be used? Sterling silver is nominally 92.5%Ag-7.5%Cu; however, 

this standard was set in the mid-1800s. In museum collections, silver and sterling silver 

objects can have a wide range of compositions depending on the date and location of 

manufacturing [4.9]. The effect of ALD removal with NaOH-based etching likely 

depends on the Cu composition of the sterling silver object. In order to test a wide range 

of Ag-Cu compositions combinatorial sputter deposition was used to make Ag-Cu alloy 

libraries. Professor Ichiro Takeuchi’s research group uses this technique to produce 

thousands of compositionally varying samples to be synthesized and tested in one 

experiment [4.10]. Two material targets are sputtered simultaneously on to a sample, in 

this case a sapphire wafer with a Si wafer mask, creating a composition gradient, see 

Figure 4.15. The farther away from a source, the lower is the resulting concentration. 

Combinatorial sputter deposition allowed the creation of Ag-Cu alloys ranging in 

composition from nearly 100% Ag to 100% Cu.  
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Figure 4.15: Schematic of combinatorial sputter deposition. Two materials are 

simultaneously sputtered on the sample, creating a composition gradient where the 

composition decreases the farther away from a source. A Si wafer mask is used to create 

4.2mm2 alloy squares whose composition is assumed to be constant.  

 

4.13.3 Combinatorial sputter deposition experimental 

parameters 

Combinatorial Ag-Cu libraries were created on 2'' sapphire wafers with a 10 nm 

Al2O3 ALD adhesion layer, 20 nm thermally evaporated Ag conductive layer (to prevent 

sample charging during XPS analysis) and a Si wafer masks with 4.2 mm2 squares spaced 

1 mm apart, schematic shown in Figure 4.16a. Ag (99.99%) and Cu targets (99.995%) 

were both sputtered at 60 W (DC) and 60 W (RF), respectively, in a Kurt J. Lesker 

Company PVD 75 thin film deposition system. Deposition was completed under a 

vacuum with a  base pressure of 7-8x10-6 torr and an operating Ar atmosphere pressure of 
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5 mtorr, at room temperature, to produce films with thicknesses between 200-300 nm, 

varying in thickness across the wafer. Film thickness for individual squares was 

determined using an AlphaStep 200 Tencor TP-20 Profilometer after ALD deposition and 

removal. The film thickness at a given location was used to calibrate sputter time to 

thickness for the XPS depth profiles.  

Two samples were made, one to be left bare for comparisons with the pristine 

sample, and the other to have ALD applied and removed. One sample was coated with 

211 cycles (approximately 20 nm) of Al2O3 ALD at 150°C and then etched in 0.05 wt% 

NaOH for an etching time determined by Table 4.2. Photographs of the bare and ALD 

coated sample after ALD deposition are shown in Figure 4.16b and 4.16c, respectively. A 

slight color change in the ALD coated sample is observed and may be due to sample 

heating to 150°C during ALD deposition, possibly due to sintering, surface segregation, 

oxidation or index matching between the ALD coating and the substrate.   
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Figure 4.16: a) Cross sectional schematic of combinatorial Ag-Cu libraries. The Ag-Cu 

alloys were deposited on top of the adhesion and conductive layers on a sapphire wafers. 

Photographs of the b) bare Ag-Cu library and c) ALD coated library show some color 

change due to the ALD coatings, most likely due to heating during deposition.  

 

4.13.4 Results: Depth of Cu preferential etching 

In this section the depth of selective Cu removal from combinatorial silver-copper 

alloy substrates, where the alloy composition varied over a large range, was investigated. 

Three similar areas on both the bare and ALD removed combinatorial Ag-Cu libraries 

were selected for XPS analysis, labeled 1, 2, and 3 in Figure 4.17.   
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Figure 4.17: Photographs of the bare Ag-Cu library (left) and ALD coated library (right) 

with areas of XPS depth profiling analysis circled. Three similar areas on both samples 

were analyzed, regions 1, 2, and 3. Arrows mark the directions of increasing Ag and Cu 

concentrations.   

  

 Depth profiles of the determined from the measured Ag 3d and Cu 2p XPS core 

level spectra from regions 1, 2, and 3, for both the bare and ALD coated/ removed sample 

are shown in Figure 4.18a, 4.17b, and 4.17c, respectively. The plot on the left side for 

each region shows the overall depth profile, including the entire thickness of the alloy, 

and into the Ag conductive layer. The plot on the right is a close up of the top surface of 

the alloy. To generate these plots, XPS analysis was preformed according to Sections 3.4 

to 3.7. The interface location was taken at the point where the Cu intensity decreased by 

50% and the Ag increased by 50%. Difficulty in locating the Ag-Cu alloy and Ag 

conductive layer interface in the region with the highest concentration of Ag, region 1 in 

Figure 4.17, prevented the conversion of sputter time to depth. As sputtering rate is 

dependent on the alloy composition, no attempt was made to estimate the depth based on 

the sputtering rate of a different region.  
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 For each of the regions, there was no Al 2p peak present at the surface of the 

sample, indicating the ALD coating had been sufficiently removed. The alloy 

composition for the region 1, 2, and 3 were 98%Ag-2%Cu, 94%Ag-6%Cu, and 85%Ag-

15%Cu, respectively. The bare Ag-Cu alloys typically had a Cu-enriched region at the 

surface, as indicated by the increase in Cu signal at the surface that quickly decreases to a 

“bulk” concentration. The bare Ag-Cu Cu profile for region 2, i.e. the 94%Ag-6%Cu 

alloy, is different at the surface as it has a Cu concentration that increases before 

decreasing to the “bulk” concentration. The 98%Ag-2%Cu and 85%Ag-15%Cu regions 

both have Cu concentrations that are at a maximum at the surface and decrease after a 

few nanometers into the surface.  



! 124!

 

Figure 4.18: XPS Ag 3d and Cu 2p depth profiles for the bare Ag-Cu alloys and ALD 

deposited/removed alloys regions a) 1, a 98%Ag-2%Cu alloy, b) 2, a 94%Ag-6%Cu alloy, 

and c) 3, a 85%Ag-15%Cu alloy. The left column shows the entire depth profile collected, 

sputtering into the Ag conductive layer. The right column shows depth profiles of the top 
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50 nm of the alloys. The bare alloys each show a Cu enrichment at the surface that is 

removed by the NaOH etching. This compositional modification is limited to the top 2-3 

nm of the alloy substrate, about 1000 times less modification than commonly used 

mechanical polishing. 

 

4.13.5 Preferential sputtering during XPS profiling 

 An important consideration when interpreting XPS depth profiles is the effect of 

preferential sputtering during Ar sputtering. Preferential sputtering occurs when one 

species is removed at a faster rate than another due to differences in sputtering yield. The 

sputtering yield is defined as the ratio of the number of atoms removed to the number of 

incident ions. In the case of the binary Ag-Cu alloys analyzed in this study, Cu has a 

lower sputtering yield than Ag (see Figure 4.19) so that Ag will be preferentially 

sputtered out of the system faster than Cu [4.11]. During the XPS depth profile, the 

region is analyzed then the region is sputtered with Ar ions, repeated many times, leaving 

a modified region for analysis after each sputter cycle.  

 If the actual composition of a sample was represented by Figure 4.20a, where 

there is more Ag in the system than Cu but their relative concentrations remain equal 

throughout the depth of the sample, then upon sputtering, the Cu signal at the beginning 

of the analysis will increase and Ag will decrease as more Ag is removed from the 

sample than Cu; this leaves a Cu rich analysis region. A steady state will eventually be 

reached and the resulting profile will resemble Figure 4.20b, representing the effects of 

preferential etching alone. On the other hand, the measured depth profile (shown in 

Figure 4.18) resembles Figure 4.20c, where the Cu concentration decreases before 



! 126!

reaching equilibrium. In this case, the sample contains a real concentration distribution 

with less Ag in the surface region, resulting in a Cu peak and Cu-rich region at the 

surface. Preferential sputtering still occurs where Ag is sputtered faster than Cu. Taking 

preferential sputtering into account, the initial Cu concentration at the surface is likely 

slightly higher than that measured, as shown by the dashed line in Figure 4.19c. 

Experimental conditions, i.e. equipment factors and measurement parameters, strongly 

affect this behavior, so a quantifying difference in the actual and measured Cu and Ag 

concentrations is difficult. 

 

Figure 4.19: Sputtering yield vs. atomic number of elements. Cu and Ag have different 

sputtering yields, with Ag having a higher yield than Cu. Sputtering yields are highly 

dependent on experimental conditions. This image was taken from [4.11]. 
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Figure 4.20: Schematic of preferential sputtering during XPS depth profiling. A) The 

actual composition of the binary Ag-Cu alloy, with less Cu than Ag in an even mixture 

throughout the depth of the sample. B) The measured depth profile of the system 

represented in A) due to preferential sputtering. Ag has a higher sputtering yield, 

therefore the Cu concentration of the analyzed area will increase before reaching an 

equilibrium. C) Schematics of depth profiles actually measured in Figure 4.18, showing a 

real Cu-rich region at the surface. Due to preferential sputtering, the initial Cu 

concentration is higher (dashed lines) than that measured.    

 

 

4.14 Reversibility Discussion 

XPS depth profiling of pristine uncoated samples had a 2-3 nm thick Cu enriched 

region at the surface, (a characteristic intrinsic to these artificially produced alloys), 

before reaching a "bulk" composition of 15% Cu - 89% Ag, Figure 4.18. After adjusting 
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layer, followed by removal in a 0.05% NaOH solution, showed no Cu enriched region 

present. While ALD application and subsequent removal etches the Cu enriched surface 

region, these compositional changes are limited to only the top 2-3 nm of the metal 

substrate. By comparison, the commonly used approach of polishing silver with 0.04 

µm alumina would remove a thickness nearly 1000 times this. Furthermore, and 

importantly for art object conservation, we find that aqueous NaOH-based chemical 

etching does not noticeably affect the silver alloy’s visual appearance. 
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Chapter Five  

Limitations of ALD effectiveness and practical 

application issues 

 

 

 

Our recent work, discussed in earlier chapters, demonstrates that ALD films are a 

promising alternative to current methods for protecting silver cultural heritage objects. 

We find that 10 nm thick Al2O3 ALD films protect silver from tarnishing nearly 10 times 

longer than microns-thick nitrocellulose films: this amounts to a potential ambient 

effective film lifetime of 150 years [5.1]. We note however, that this may represent an 

upper limit of ALD effective lifetimes - in our earlier work coatings were applied to flat, 

clean, 2-dimensional ideal silver substrates [5.2-5.4]. In the work presented in this 

chapter we investigate the effectiveness of ALD coatings on non-ideal, 3-dimensional 

(3D) historic objects. As we show below, additional challenges arise in creating quality 

ALD coatings on realistic art objects. We find that extended precursor pulse/purge times 

are required to adequately coat complex 3D geometries. In addition, we find that thicker 

ALD films are needed to reduce pinhole defects in ALD films on non-ideal substrates. 
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Finally we find that surface cleanliness seems to play a significant role in the ability of 

ALD films to uniformly coat the substrate; this is discussed further in Chapter 6.  

 

5.1 Methods 

5.1.1 Sample preparation 

Cast and surface chased sterling silver butter knives from a personal collection 

were used to test the application of ALD films on realistic 3-dimensional art objects. The 

knives were polished using a slurry of ethanol and 0.04 µm precipitated chalk (CaCO3) 

followed by a quick polishing with a silver cleaning cloth (Goddard’s Long Shine ®) to 

remove tarnish. Before ALD films were applied, the knives were cleaned by submerging 

in ultrasonic baths of (all reagent grade) trichloroethylene, acetone, methanol and 

isopropanol, followed by a deionized water rinse and blow drying with N2 gas.  

Silver thin films for electrochemical impedance spectroscopy were deposited on 

Si wafers using the Metra Thermal Evaporator. A 10 nm Al2O3 ALD adhesion layer was 

deposited on the Si wafers before Ag deposition to prevent the Ag delaminating from the 

Si wafer. 99.999% Ag (Sigma Aldrich) was deposited at a rate of ~10 Å/second under a 

base pressure of 2.0x106 Torr.  

  

5.1.2 Atomic Layer Deposited Al2O3 

 A Beneq TFS 500 Atomic Layer Deposition (ALD) system with a 200 x 170 x 25 

mm sub-chamber produced all Al2O3 films in a Class 1000 cleanroom. Samples were 

allowed to equilibrate in temperature in the ALD chamber, held at 150°C, for one hour 
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before deposition began. Trimethylaluminum and H2O were used as precursors to deposit 

Al2O3 at 150°C with a deposition rate of 0.9 Å/cycle, adjusting the number of cycles to 

produce the desired film thickness. N2 gas was used to purge the ALD sub-chamber of 

any by-products or remaining precursors between precursor pulses. Precursor pulse and 

N2 gas purge times were adjusted from 0.5-2.0 seconds, depending on the particular 

experiment, when depositing on 3-dimensional objects, to ensure adequate gas delivery to 

all regions of these objects. 

 

5.1.3 Surface characterization 

The topography of the blade of a sterling silver knife was characterized after ALD 

film deposition using a Digital Instruments Dimension™ 3100 atomic force microscope 

(AFM). Reported surface roughness values were calculated from the root mean square 

(RMS) of the surface profile. Five AFM scans in each area were obtained to calculate the 

RMS roughness and representative scans are reported.  

Raman spectra from this sterling silver knife (again after ALD film application) 

were obtained using a HORIBA Jobin Yvon LabRAM ARAMIS Confocal Raman 

Microspectrometer. An excitation laser wavelength of 532 nm and a 1200 Lines/mm 

grating were used for all measurements reported.  

A scanning electron microscope (Hitachi S-3400 Variable Pressure SEM) with 

energy dispersive spectroscopy (EDS) capability was used to characterize the topography 

and composition of the surface of the silver knives, both after film deposition and after 

ALD film removal by etching.  
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The surface composition of ALD film defects on the sterling silver knife was 

determined through x-ray photoelectron spectroscopy (XPS) measurements using a 

Kratos Axis 165 X-ray Photoelectron Spectrometer, employing a mono-chromatic Al(Kα) 

source with a 125mm Omnicron (EA 125) hemispherical analyzer and a seven-channel 

detection capability for photoemission analysis. A charge neutralizer was employed to 

prevent surface charging. All peak energies were calibrated to the C1s peak centered at 

284.6 eV. XPS surface concentrations were calculated using CasaXPSTM from the peak 

areas of O 1s, Ag 3d, Al 2p, S 2p and C 1s using manufacturer supplied relative 

sensitivity factors.  

 

5.1.4 Electrochemical evaluation 

Electrochemical analysis was carried out on ALD-coated thermally 

evaporated silver alloy film substrates using a three-electrode cell with a Ag/AgCl 

reference electrode and a platinum counter electrode. Before measurements, the 

Kapton™ tape was removed from the corners of the silver sample. An area of 1.77 

cm2 on the working electrode was created using a Neoprene® o-ring. A 1.0 molar 

NaCl (Sigma Aldrich, reagent grade) solution made with ultra-pure water (resistivity 

> 17 MΩ) was de-aerated by bubbling 150 sccm N2 gas for 30 minutes prior to testing 

and 50 sccm N2 gas while measurements were taken. Electrochemical impedance 

spectroscopy (EIS) was preformed immediately after the electrolyte was introduced to 

the electrode cell to determine the electrochemical response due to the pinholes, not 

the formation of tarnish. Measurements were performed in the frequency range of 10 
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mHz to 100 kHz with a 5 mV exciting signal amplitude, at open circuit potential 

(OCP).  

 

5.1.5 Porosity analysis 

ALD film porosity was evaluated from the EIS measurements by determining 

the fraction of uncoated silver in direct contact with the electrolyte. Film porosity PR 

was evaluated using Equation 1 as the ratio of the polarization resistance of the 

uncoated !!! (Ω) and ALD coated samples !! (Ω) [5.5]. 

!! =
!!!
!!
×!100%  Equation (1) 

The polarization resistance was obtained from equivalent circuit modeling of 

the EIS measurements using ZView® software. A simplified model, presented in 

Figure 5.1 was used to reduce errors in the calculated polarization resistance where 

RE is the resistance of the electrolyte measured at the high frequency intercept, the 

charge transfer resistance RCT measured at the low frequency intercept, and the 

capacitance of the ALD film C [5.6, 5.7]. The charge transfer resistance RCT is 

roughly equivalent to the polarization resistance Rp [5.8], therefore the resistance at 

the low frequency intercept with the real axis was used to calculate the porosity of 5, 

10, 20, 70, and 100 nm Al2O3 ALD films in this study.  
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Figure 5.1: Simplified equivalent circuit model for ALD coatings on silver used for 

fitting electrochemical impedance spectroscopy data, adapted from [5.7]. 

 

 

5.2 Results 

5.2.1 Coating 3-dimensional silver objects 

 In the results presented in this section, we test the ability of ALD films to coat 

realistic 3D art objects, using a set of historic silver knives from a personal collection as 

an example. The knives were polished and ultrasonically cleaned in a series of solvents 

prior to deposition of 10 nm and 100 nm thick Al2O3 ALD films at 100°C; a schematic of 

the chamber is shown in Figure 5.2a. An important issue is how to maintain adequate 

flow around mechanical supports that are required for complete coating of all object 

surfaces. The knives were supported by two points of contact, one at the handle in a high 

point in the decorative details and the other at the blade tip where it rested on the ALD 

chamber floor, Figure 5.2b. To mitigate restricted flow issues the knives were flipped half 

way through each ALD process; the stamped side of the knife blade always faced the 

ALD chamber floor during the first deposition (Side B) but faced the ALD chamber lid 

during the second, Figure 5.2b. Trimethylaluminum (TMA) and water were used as 

precursors to deposit Al2O3 ALD films. These precursors were alternately pulsed into the 

ALD chamber one at a time, with a nitrogen purge between precursor pulses to evacuate 

the chamber, and carry away unreacted molecules. The precursor pulse and nitrogen 

purge times during deposition were varied at constant flow rates to determine the 
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minimum values for achieving uniform ALD coatings. The precursor pulse times were 

varied in the range from 0.5 seconds to 2 seconds and the nitrogen purge times were 

varied from 1 second to 4 seconds. The lower limit in each case corresponds to exposures, 

which we find produce contiguous, conformal ALD coatings on flat silver films. 

Appropriate precursor pulse times are completely dependent on the ALD chamber 

dimensions, and must be determined empirically. Figure 5.3 shows photographic images 

of:  a) a bare knife with no coating (top), b) a knife coated with 100 nm of Al2O3 ALD 

using a 0.5 second pulse and a 1 second purge (middle) and c) a knife coated with 140 

nm Al2O3 ALD using a 1 second pulse and a 4 second purge (bottom). Hazy regions were 

observed on the knife coated with the shortest combination, i.e. 0.5 s pulse/1 s purge 

times (Figure 5.3c); these were found on both sides of the knife blade, with a large hazy 

region on the side of the knife that faced the chamber floor during the first half of the 

ALD film process. The front side of the knife had smaller hazy regions on the side of the 

blade (not shown). Scanning electron microscopy (SEM) and energy dispersive 

spectroscopy (EDS) analysis showed that both the hazy and clear regions of the knife 

contained Al, indicating that an Al2O3 coating had deposited in each, and presumably 

across the entire knife.  

The nature of the hazy regions observed in the knife coated with shorter 

pulse/purge times seen in Figure 5.3b were further investigated using atomic force 

microscopy (AFM). Images of the hazy areas on the knife showed a high density of small 

particles covering the surface, as seen in Figure 5.4b. In comparison, in the clear areas of 

the knife (as seen in Figure 5.4a) there is a much smaller density of such particles on the 

surface. The RMS roughness determined from within the hazy area is 50.7 nm ± 4.9 nm, 
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or roughly twice that from the clear area, where we measured a value of 24.0 nm ± 3.9 

nm. We conclude that diffuse scattering of light due to the presence of particles at the 

surface is causing the hazy appearance.  

 

 

 

Figure 5.2: Schematic of ALD chamber. a) The precursors and N2 gas are pulsed in 

through the gas inlets and exit through the exhaust, making the gas flow from left to right 

over the silver knife. b) The knife made two points of contact with the ALD chamber floor, 

one on the blade and the other at a high point on the handle. Side A is defined as side of 

the knife that faced the ALD chamber lid during the first half of deposition, Side B is 

defined as the stamped knife side that faced the chamber floor during the first half of 

deposition.  
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Figure 5.3: Silver knives a) bare, without an ALD coating, b) with a 100nm thick Al2O3 ALD 

coating deposited with a 0.5 second TMA pulse/1 second N2 purge (fast deposition), and c) 140 

nm thick Al2O3 ALD coating deposited with a 1 second TMA pulse/4 second N2 purge (slow 

deposition). Hazy areas, corresponding to incomplete ALD reactions, can be reduced by slowing 

down the deposition speed, allowing sufficient time for precursor diffusion around 3-dimensional 

objects. Side B (facing ALD chamber floor during first half of deposition) is shown for all knives 

pictured in this image.  

 

Raman spectroscopy analysis was also done at clear and hazy regions of the knife 

shown in Figure 5.3b, with the results presented in Figure 5.4c. In both the hazy and clear 

regions peaks at 1355, 1594 and 2919 cm-1 were identified. The 1355 and 1594 cm-1 

signals are near frequencies attributed to ring stretching in polyaromatic compounds, or 

disordered graphitic carbon species, at 1580 and 1360 cm-1.  These are generally referred 

to as the G band and D band, respectively [5.9-5.11]. The ratio of the G and D band 

intensities (ID and IG) is a measure of the graphitization level, as the G band alone is 
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present in highly ordered graphite while the D band appears, and increases in intensity 

with increasing disorder [5.10, 5.12]. The ID/IG ratios for the hazy and clear regions of the 

knife are 0.97 and 0.98, respectively, indicating a relatively low degree of graphitization. 

Further, the intensity of both the G and D bands is much higher in the hazy region of the 

knife. Taken together, these observations indicate a higher abundance of a disordered C-

H species in the visibly hazy regions. Additionally, the region from 2700-3000 cm-1 in 

Raman spectra is generally attributed to the C-H stretching mode in alkyl hydrocarbons 

[5.9, 5.10]. Both the clear and hazy regions of the knife contain a peak at 2919 cm-1, 

however, the intensity is significantly higher in the hazy region.  

We next consider the significance of the Raman analysis. Trimethylaluminum 

(TMA) and water were the two precursors used to deposit the Al2O3 ALD films. TMA 

(Al2(CH3)6 is composed of a central aluminum atom surrounded by three methyl groups 

(-CH3). The intense Raman signal of alkyl groups in the hazy region suggests an 

incomplete ALD reaction, in which the methyl ligands in the chemisorbed species from 

the TMA sub-reaction were not fully replaced during the subsequent H2O precursor sub-

reaction. We conclude that a pure Al2O3 film was likely not deposited in the hazy regions, 

but instead a mixture of Al2O3 and AlxOy(CH3)z organo-oxy-metallic compounds is likely 

present. It is likely that both precursors, i.e.TMA and water, have insufficient precursor 

flow through this region, and this likely prevented the complete replacement of each 

methyl group with a hydroxyl group (-OH) which is required for dense and uniform, 

layer-by-layer Al2O3 ALD growth.  
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Figure 5.4: Analysis of hazy area on knife shown in Figure 5.3b. Upper right and left: 

Atomic force microscopy analysis images of the knife blade a) clear area and b) hazy 

area, showing a higher density of particles on the hazy area surface. Lower: c) Raman 

spectra of hazy (blue and clear (red) areas on the knife blade, indicating more 

hydrocarbons in the hazy area than in the clear area.  

b) Hazy Areas a) Clear Area 

G: 1594 D: 1355 

2919 Hazy ALD 

Clear ALD 

400 nm 400 nm 

20 µm 20 µm 

6000 

5000 

4000 

3000 

2000 

In
te

ns
ity

 (a
.u

.) 

500 1500 2000 2500 3000 3500 1000 
Wavenumber (cm-1) c) 



! 140!

 Our results show that increasing the precursor pulse and purge times is an 

effective way to suppress the formation of hazy regions in the ALD coatings. The knife 

coated with 140 nm Al2O3 ALD film (Figure 5.3c), where a 1 second TMA pulse and 4 

second nitrogen purge (bottom) was used, showed no visible hazy regions in the coating. 

SEM and EDS analysis again revealed the presence of Al across the surface of the knife, 

indicating complete coverage by the Al2O3 ALD film. Our results indicate that longer 

pulse and purge times are required for complex 3D objects, particularly near supports, to 

allow the precursors and by-products adequate time to diffuse to all portions of the object. 

Understanding the precursor reaction and transport, tortuous diffusion paths and ALD 

chamber flow dynamics around complex objects is critical and an area of ongoing study 

[5.13-5.15].  

 

5.2.2 ALD coating removal 

Removal of the ALD coating without significant alterations to the underlying 

substrate must be demonstrated to meet the reversibility requirement in cultural heritage 

conservation. In a previous chapter, we have shown that aqueous NaOH solutions as 

weak as 0.05% (pH 11) can be used to remove Al2O3 ALD films effectively, with no 

significant change to flat sterling silver substrates [5.1]. However, the reversibility of 

hazy coatings, such as those shown in Figure 5.4b, was not addressed. To be discussed 

here is whether the organo-oxy-metallic residues in the films might affect reversibility 

and if these residues found in the hazy areas are as easily removed as the clear areas. To 

address this, the knife shown in Figure 5.3b was submerged in 0.05 wt% aqueous NaOH 

for 2 hours, which is significantly (by 37 minutes) longer than the time required to 
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remove 100 nm of a typical amorphous ALD alumina (clear area). EDS analysis, 

however, showed the coating remained intact both in the clear and hazy regions. We next 

increased the concentration of NaOH 100-foldto 0.5 wt% for 25 minutes, the expected 

etch time based off Table 4.2, in a second attempt to remove the ALD coating. EDS 

analysis confirmed the complete removal of the ALD coating with this higher 

concentration of NaOH, in both the hazy and clear areas, see Table 5.1. Seemingly the 

residual organo-oxy-metallic residues have a passivating effect, which is overcome by the 

higher NaOH concentration.  

 

  0.05 wt% NaOH for 2 hours   0.5 wt% NaOH for 25 minutes 

  

Atomic Percent 

in clear area 

Atomic Percent 

in hazy area   

Atomic Percent 

in clear area 

Atomic Percent 

in hazy area 

Ag 34.3 ± 2.4 40.5 ± 2.5 

 

88.1 ± 2.7 88.4 ± 2.8 

Cu 3.5 ± 0.3 6.1 ± 0.4 

 

11.9 ± 0.5 11.6 ± 0.5 

Al 5.7 ± 0.2 4.78 ± 0.2 

 

- - 

O 56.5 ± 3.4 48.7 ± 3.2   - - 

Table 5.1: Energy dispersive spectroscopy (EDS) analysis of knife shown in Figure 5.3b 

after exposure to 0.05 wt% NaOH (aq.) and 0.5 wt% NaOH (aq.). EDS analysis of Ag, 

Cu, Al and O in the clear and hazy ALD coating areas are shown for both concentrations 

of NaOH. ALD coating removal was incomplete after removal with 0.05 wt% NaOH, as 

indicated by the presence of Al and O. Complete coating removal was achieved with 0.5 

wt% NaOH.  
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5.2.3 Overcoming pinholes in ALD films 

 As we discussed in earlier chapters of this thesis, contiguous ALD films have 

been proven to be effective diffusion barriers for preventing corrosive gases in the 

environment from reacting with the substrate [5.6, 5.7, 5.16-5.18]. Recent results show 

that such films can be effective in reducing the rate of silver tarnish formation by 

preventing atmospheric H2S gas from reaching and reacting with silver surfaces [5.1, 5.4]. 

The effectiveness of such an approach for protecting art objects, however, can be limited 

by holes or point defects, which reduce the effective film lifetime at the defects. Holes in 

the barrier coating act as fast paths for diffusion of corrosive gas to the underlying metal 

resulting in more rapid tarnish rates than in the coated areas. Once tarnishing occurs at 

such defects, the entire coating must be replaced and the tarnish spot removed through 

mechanical polishing. While ALD films have been reported to be nearly defect free 

coatings, pinholes can occasionally occur [5.19, 5.20].  

Figure 5.5a shows photographic evidence of an ALD pinhole defect on a silver 

knife coated with a 10 nm thick Al2O3 ALD that was subsequently aged indoors, in a 

moderately controlled laboratory environment, for one year. This knife was used for a 

blind study with art conservators to determine the acceptability of ALD coatings, which 

was discussed in Section 2.10. The temperature and humidity varied from 65-75°C and 

30-70% relative humidity. A visual inspection of the knife revealed a single tarnish spot 

on the blade, approximately 1 mm in diameter. SEM images of the area showed a large 

circular contrasted area with a smaller, (approximately 50 µm in diameter) more heavily 

contrasted area near the center, as seen in Figure 5.5b. To correlate the image contrast 

with stoichiometery we carried out X-ray photoelectron spectroscopy (XPS) 
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measurements at a number of positions across the tarnish spot. The gray scale image in 

Figure 5.5c shows the intensity map of the adjusted C 1s core level signal. The dark area 

at the top of the gray scale image is due to the curvature of the knife blade, causing the 

knife surface to be out of focus with the XPS detector. Overlaid on this gray scale image 

are the profiles of the O 1s, Al 2p, S 2p and Ag 3d core levels intensities from spectra 

taken at different points across the image. The result is an effective concentration profile 

for each of the elements across the tarnish spot center. The O ls and Al 2p line profiles 

show minima at the center of the tarnish spot, coinciding with maxima in the S 2p and Ag 

3d signals. We conclude that the center spot in the SEM image likely corresponds to a 

defect in the Al2O3 ALD coating that left a portion of the silver knife uncoated and 

vulnerable to tarnishing, and that this tarnish region subsequently grew laterally, under 

the ALD oxide film. The cause of the pinhole is unknown; we speculate that it may have 

originated from the presence of a dust particle, which shadowed the surface during 

deposition [5.20].  
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Figure 5.5: a) Analysis of a tarnish spot visible on 10 nm Al2O3 ALD coated silver knife 

blade after one year ambient aging with b) SEM image and c) XPS imaging with overlaid, 

quantified line profile of O 1s, Al 2p, S 2p and Ag 3d spectra. The tarnish spot 

corresponds to a defect or hole in the Al2O3 ALD coating. Knife Side A is shown in this 

image.  

 

We find evidence that increasing the ALD film thickness is an effective strategy 

to minimize pinhole defects, despite residues that may be present on the surface. A 

similar knife coated with a much thicker, 100 nm Al2O3 ALD was aged under the same 

indoor ambient conditions for one year but showed no signs of tarnish spots or film 

defects, see Figure 5.6. This knife was inspected both visually, and with a light 

microscope to detect tarnish but no dark spots were identifiable. We note that the 10 nm 

and 100 nm Al2O3 ALD-coated knives were cleaned and coated at the same time, and 
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were exposed to similar levels of polishing residue and dust conditions; yet the thicker 

100nm Al2O3 ALD coating seemingly covered any such pinhole defects. Our results 

suggest that increasing ALD film thickness might effectively cover film defects that form 

during the initial stages of film growth. 

 

 

Figure 5.6: Silver knife coated with a 100 nm thick Al2O3 ALD coating after one year of 

indoor aging at the same ambient conditions as the knife shown in Figure 5.5a. No 

tarnish spots were visible on the 100 nm coated knife, indicating a thicker ALD coating 

effectively coats any defects that may be present in early growth stages of ALD films. 

Knife Side A is shown in this image. 

 

Further evidence that thicker ALD films more effectively cover silver surfaces 

was observed in ALD film porosity measurements, which were presented above, in 

Section 3.12.4. For convenience we show again the summary plot (Figure 3.16) from that 

discussion here as Figure 5.7.   As discussed in the earlier section, we find that ALD 

Al2O3 films under 10 nm in thickness have a significant density of pinhole defects, 

indicating the initial growth of the ALD film is defective. As the coating thickness is 

increased, these holes or defects apparently tend to fill in or become covered with the 

additional alumina deposition.  

 

100 nm Al2O3 ALD coated knife, 1 year ambient aging 
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Figure 5.7: Electrochemical impedance spectroscopy of 5, 10, 20, 70 and 100 nm Al2O3 

ALD coated silver substrates with the a) electrochemical spectra (Bode plot) and b) 

calculated porosity (Equation 1).  

 

The samples used for the EIS measurements shown in Figure 5.7 were relatively 

clean, flat silver surfaces with little chemical heterogeneity, providing a nearly ideal 

silver substrate for ALD; thus these results likely set a lower limit on ALD coating 

porosity to be expected on art objects, such as the sterling silver knives discussed above. 

The porosity of the 10 nm Al2O3 ALD film on the knives is likely greater than the same 

coating on an ideal silver substrates. The silver knife surface is likely more chemically 

heterogeneous due to the Ag-Cu alloy composition and likely has existing oxides or 

residues present from handling and previous treatments. This speculation is supported by 

our previous reported results showing that the porosity of thin 10 nm Al2O3 ALD films 

depended on the prior treatment of the silver surface, while 100 nm thick Al2O3 ALD 

films had low porosity that was nearly independent of the surface treatment [5.3]. For art 
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objects, we expect that thicker ALD coatings will be required to prevent surface 

heterogeneities, residues or particles from causing defects in the ALD coating.  

 

5.2.4 Summary of silver knife studies 

While the discussion in previous chapters showed that ALD is indeed highly 

effective in protecting flat, 2-dimensional silver alloy surfaces from corrosion, coating 

non-ideal 3-dimensional objects is more challenging. Limited flow of the ALD precursors 

around 3-dimensional objects and supports is an important factor. The precursor pulse 

and subsequent purge times must be increased to allow sufficient diffusion of precursors 

and by-products around complex surface topographies. Relatively thin ALD films, under 

20 nm, are found to be effective on flat, clean silver surfaces but offer insufficient 

corrosion protection on art objects, where existing local surface oxides and/or surface 

pre-treatment residues may cause pinhole defects. Thicker ALD films are found to 

suppress pinhole defects that may be present during the initial film growth. The Al2O3 

ALD coatings can be effectively removed from the silver surface by dissolving the coting 

in 0.5 wt% (aq.) NaOH. Our results demonstrate that relatively thick ALD films, 

deposited with sufficiently long precursor pulse and purge times, should be effective in 

protecting silver cultural heritage objects.  

 

5.3 ALD on a Roman coin 

In this section we discuss results for Al2O3 ALD coating and removal from an 

even more complex object: a silver Roman coin from a private collection. The coin 
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illustrates problems that arise due to surface cleanliness, as the native oxide remained on 

the coin and was not removed prior to ALD coating. The coin, which we will refer to as 

“Gordian III”, was coated with a 500 cycles (~50 nm) of Al2O3 via atomic layer 

deposition. In this study ALD film removal was tested while monitoring appearance 

changes, film microstructure, and chemical composition of the coin surface. During 

deposition the coin appearance changed from shiny to matte due to a plate-like, flaky 

ALD film. ALD film removal was attempted through etching in 0.05 wt% NaOH. On the 

rim of the coin, the ALD film was completely removed after 160 minutes of etching. On 

the coin obverse, ALD film remnants remained after 160 minutes etching in 0.05 wt% 

NaOH and 32 minutes etching in 0.5 wt% NaOH. This location dependent difference in 

ALD film reversibility may be due to the presence or absence of native oxides at the 

surface due to coin handling. While the ALD coating seems to deposit uniformly across 

the surface of the coin, removal may become difficult due to oxy-organic-metallic 

compounds forming with the native surface oxides.  

 

5.3.1 Methods – Roman coin coating and analysis 

No effort was made to remove native oxides on the surface of the coin before 

ALD coating. The coin was only cleaned by soaking in trichloroethylene, acetone, 

methanol, isopropanol bathes for 5 minutes each, followed by a rinse in DI water and 

blow dry with nitrogen gas. After cleaning, 500 cycles (~50 nm) Al2O3 ALD was applied 

at 60°C. A Beneq TFS 500 Atomic Layer Deposition (ALD) system with a 200 x 170 x 

25 mm sub-chamber produced all Al2O3 films in a Class 1000 cleanroom. Samples were 

allowed to equilibrate in the 60°C ALD chamber for one hour before deposition began. 
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Trimethylaluminum and H2O were used as precursors to deposit Al2O3 at 60°C with a 

deposition rate of 1.2 Å/cycle, adjusting the number of cycles to produce the desired film 

thickness. N2 gas was used to purge the ALD sub-chamber of any by-products or 

remaining precursors between precursor pulses. 

Changes in coin appearance were documented through photographs and elemental 

analysis of the surface was performed with EDS. A scanning electron microscope (SEM) 

with energy dispersive spectroscopy (EDS) was used to characterize the surface of the 

silver knives after film deposition and ALD film removal. A Hitachi S-3400 Variable 

Pressure SEM was used at 15keV.  

The ALD film was dissolved by immersion in 0.05 wt% (aq) NaOH (pH 11) in 

40-minute intervals. The removal rate of the Al2O3 ALD film was estimated based on the 

rates reported in Table 4.2. EDS and SEM images were collected after each immersion 

interval to determine the amount of Al remaining on the coin surface.  

 

 

5.3.2 Discussion of Roman coin results 

Figure 5.8 shows photographs of the front and back of the coin after Al2O3 ALD 

film application and successive NaOH solution-based etchings. The leftmost column 

shows the coin as received, without any treatments or cleaning. The second column from 

the left shows the coin after 500 cycles of Al2O3 ALD was applied. As deposited, the 

ALD film changed the appearance of the coin, giving the coin a matte appearance that 

was far less shinny than the original appearance. The appearance change is likely due to 

the ALD film flaking at the surface. SEM images show the ALD film did not deposit as a 
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flat film, i.e. conformal to the surface, but instead has flakes at the surface (Figure 5.9, 

leftmost column). The flake-like morphology of the ALD film is qualitatively different 

than the particles that were observed during coating the silver knife, as described in 

Section 5.2.1. (The particles observed were likely to be due to inadequate precursor flow 

around the object, as increasing the precursor pulse and purge times produced better 

quality films.) The silver knives investigated in Section 5.2.1 were polished immediately 

before ALD coating. In the case of this coin, no such polishing was done, leaving a 

chemically heterogeneous surface that may be responsible for the flaky ALD films. This 

seemed to be the cause of flaking films deposited on bronze patina samples, as is 

discussed further in Chapter 6. 

 

 

Figure 5.8: Photographs of Gordian III coin (from left to right) as received, after coating 

with 500 cycles Al2O3 ALD, after 120 minutes etching in 0.05 wt% NaOH, and after 160 

minutes etching in 0.05 wt% NaOH. 
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We next attempted to use immersion in NaOH solution to remove the flaky ALD 

film and an area on the coin rim was imaged after four successive 0.05 wt% NaOH etches. 

The third column to the left on Figure 5.8 shows the coin after three 40 minute etching 

times and the fourth column to the left (rightmost column) shows the coin after four 40 

minute etching times in 0.05 wt% NaOH. The shiny original appearance of the coin has 

mostly been restored after etching in 0.05 wt% NaOH, however, the finish remains more 

matte than originally, as seen in the rightmost images in Figure 5.8. 

To probe the chemical composition after NaOH removal we carried out EDS 

analysis of the coin rim. Multiple areas were taken, with a representative image is shown 

in Figure 5.9. The second row of Figure 5.9 shows the Al signal for the coin after each 

0.05 wt% NaOH etch step, while the third row shows the corresponding Ag signal. The 

area of Al coverage decreases with additional NaOH etching, indicating that it effectively 

removes Al2O3 ALD from the coin’s rim surface.  
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Figure 5.9: SEM images (top row) and EDS maps of Al (middle row) and Ag (bottom 

row) of coin rim (from left to right) after 500 cycles Al2O3 ALD showing the plate-like 

flaky film structure, after 40 minutes, 80 minutes, 120 minutes and 160 minutes etching in 

0.05 wt% NaOH.   

 

After 160 minutes of NaOH etching (4 characteristic removal times), SEM images 

were collected on the obverse of the coin around the face and lettering, (see the left panel 

of Figure 5.10) which showed incomplete Al2O3 ALD film removal in many of these 

areas. The presence of the Al2O3 ALD film can be detected by the plate-like flakes on the 

surface, easily observed in Figure 5.10.A2. The composition of these flakes was 

determined to contain Al by EDS; Figure 5.11.A shows that Al is present in the flakes 

while Ag is present in flake-free areas. The ALD flakes are especially numerous on the 

coin field, i.e. the flat area of the coin that has not been raised e.g. around the nose (see 

Figure 5,10.A3); in between letters (5.10.A4, 5.10.A6); and in the recesses of the ear 

(5.10.A1, 5.10.A2, 5.10.A6). 
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Figure 5.10: SEM images of coin obverse after 160 minutes of etching in 0.05 wt% 

NaOH (A1-A6) and after an additional 32 minutes of etching in 0.5 wt% NaOH (B1-B6). 

With additional etching in 0.5 wt% NaOH solution the ALD film remaining in surface 

recesses is mostly removed.  

 

As Al2O3 ALD film remained on the surface of the coin field after protracted 

etching, the NaOH concentration was next increased to 0.5 wt% to attempt remove the 

residue, in this case using a 32-minute etch time. SEM images show that indeed more of 

the Al2O3 ALD film was removed by the 0.5 wt% NaOH etch, as seen in the right panel 

in Figure 5.10. Comparing Figure 5.10.B3 with 5.10.A3; Figure 5.10.B5 with 5.10.A5; 

and Figure 5.10.B6 with 5.10.A6, shows additional removal of the Al2O3 ALD film. 

However, even with additional etching at a higher concentration some areas remained 

covered by the Al2O3 ALD film, as seen in Figure 5.11.B. Additional etching with 0.5 



! 154!

wt% NaOH may continue to remove the Al2O3 ALD film. However,  as we showed in a 

previous chapter 9 Sections 4.12 and 4.13) NaOH preferentially etches Cu from an alloy 

substrate [5.1], , and the effect of the NaOH on the underlying coin composition is 

unknown.  

 

 

Figure 5.11: EDS Al, Ag, and Al-Ag overlay maps of coin obverse after 160 minutes 0.05 

wt% NaOH etching (A) and after an additional 32 minutes 0.5 wt% NaOH etching (B). 

 

The effectiveness of Al2O3 ALD film removal by alkaline solution-based etching 

seems to depend on the location on the coin. ALD films were effectively removed from 

the rim of the coin after 160 minutes of etching in dilute solution. However, on the coin 

obverse, the ALD film partially remained and required increasing concentrations of 

NaOH to even partially remove the film. One possible explanation of this is the presence 

of metal oxides in some areas which react with the ALD film to create less soluble 

compounds. The coin rim is likely handled more, effectively polishing the surface and 
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preventing the accumulation of metal oxides at the surface. By contrast, the coin field and 

recesses of the coin relief are likely touched less often, thereby accumulating a natural 

metal oxide at the surface. The formation of complexes with the ALD film and natural 

metal oxide may be inhibiting ALD film removal. Hydrodynamic dead layers may also 

explain the incomplete ALD film removal. Etching was done in a static liquid bath, i.e. 

without stirring, or any agitation, to reduce mechanical coin damage. Dead layers are 

known to arise at the liquid-surface interface where etching is diffusion limited. 

Topography changes in the coin obverse may also affect the NaOH etching rate.  

 

 

5.4 Effect of surface cleaning on ALD film quality 

 The effect of surface cleaning, not so surprisingly, indeed seems to play an 

important role in producing a high-quality ALD film. Problems with producing a uniform 

film on the Roman coin, described in Section 5.3, indicate the starting surface upon 

which the ALD grows is critical for obtaining a quality ALD film. As in the case of the 

silver knives (Section 5.1 and 5.2), defects in thin ALD films may occur if dust is present 

or heterogeneous chemistry exists at the surface. In the case of the Roman coin (Section 

5.3), native oxides at the surface seem to cause flaking and make coating removal 

difficult. Both of these results seem to indicate surface preparation is an important first 

step in achieving a high-quality ALD coating. This section looks at the effect of solvent 

surface cleaning in reducing the amount of hazy areas deposited.  
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5.4.1  – Sterling silver substrate preparation 

Silver was thermally evaporated onto 3 inch Si wafers that were quartered prior to 

deposition. Thin Ag-Cu film samples were also prepared on silicon (1 0 0) wafers using 

thermal evaporation in a CHA Mark 40TM  system. Approximately 150 nm of 95% Ag - 

5%Cu alloy was deposited on a silicon wafer using a mixture of Cu (99.9%) and Ag 

(99.9%) with a 2Å/second deposition rate. Higher or lower crucible temperatures led to 

faster or slower deposition of a range of alloy compositions, respectively. The difference 

in partial pressures between Cu and Ag allowed for the control of the surface alloy 

composition between 0-15% Cu and 100-85% Ag.  

5.4.2  – Sample cleaning  

In this section we investigate the effect of the purity of the solvents used in 

cleaning the silver substrates before atomic layer deposition.  This was carried in three 

stages, using approaches to decrease solvent impurities to greater extents in successive 

stages. 

 Stage 1: 

 The first stage of the investigation involved solvent cleaning in which the sample 

was with tweezers and spraying with a sequence of: acetone, methanol, and isopropanol, 

followed by a deionized (DI) water rinse and blow drying with N2 gas. The solvents used 

in this stage were stored in plastic bottles in the FabLab.  

 Stage2: 

 Contaminants from the plastic bottles used to store the solvents in stage 1 were 

suspected. In the second stageThree glass beakers were cleaned with a piranha etch prior 
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to cleaning, one dedicated beaker for each solvent. Solvents were taken from glass 

containers. The samples were submerged in a sequence of: acetone, methanol, and 

isopropanol and placed in a ultrasonic bath for 1 minute each. After cleaning in all three 

solvents, the samples were rinsed with DI water and blown dry with N2 gas. 

 Stage 3: 

 In this third stage of the investigation the three glass beakers used for cleaning 

were piranha etched before every sample was cleaned. Solvents were taken from glass 

containers. The samples were submerged sequentially in acetone, methanol, and 

isopropanol and placed in a ultrasonic bath for 1 minute each. After cleaning in all three 

solvents, the samples were rinsed with DI water and blown dry with N2 gas. During ALD 

deposition (as described in Section 5.4.4), the chamber temperature was ramped to 200°C 

for one hour before deposition was started, then reduced to 150°C for deposition. In total, 

the samples equilibrated for 3 hours before ALD films were applied.  

 

5.4.3  – Atomic layer deposition 

Following each stage of solvent cleaning, varying thicknesses of Al2O3 ALD were 

applied at 150°C, unless otherwise stated. A Beneq TFS 500 Atomic Layer Deposition 

(ALD) system with a 200 x 170 x 25 mm sub-chamber produced all Al2O3 films in a 

Class 1000 cleanroom. Samples were allowed to equilibrate in the 150°C ALD chamber 

for 10 minutes before deposition began, unless otherwise stated. Trimethylaluminum and 

H2O were used as precursors to deposit Al2O3 at 150°C with a deposition rate of 1.1 

Å/cycle, adjusting the number of cycles to produce the desired film thickness. N2 gas was 
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used to purge the ALD sub-chamber of by-products or remaining unreacted precursors 

between pulses. 

 

5.4.4  – Photography 

 Changes in the samples were documented using the photo studio at the 

Preservation Science department at the Library of Congress. A Nikon D700 camera was 

used with a AF-S Nikkor 24-70 mm 1:2, 8G ED lens. The aperture of the camera was set 

to f/8 for all photos before and after deposition. The camera was positioned 30 cm above 

the samples. Two fluorescent lights on stands were positioned 72 inches away from the 

samples at a height of 52 inches. The samples were placed on top of a 2 inch 3-hole 

punch binder to angle them away from the camera. A gray cardboard canopy was placed 

above the samples to prevent reflections off the celling. This set up was reproduced to 

ensure similar conditions during before and after photographs.  

 

5.4.5 Results of surface cleaning studies 

 Samples cleaned according to the Stage 1 procedures described in Section 5.4.2 

are pictured in Figure 5.12 after 5, 40, 70 and 100 nm Al2O3 ALD films were applied. 

Two samples were coated for each ALD film thickness at the same time. Hazy areas are 

present on some of the 5, 70 and 100nm films. The 40 nm films, however, seem to be 

clear, without hazy areas. There is a hazy region in one of the 5 nm films (white area at 

bottom of left sample) but not the other, despite both samples being deposited at the same 

time. On thicker ALD films, large, slightly hazy areas near the center of the samples are 

visible instead of the small patches at the surface. The samples on the left in the 70 nm 
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(bottom left image) and 100 nm (bottom right image) have a slightly hazy region 

throughout the center of the sample. No correlation was found between the sample 

location in the ALD chamber and occurrence of hazy region.  

 

 

Figure 5.12: Silver samples after Stage 1 cleaning (Section 5.4.2) and Al2O3 ALD 

coatings applied. Film thicknesses of 5 (upper left), 40 (upper right), 70 (bottom left), and 

100 (bottom right) nm Al2O3 ALD were applied. In some samples, hazy regions are 

visible.  

 

Atomic force microscopy (AFM) was performed on the 5 and 100 nm thick Al2O3 

ALD films in the hazy and non-hazy areas, as shown in Figure 5.13. The AFM height and 

phase maps are shown for the 5 nm (left panel) and 100 nm (right panel) thick Al2O3 

ALD films in the hazy and clear areas. The bare alloy is shown in the top row of each 

panel. Both the bare (top row) and clear ALD coated (bottom row) areas have similar 

5 nm Al2O3 ALD 40 nm Al2O3 ALD 

100 nm Al2O3 ALD 70 nm Al2O3 ALD 
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small particles on the surface. The surface topography in the hazy area is very different 

than in the clear area, large particles are observed on the surface. The root mean squared 

(RMS) roughness for the different areas are shown in Table 5.2. The RMS roughness in 

the hazy area for the 5 and 100 nm ALD films is 7.89 and 5.17 nm, respectively while the 

RMS roughness in the clear area is 1.17 and 1.87 nm, respectively. This significant 

increase in the RMS roughness in the hazy areas is due to the non-conformal ALD 

coating. Given the film roughness, the cause of the hazy appearance is likely due to 

diffuse scattering of light from particles, as opposed to specular reflection in clear areas.  

More extensive surface cleaning procedures were adopted to help mitigate the 

occurrence of hazy regions in the ALD films, as described by Stage 2 in Section 5.4.3. 

Contaminants were suspected in the solvent plastic bottles used in the FabLab user 

facility so only solvents from glass containers owned by the group were used. 

Additionally, the samples were cleaned in ultrasonic solvent baths in glass beaker that 

was piranha cleaned prior to starting the cleaning procedure. Each solvent had a 

dedicated glass beaker for cleaning, so as not to cross contaminate the samples. 

Photographs of the samples after ALD films were applied are shown in Figure 5.14. The 

occurrence of hazy regions was drastically reduced by the extensive cleaning procedure, 

however, large hazy regions across the sample surface were still occasionally observed. 

Once again, hazy areas were observed on one sample but not the other despite the 

deposition occurring simultaneously. Samples that were cleaned last were found to have 

more hazy regions than samples cleaned first.  
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Figure 5.13: AFM analysis of the 5 nm (left panel) and 100 nm (right panel) thick Al2O3 

ALD films in the hazy and clear areas. The height (first and third columns) and phase 

(second and forth column) maps are shown. AFM images of a bare silver alloy (first row), 

hazy area of ALD film (second row), and clear ALD film area (third row) are shown.  
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Sample Hazy RMS (nm) Clear RMS (nm) 

Bare Ag Alloy - 2.54 

100 nm Al2O3 5.17 1.87 

5 nm Al2O3 7.89 1.17 

Table 5.2: RMS roughness analysis of 5 and 100 nm Al2O3 ALD films in the hazy and 

clear areas. RMS roughness was calculated from the AFM images shown in Figure 5.13.  

 

 

Figure 5.14: Silver samples after Stage 2 cleaning (Section 5.4.2) and Al2O3 ALD 

coatings applied. Film thicknesses of 5 (upper left), 40 (upper right), 70 (bottom left), and 

100 (bottom right) nm Al2O3 ALD were applied. Despite extensive cleaning, hazy regions 

still occur on some samples.  

 

This observation lead to the adoption of the final cleaning procedure, Stage 3 in 

Section 5.4.3, where the glass beakers were cleaned in piranha etch before each sample. 

5 nm Al2O3 ALD 40 nm Al2O3 ALD 

100 nm Al2O3 ALD 70 nm Al2O3 ALD 
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Prior to deposition, the samples were allowed to equilibrate in the chamber for 1 hour at 

200°C, then the temperature was lowered to 150°C for 2 hours before deposition 

occurred. This allowed the samples ample time to off-gas or drive off water still on the 

surface. After following this procedure, samples without hazy areas were produced. Our 

results showed that extensive surface cleaning was necessary to ensure a high-quality 

ALD coating.  

 

5.5 Practical problems in coating realistic cultural heritage 

objects 

 We end this chapter with a summary of practical problems which can occur when 

used ALD to coat to realistic samples and substrates, and the approaches we have 

developed and propose to mitigate these. With 3D objects, gas flow around the object 

becomes critical for producing a good film. The ALD “recipes” (i.e. pulse/purge times) 

have to be optimized for the given ALD chamber and object. Ensuring that the precursor 

gas and co-reactant reach all parts of the object and by-products or remnant gas have 

enough time to be pumped out of the system is critical for creating high quality ALD 

films. Achieving this does not necessarily mean simply increasing the pulse times, as that 

will often lead to unwanted CVD-like deposition. This has been observed as white dust 

that will be deposited when the TMA precursor is pulsed for too long. Ideally, a static 

ALD chamber would be created after the precursors have been introduced but before the 

vacuum is opened to pump the system, allowing the precursor gas to diffuse entirely 

around the chamber. An additional valve would have to be introduced in between the 

ALD chamber and the vacuum pump. The Beneq TFS 500 system in the FabLab at the 
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University of Maryland does not have this capability but this would be imperative for an 

ALD system used to coat complex cultural heritage objects.  

Changes to the ALD system are not the only concern in coating realistic art 

objects as the condition of the starting surface has a large effect on the quality of the 

ALD films. As seen with the knives studied in the first part of this chapter, defects can 

arise in thin ALD films where dust particles are present or changes in the surface 

chemistry occur. With both the knives and the silver Roman coin, using a thick ALD film 

seems to completely cover the surface, despite chemically heterogeneous starting 

surfaces. Given the complex nature of most cultural heritage objects, thicker (at least 50 

nm or thicker) ALD films are necessary to provide complete surface coverage. The effect 

of surface treatment on the ALD coating is discussed further in Section 3.11, 3.12 and 

3.13. 

Cleaning of the surface is found to be critical for producing quality ALD films. 

Contaminates on the surface may result in hazy regions that drastically effect the 

appearance of the ALD films. Large particles in the hazy regions lead to diffuse 

reflections that are very visible and would be unacceptable on cultural heritage objects. 

Given that ALD relies on the surface chemistry to grow additional layers, it is perhaps 

unsurprising that small amounts of contaminates or dirty surface can affect ALD growth. 

To mitigate this, extensive cleaning procedures were adopted to ensure the ALD coatings 

properly deposited on the surface. The experiments described in Section 5.4 led to the 

adoption of solvent cleaning in 5 to 10 minute ultrasonic baths of TCE, acetone, methanol, 

and isopropanol, followed by DI rinse and N2 blow dry. This procedure was used for 

most objects and seemed to be sufficient at cleaning the surface of silver objects, and 
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producing high-quality ALD films. The effect of surface cleaning in the bronze patina 

samples is discussed further in Chapter 6.  
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Chapter Six 

ALD films for preserving bronze patinas 

 

 

 

6.1 Introduction  

6.1.1 Preserving bronze patinas 

Many cultural heritage objects are made from copper alloys, notably bronzes; 

these commonly have natural patinas whose composition depends on the alloy 

composition, environmental gasses, and duration and moisture levels of exposure. Such 

patinas are often judged to be desirable as evidence for the antiquity of cultural heritage 

objects. Patina formation can occur naturally or be artificially applied for aesthetic 

purposes. Patinas can become destabilized from environmental conditions that are by 

products from industrial and agricultural practices, including sulfates, carbonates, and 

nitrous oxide, are an increasing problem for outdoor bronze [6.1]. Sulfuric and nitric acid, 

from reaction of sulfates and nitrates in the atmosphere with water, can condense on 

objects, leaving an increased acidity at the metal surface and/or within the patina upon 

evaporation. Other oxidizing pollutants from atmosphere combine with this to produce 

significantly increased, and damaging metal corrosion rates.  
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Many protective coatings have been developed to mitigate the effects of 

atmospheric corrosion of heritage copper alloys [6.2-6.6]. Conventional techniques for 

preserving bronze include the application of organic coatings, including crystallized wax 

and acrylics, and corrosion inhibitors such as benzotriazoles (BTA). Their protective 

actions fail once corrosive species diffuse or permeate through the films. Exposure to UV 

radiation, pollution, temperature cycling, cracking, and weathering can greatly accelerate 

organic coating failure [6.7]. Uniformly thick organic coatings are nearly impossible to 

achieve with manual applications due to irregularities, surface texture or protrusions. 

BTA is the most widely used treatment of bronze; it has been found to be effective for 

electrochemically formed and chloride-based patinas but ineffective for nitrate based 

patinas [6.8]. Additives to BTA have been investigated, including BTA plus Incralac, and 

5-amino-2 Mercapto-1, 3, 4-thiadiazole (AMT), however results showed these films were 

outperformed by BTA or produced unacceptable color change [6.9, 6.10]. Concerns over 

the toxicity of BTA have limited its use in conservation as alternatives are sought [6.11, 

6.12].  

Despite their initial effectiveness, a serious limitation of these films is their 

relatively short protective lifetimes. Recoating or reconditioning of objects is 

recommended on a semiannual to biannual maintenance schedule [Carol Grissom, 

Personal Communication, May 5, 2015], however, many objects are not maintained this 

regularly. As organic films age, their lifetimes are shortened due to oxidation, cracking, 

and non-uniformity preventing the proper protection of the underlying metal surface 

[6.8].  Acrylic coatings cross-link after extended UV exposure, leading to cracks and 

insolubility that reduce the protective lifetime and render removal difficult [6.7]. 
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Alternatives to BTA have been investigated, including 3-phenyl-1,2,4-triazole-5-thione 

(PTS) [6.13], opuntia ficus-indica extract (OTH) [6.14], and carboxylic acids [6.15], 

however, these treatments show little improvement of BTA or are not suitable for wide 

application to Cu alloy objects. 

 

6.1.2 ALD on copper objects 

 The effectiveness of ALD metal oxide films as diffusion barriers for silver alloy 

cultural heritage objects was discussed in the first five chapters of this thesis. The 

samples used for these studies were ideal, clean surfaces without preexisting corrosion 

products, establishing the upper limit for ALD film performance. However, for ALD 

films to be useful in a museum on real art objects, a robust ALD film capable of 

deposition on non-ideal surfaces needs to be studied and developed. Through a 

fellowship funded by the Committee on Institutional Cooperation (CIC) and the 

Smithsonian Institution, under the guidance of Dr. Edward Vicenzi and Carol Grissom at 

the Museum Conservation Institute, research was completed to address the moving from 

ideal lab conditions to addressing the real world issues in using ALD coatings to preserve 

cultural heritage metal alloy objects.  

 

6.2 Experimental Methods 

  6.2.1 Bronze patina preparation 
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  Ideally, ancient bronze samples with naturally evolved patinas would have been 

used for samples in this study. However, obtaining adequate amounts of reproducible 

sample material was not possible. Instead, artificial bronze patinas were applied to silicon 

bronze, as it was easily available to produce many samples. Silicon bronze sheets (from 

Atlas Metal, 1/16” thick, 1 ft x 1 ft) were purchased for use in this study due to their wide 

availability. A local artisan at New Arts Foundry in Baltimore, Maryland patinated the 

bronze sheets. Green and brown patinas were created at the surface of individual bronze 

sheets according to the following process or “recipes”. 

Brown Patina Recipe: 

 The bronze was pretreated by sandblasting and then wiped down with lacquer 

thinner to remove oil and grease. The patina was produced using a solution of 1 

tablespoon of potassium sulfide in eight ounces of water. This solution was brushed on 

the metal at room temperature, repeating until the metal was a uniform dark greyish 

purple. The bronze sheet was then rinsed with water. The sheet was heated to 200-250°C. 

A second solution, consisting of one tablespoon of ferric nitrate in eight ounces of water 

and was dabbed on to the heated sheet until it became an even brown color. Multiple 

applications were generally required to achieve this color. Finally, while the metal sheet 

was still hot, carnuba wax was brushed on the surface to saturate the color via index 

matching and provide a protective layer against environmental pollutants and dust.  

Green Patina Recipe: 

 One teaspoon of potassium sulfide was dissolved into eight ounces of water and 

brushed onto the surface of the bronze sheet, turning it very dark, almost black. The sheet 
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was then heated to approximately 250°C with a torch. A second solution, consisting of 

two teaspoons of cupric nitrate in eight ounces of water was prepared. The metal 

temperature is maintained while the cupric mixture is applied with brush on to the hot 

bronze sheet. A thin coat of the green patina was built up in a layer by layer manner. The 

process continued until the desired opacity was achieved, in this case, leading to a fairly 

uniform green appearance. Then two coats of carnuba wax were applied to the hot bronze 

sheet to coat the patina.  

 

 6.2.2 ALD on bronze patinas 

  A commercial (Beneq TFS 500) Atomic Layer Deposition (ALD) system with a 

200 x 170 x 5 mm sub-chamber was used to produced all the Al2O3 films in this work. 

Before deposition, samples were cleaned by rinsing with (all reagent grade) 

trichloroethylene, acetone, methanol, isopropenol and deionized water, followed by blow 

drying with N2 gas. Through this cleaning procedure, the carnuba wax, applied to the 

patinas during production, was seemingly removed. We explored deposition temperatures 

ranging from 150 to 60°C. The low temperature depositions were at the low range of the 

typical “window” used for ALD alumina, and were motivated by the seeming thermal 

sensitivity of the patinas, as discussed below. Samples were allowed to equilibrate at 

temperature in the ALD chamber for 30 to 60 minutes before deposition began. Different 

precursors and precursor pulse times were used to judge the results on the quality of the 

ALD films. Trimethylaluminum (TMA) and H2O or ozone (at 18-20 sccm flow during 

deposition) were used as precursors to deposit Al2O3 at low temperatures, with a 
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deposition rate of 1.1 to 1.2 Å/cycle, adjusting the number of cycles to produce the 

desired film thickness. TiO2 ALD films were deposited using tetrakis-dimethyl-amido 

titanium (TDMAT) and water as precursors.  

  To clean the surface of remaining organics and fully saturate the starting surface 

with TMA, “TMA prepulsing” was carried out by exposing the sample to 25 cycles of 

500 ms TMA pulses, without water or ozone exposure, prior to ALD deposition.  

 

  6.2.3 Photography 

  Photographs of the samples were taken before and after treatment with a Canon 

EOS Rebel T2i camera with a Canon Compact-Macro EF, 50mm, 1:2.5 lens mounted on 

a tripod and a fluorescent light placed over the samples. The camera angle and height 

were adjusted on the tripod and remained the same for each set of before and after 

photographs.   

 

6.2.4 Scanning electron microscope and energy dispersive 

spectroscopy 

  A Hitachi S-3700N variable pressure scanning electron microscope (SEM) was 

used to image and characterize the patinated bronze samples before and after ALD 

coating. The accelerating voltage was typically 15 kV and a variable pressure was used as 

needed needed to reduce evident charging. Characterization of the chemical composition 
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of the near-surface region of the samples was carried out with Bruker energy dispersive 

spectroscopy (EDS).  

  3D SEM tomographs of the bronze samples were obtained by rotating the sample 

and collecting images at -5°, 0°, and +5°. The images were input in to Alicona MeX 3D 

reconstruction software, located in the NISP center, to produce a topographical map of 

the surface.  

 

  6.2.5 Colorimetry 

  Sample color before and after ALD treatments was quantified with a Konica-

Minolta Tristimulus colorimeter, located at the Smithsonian Institution Museum 

Conservation Institute. The average L*a*b* values were determined for each sample, 

based upon a series of 12 reflectance measurements taken for each sample. The dE2000 

value was then calculated to determine the associated perceived color change, as 

discussed in detail in Section 2.3.  

 

 6.2.6 Accelerated aging by wet/dry cycling in acid rain 

  Accelerated aging was performed using a custom built aging station, shown in 

Figure 6.1. Kapton tape was applied to the back of samples to mount them to a metal bar 

at the end of an elevated linear actuator. A linear actuator, controlled by a custom 

program written in LabView, was used to raise and lower the samples in and out of a bath 
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of “artificial acid rain,” whose composition followed that described by Chiavari et. al. 

[6.16].  

Sulphuric acid (96%) (mg/dm3)  31.85 

Ammonium sulfate (mg/dm3)   46.20 

Sodium sulfate (mg/dm3)   31.95 

Nitric acid (70%) (mg/dm3)   15.75 

Sodium nitrate (mg/dm3)    21.25 

Sodium chloride (mg/dm3)   84.85 

 

 

One cycle consisted of 20 minutes submersed in the acid rain at room temperature and 40 

minutes drying. The number of cycles were set and controlled in the LabView program.  
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Figure 6.1: Custom built wet/dry cycling accelerated aging station for testing 

effectiveness of ALD films on bronze patinas. An elevated linear actuator dipped samples 

in and out of a synthetic acid rain bath.  

 

  6.2.7 X-ray photoelectron spectroscopy 

Surface composition of bronze patinas with and without ALD coatings was 

determined through x-ray photoelectron spectroscopy (XPS) measurements using a 

Kratos Axis 165 X-ray Photoelectron Spectrometer, using a mono-chromatic Al(Kα) 
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source with a 125mm Omicron (EA 125) hemispherical analyzer with a seven-channel 

detection capability for photoemission analysis.. A charge neutralizer was employed to 

prevent surface charging. All peaks were calibrated to the C1s core level, which is 

centered at an electron energy of 284.6 eV. XPS surface concentrations were calculated 

using commercial software, CasaXPSTM, using the area under the of O 1s, Cu 2p, O 1s, 

Ca 2p, N 1s, Al 2p, Fe 2p, and C 1s core level peaks and manufacturer supplied relative 

sensitivity factors.  

 

6.3 Bronze patina results 

  6.3.1 Appearance of ALD film-coated bronze patinas 

  The effect of annealing at a series of temperatures on patina color change was first 

determined through colorimetry measurements and dE2000 calculations. The bronze 

samples were annealed for one hour at 60°C, 80°C and 150°C in the ALD chamber, but 

without any ALD coatings applied. The color of the samples were measured before and 

after the annealing treatment. The calculated color change, dE2000, versus annealing 

temperature is shown in Figure 6.2 for both the brown and green patinas. On this scale, a 

value over 1 is a perceivable color change. Annealing at higher temperatures, e.g. 150°C, 

significantly alters the patina color of both patina types. Lower temperature annealing 

reduces the color change for both the brown and green patina. At 60°C, the color change 

is below 1 unit (color change is visible above one dE2000 unit) for the brown and green 

patina and so this was chosen as the temperature for all subsequent ALD on both types of 

patina.  
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Figure 6.2: Color change of the brown and green bronze patinas studied in this thesis as 

a function of annealing temperature in the ALD chamber.  

 

  The effect of Al2O3 ALD coatings deposited at 60°C on the color change is shown 

in Figure 6.3 for both the brown and green patinas. Three samples for each temperature 

are shown, as differences in patina color and uniformity in each sample can cause a large 

variation in the calculated color change. Al2O3 ALD thickness of 100, 200 and 500 

cycles, corresponding to 10, 20 and 50 nm, were deposited on multiple samples. The 

reference dE2000 measurements were taken with reference to the cleaned patina, after the 

wax was removed, and before ALD films were applied. Application of the ALD films on 

the brown patinas produces a larger measured color change than the green patinas. Before 

cleaning samples coated with these patinas appeared uniformly dark brown in color. 

After the solvent cleaning and wax removal, they changed to a light brown color. The 

ALD films applied to the cleaned substrates largely reversed this change, turning the light 

brown color back to a darker brown color, much closer to that of the waxed surface, as 
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summarized in Figure 6.4. When the color change of the ALD coated brown patina was 

referenced to the waxed bronze patina before cleaning, the color change is significantly 

lower, Figure 6.4. Although the ALD film changes the color of the cleaned patina 

significantly, the color change when compared to the as-received waxed patina is 

considerably smaller.  

 

 

Figure 6.3: Color change of brown and green patinas as a function of Al2O3 ALD cycles. 

100, 200, and 500 cycles of Al2O3 ALD were applied to three samples of each patina, 

corresponding to approximately 10, 20, and 50 nm. The color change was measured with 

reference to the cleaned patina substrates, where the wax was removed from the surface.  

 

  The color change is not highly sensitive to the number of ALD cycles and thus 

film thickness. For both the green and brown patinas, after 100 cycles (approximately 10 

nm) the color change that remains fairly consistent as the ALD film thickness is 

increased. For the green patinas, the dE2000 value nearly plateaus at approximately 2-3 
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units, while the brown patina nearly plateaus at a value of approximately 9-10. 

Application of the ALD films changes the appearance of the bronze patinas by darkening 

the surface, even when thin 10 nm Al2O3 ALD films are applied. Given the complex 

surface chemistry of the patina and its very large roughness, no attempts were made to 

model the reflectance spectrum of the patinas and optimize the composition and thickness 

of the ALD single and multilayer films.  

 

Figure 6.4: Color change of brown patina as a function of Al2O3 ALD cycles deposited. 

The color change was measured with reference to the uncleaned, wax remaining, brown 

patinas.  
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6.4 Reversibility of Al2O3 ALD films on bronze patinas 

  6.4.1 Etching rates of sodium carbonate and copper nitrate  

  In this section we discuss investigations aimed at determining the possibility of 

reversibility, i.e. removal of the ALD films from the bronze patinas studied in this thesis. 

Based upon discussions with conservators we first investigated the effect of a 1 M 

sodium carbonate (Na2CO3) solution; this was thought to be less chemically aggressive 

than NaOH solutions used for removal from the silver substrates (as discussed in Chapter 

4). As a second possible Al2O3 ALD film removal etchant, we investigated a 1 M copper 

nitrate (CuNO3) solution; this was motivated by its use in the formation of the green 

patina studied in this work.  

 Characteristic etching times and rates were determined for flat silicon wafers using 

ellipsometry measurements, as described previously in Section 4.6 and Figure 4.7.  The 

removal rates of Na2CO3 (blue triangles) and CuNO3 (red squares) were determined from 

the measured film thickness as a function of etching time, as shown in Figure 6.5. 

Etching rates were determined from the slope of a linear fit to these data and are listed in 

Table 6.1. The etching rates listed in Table 6.1 were used to estimate the time for removal 

of ALD films of given thicknesses under idealized conditions.  
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Figure 6.5: Al2O3 ALD thickness on silicon substrates as a function of etching times in 1 

M Na2CO3 (blue diamonds) and 1 M CuNO3 (red squares) solutions. Linear fits were 

assigned to each data set to determine the etching rate, summarized in Table 6.1. 

Experimental procedures are described in Section 4.6.  

 

Solution Al2O3 Etch rate (Å/minute) 

1 M Na2CO3 4.7 

1 M Cu2NO3 1.2 

1 M CuSO4 0.5 

Table 6.1: Removal rates of 1 M Na2CO3, 1 M Cu2NO3 and 1 M CuSO4.  

 

 

y"="84.6901x"+"447.14"
R²"="0.93921"

y"="81.2197x"+"480.75"
R²"="0.98997"

8100"

0"

100"

200"

300"

400"

500"

600"

0" 20" 40" 60" 80" 100" 120"

Fi
lm
%T
hi
ck
ne
ss
%(A
)%

Etching%Time%(minutes)%

Al2O3%ALD%
1M"Na2CO3"
1M"CuNO3"
Linear"(1M"Na2CO3)"
Linear"(1M"CuNO3)"



!
!

181!

  6.4.2 ALD removal on bronze patinas 

   6.4.2.1 ALD removal with copper nitrate 

  In this section we describe an investigation of copper nitrate solutions as a 

possible means for Al2O3 ALD film removal from bronze patinas.  We decided upon 20 

nm as a representative Al2O3 ALD coating, and thus defined the characteristic removal 

time as this thickness divided by the initial etching rate from Table 6.1, or 167 minutes.  

We tested the effect of the etchant on the bare patinas, as well as on patinas coated with 

ALD.  XPS spectra before and after immersion in the etchant solution, for the green and 

brown patinas studied in this work, are shown in Figure 6.6 and 6.7, respectively.  A 

reference spectrum, from a bare sample, i.e. without an ALD film or etching is shown in 

red; a spectrum for a sample without an ALD coating but etched for one characteristic 

removal time (167 minutes) is shown in green; a spectrum for a 20 nm Al2O3 ALD film, 

subsequently etched for one characteristic removal time is shown in blue. The XPS 

surface composition of the binding energy regions of Al 2p, Cu 2p, O 1s, C 1s, and Ca 2p 

are given within each figure. Etching the bare patina with copper nitrate does not 

significantly change the composition of the surface, indicating the removal is not altering 

the patina significantly. However, our results do indicate some removal of ALD, albeit 

more slowly than on the flat Si wafers for which reference etching rates of Table 6.1 were 

determined. Figure 6.8 shows comparisons of the measured Al 2p XPS core level 

spectrum for no etching, after etching for one removal time, (167 minutes), and after 

etching for two removal times, (334 minutes). The Al 2p peak for the green (left panel) 

and brown (right panel) patinas are shown in Figure 6.8. After one characteristic removal 

time, a significant amount of Al remains on the patinated surfaces, with the XPS signal 
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reduced by only approximate 20%.   The etching is seemingly sublinear with time, in that 

doubling the etch time reduces the Al signal by an amount less than twice that for a single 

removal time.   This might be an effect of the porosity of the patinas, with removal at 

different rates due to slow transport of etchant and/or reactant products in pores, or due to 

chemical inhomogeneity of the patinas.  We did not pursue this, but concluded that the 

copper nitrate does not remove the Al2O3 ALD as effectively as Na2CO3, and further 

studies were limited to Na2CO3 solution as an etchant.  

 

 

Figure 6.6: Effect of copper nitrate solution on green patina with and without ALD film.  

XPS survey of the bare green patina without ALD or etching is shown in red; of bare 

patina without ALD but exposed for 1 etching time in 1 M Cu2NO3 is shown in green; and 

Green Patina – 1 M Copper Nitrate Etch  

Bare Patina – No ALD or Etching 
Bare Patina – No ALD, 1x Etching 

20 nm Al2O3 - 1x Etching 
Time 

Al#2p# Cu#2p# O#1s# C#1s# Ca#2p#
0# 0.34# 7.55# 91.83# 0.27#
0# 0.65# 8.315# 90.83# 0.195#

19.425# 0.25# 32.25# 48.07# 0#
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of 20 nm Al2O3 ALD applied and immersed for 1 etching time (167 minutes) in 1 M 

Cu2NO3 is shown in blue.  

 

 

Figure 6.7: Effect of copper nitrate solution on brown patina with and without ALD film.  

XPS survey of the brown patina with the bare patina without ALD or etching is shown in 

red; of bare patina without ALD but exposed to 1 etching time in 1 M Cu2NO3 is shown in 

green; and of a brown patina on which 20 nm Al2O3 ALD was applied and immersed for 

1 etching time (167 minutes) in 1 M Cu2NO3 is shown in blue. 

 

Brown Patina – 1 M Copper Nitrate 
Etch  

Bare Patina – No ALD or Etching 

Bare Patina – No ALD, 1x Etching 

20 nm Al2O3 - 1x Etching Time 

Al#2p# Cu#2p# O#1s# C#1s# Ca#2p#

0# 0# 4.96# 94.82# 0.22#

0# 0.32# 4.99# 95.64# 0.05#

13.63# 1.235# 1266.92# 61.535# 0.115#
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Figure 6.8: XPS measurements of Al2O3 ALD film removal in 1 M Cu2NO3 on the green 

(left panel) and brown patina (right panel). Each sample was immersed for different 

removal times according to vertical position, the top third was not etched and thus still 

has the ALD coating, the middle third was immersed for one removal time (167 minutes), 

and the bottom third was immersed for two removal times (334 minutes). 

 

   6.4.2.2 ALD removal with sodium carbonate solution   

  In this section we report on investigations of the reversibility of Al2O3 ALD 

coating of patinated brown using sodium carbonate solutions. We first consider the 

appearance. Changes subsequent to immersion of Al2O3 ALD film-coated green patina 

are shown by the photographs in Figure 6.9. The upper left photo shows the sample after 

cleaning but before the ALD coating was applied, while the upper right photo is after the 

application of 50 nm Al2O3 ALD.  There is a noticeable color change in the sample, as 

the ALD film darkens the surface, saturating the green color. The bottom half of the 

sample was then immersed in 1 M Na2CO3 in water and photographs were taken every 10 
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minutes. We again calculate a characteristic removal time based on the thickness divided 

by initial removal rates for an ALD film on flat Si, and shown by Figure 6.5; this yields a 

value of 107 minutes. Noticeable appearance changes of the etched region of the sample 

begin to occur around 50 minutes, as the line between the etched and unetched region 

becomes visible. The etched region continues to grow lighter in color with longer 

etching. After 130 minutes of etching, the bottom half is significantly lighter than the 

ALD coated upper half however, at this point the etched region has not returned to the 

original color of the bare patina.  

 

Figure 6.9: Appearance of green bronze patina bare/before ALD (upper left), after 

application of 50 nm Al2O3 ALD applied (upper right), and after etching for 10 minute 

intervals in 1 M Na2CO3.  

 

 XPS analysis was next performed to quantify the extent of the Al2O3 ALD layer 

removal and any surface compositional changes due to etching in sodium carbonate 

10 minutes 20 minutes 30 minutes 40 minutes 50 minutes 

60 minutes 70 minutes 80 minutes 105 minutes 130 minutes 
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solution. In this case a thinner film, 20 nm, was used due to the finite escape depth of 

photoelectrons. The corresponding characteristic removal time is 43 minutes. Spectra 

were measured for bare patinas, i.e. without etching or ALD; for bare patinas without 

ALD films but after immersion in solution for 1 removal time; and for patinas coated 

with 20 nm Al2O3 ALD, followed by immersion in solution for 1 removal time. Brown 

and green patinas were investigated. Figure 6.10 shows XPS survey spectra of the green 

patina of a bare sample (red curve); of the bare patina (without ALD) after immersion for 

1 removal time (green curve); and for a green patina coated with 20 nm of Al2O3 and 

then immersed in 1 M Na2CO3 for 1 etch time (blue curve). The quantified surface 

composition for each sample is given in the bottom right corner, based upon analysis of 

the Al 2p, Cu 2p, O 1s, C 1s, Na 1s, and Zn 2p core level intensities. There are only very 

slight changes between the values for bare unetched and bare etched samples; the O and 

Cu surface concentrations increase with etching. Immersion in solution may be oxidizing 

the surface slightly. The ALD coated sample still shows a strong Al 2p signal after 

immersion for 1 removal time for the green patina, indicating the removal of the ALD 

film is not complete. Further analysis of etching of the surface and ALD film removal 

from green patina in sodium carbonate solution is discussed in the next section.  

 XPS survey spectra for the brown patina are shown in Figure 6.11 for the bare 

sample (red curve); for the bare patina (without ALD coating) but immersed in solution 

for 1 removal time (green curve); and for brown patina coated with 20 nm Al2O3 ALD 

followed by immersion in 1 M Na2CO3 for 1 removal time (blue curve). Once again, for 

the brown patina, there are very few changes in the surface composition between the bare 

patina without and with etching, as the individual elemental concentrations are very 
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similar. In this case, however, the Al2O3 ALD coating seems to be completely removed, 

as there is no visible Al 2p peak on the surface after immersion for one characteristic 

removal time.   

 

Figure 6.10: Effect of immersion in sodium carbonate solution  on composition of green 

patina with and without ALD coating.  XPS survey of the green patina with the bare 

patina without ALD or etching (red curve); of bare patina without ALD but exposed to 1 

etching time in 1 M Na2CO3 (green curve); and coated with 20 nm Al2O3 ALD followed 

by immersion for1 etching time in 1 M Na2CO3 (blue curve). 
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Figure 6.11: Effect of immersion in sodium carbonate solution on composition of brown 

patina with and without ALD coating.  XPS survey of the brown patina with the bare 

patina without ALD or etching (red curve); of bare patina without ALD but exposed to 1 

etching time in 1 M Na2CO3 (green curve); and patina coated with 20 nm Al2O3 ALD 

applied followed by immersion for 1 etching time in 1 M Na2CO3 (blue).  

 

 Next we consider the effect of etching time on the removal of ALD from patinas for 

this solution.  Both the green and brown patinas were etched for one and two times the 

characteristic removal time in 1 M Na2CO3, i.e. 43 and 86 minutes, respectively, on 

different vertical regions of the samples by partial immersion.  Next XPS analysis was 

carried out for each area, as summarized in the Al 2p core spectra shown in Figure 6.12. 

Photographs of the samples after etching show a noticeable color change for the brown 
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patina after immersion in solution. By contrast, no such color change is noticeable for the 

green patina. The relative Al 2p peak intensity for the green patina indicates the amount 

of Al on the surface decreases with longer immersion, however there is still a significant 

amount of Al on the surface after two characteristic removal times. Etching of the ALD 

coating from the brown patina occurs much more rapidly; indeed there is no Al signal 

measurable at the surface after one removal time. Etching time differences between the 

green and brown patina may be due to surface topography or patina porosity, or to a 

difference in etching rate due to trace amounts of dissolved patina in the solution;  this 

will be discussed in more details in Section 6.8.  

 

Figure 6.12: Visual and surface-compositional changes for Al2O3 ALD coated samples 

on immersion in 1 M Na2CO3. Results for the green patina are shown in the left panel; 

results for the brown patina are shown in the right panel. Each sample was exposed to 

different removal times according to vertical position using partial immersion, top third 

ALD coating ALD coating 

Brown Patina –  Green Patina – 

Al 2p Al 2p 
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was not etched and still has the ALD coating, the middle third had one removal time 

exposure (43 minutes), and the bottom third had two removal times (83 minutes). 

 

  From our initial XPS analysis, we found that further extensive etching in 1 M 

Na2CO3 is required to remove the Al2O3 ALD film completely. Given the relatively long 

analysis time for XPS measurements, SEM with EDS was instead used to determine the 

removal rate of the ALD film with additional 1 M Na2CO3 etching. Etching was done in 

43 minute intervals (i.e. one characteristic removal time based off of Table 6.1). EDS 

measurements were performed using a 15 keV incident electron energy to determine 

elemental composition vs. immersion time. EDS results on the brown patina confirmed 

the XPS results, shown in Figure 6.12, that the ALD film was essentially completely 

removed from the brown patina after one removal time, which was determined on a flat 

Si substrate. However, the green patina takes significantly longer to etch; after 12 

removal times, or 516 minutes, a measureable amount of Al remains on the patina, as 

seen in Figure 6.13. Fitting the measured concentration vs. immersion time to an 

exponential dependence in each case yields a characteristic time constant τ for the green 

and brown patinas, given by 144 minutes and 1.2 minutes, respectively. This large 

difference is likely due to two factors: the porosity differences in the patina surface 

topography and etching rate changes due to etchant contamination from the patina. 3D 

SEM images of the brown and green patinas show the surfaces are very rough, with 

significant surface topography and features, Figure 6.14. This increased roughness 

creates a larger surface area that must be exposed to the etchant and creates tortuous 

paths for the etchant to diffuse through. Porosity measurements of the patinas via the 
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Micromeritics ASAP 2020 Porosimeter Test Station in the University of Maryland 

FabLab were attempted to measure the green and brown patina porosity. However, the 

small volume of patina at the surface of the larger sample made analysis difficult and 

inconclusive. Given the additional time required for etching, if topography is responsible, 

then the green patina woud be more porous than the brown patina, thus requiring 

additional time for the etchant to diffuse into the porous structure and reactants to diffuse 

out. With these non-ideal porous structures, tortuous diffusion paths create longer paths 

for the Na2CO3 to move into and for the dissolved ALD film and other reactants to 

diffuse out, Figure 6.15. Redeposition of dissolved ALD film may also be occurring, 

causing the Al at% to remain finite despite the long etching times.  

 Additionally, the patina itself may be dissolving into the etchant and changing the 

etching rate. Etching rates are highly sensitive to the composition of the etchant so small 

changes in the concentration of the etchant solution may poison or accelerate the etching 

rate. Differences in patina chemistry (the green patina is copper nitrate based while the 

brown patina is ferric nitrate based) may allow small amounts of the patina to dissolve in 

the etchant and change the etching rate. 
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Figure 6.13: EDS analysis of Al at% versus immersion time in 1 M Na2CO3 for green and 

brown patinas after coating with 20 nm Al2O3 ALD. The ALD film is quickly removed 

from the brown patina however, removal from the green patina takes substantially more 

time. 
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Figure 6.14: Topography maps as determined by 3D SEM tomography of the brown (left 

panel) and green (right panel) patinas, showing extremely rough surfaces.  

 

 

 

 

Figure 6.15: Schematic representation of the proposed complex surface structure of the 

patinas. Surface roughness and porosity cause tortuous paths that require longer 

diffusion times for precursors, reactants and by-products.  
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6.5 Effectiveness of ALD films on stabilizing bronze patinas 

  In some cases changes in the bronze patina due to environmental exposure are 

judged desirable, as they mark the antiquity of the object and are perceived to add value: 

examples are certain ancient Roman and Greek bronze objects. In other cases, changes in 

the patina over time and with environmental exposure are judged undesirable; as staining 

or discoloration occurs that are not part of the artists desired appearance. In these latter 

cases, ALD films may be able to provide a barrier coating for bronze objects that prevent 

undesirable environmental changes, thereby stabilizing the patina. Ideally, the ALD film 

would create a uniform barrier that would prevent environmental pollutants from 

changing the patina while minimizing visual changes. 

  In this thesis the effectiveness of ALD films at preventing changes in bronze 

patinas was determined in part by measuring the color change during accelerated aging 

tests. Accelerated aging tests were performed by cycling ALD coated bronze samples in 

wet/dry cycles in synthetic acid rain, as described in Section 6.2.6. Exposure to acid rain 

can change the color of the patina by inducing chemical changes. If on the other hand 

ALD films are effective in protecting the patina, then color changes should be greatly 

reduced. To investigate this issue, Al2O3 ALD films of 10 and 50 nm were applied to the 

brown and green patinas at 60°C, as described in Section 6.2.3. Photographs of uncoated 

patinated samples, as well as samples coated with 10 nm thick Al2O3 ALD and 50 nm 

thick Al2O3 ALD films for both brown (left panel) and green (right panel) patinas before 

aging were recorded and are shown in Figure 6.16 (top row of images). As discussed 

above in Section 6.3.1, some color change is observable between the ALD coated 

samples and the bare sample, however, little noticeable change is observable between the 
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color of the 10 and 50 nm coated samples (also discussed in Section 6.3.1). The dE2000 

measurements show that 50 nm Al2O3 ALD film on the brown patina is effective at 

reducing accelerated aging-induced color change: the dE2000 value remaings around one 

unit (the limit of visibility) after the longest immersion time studied, 650 minutes, as 

shown by the purple curve in the bottom left panel in Figure 6.16. A 10 nm thick Al2O3 

ALD film deposited on the brown patina also reduces the amount of color change during 

aging, as compared with that for the uncoated, bare sample, however, it is not as 

protective as the thicker 50 nm film.  

  Our results for the green patina, indicate that neither the 10 nm thick nor 50 nm 

thick Al2O3 ALD film are as effective in preventing color change as are nominally 

comparable films on the brown patinas; this is illustrated in the bottom right panel in 

Figure 6.16. An observable color change of dE2000 > 2 occurs after only a few 

accelerated aging cycles (one hour of total immersion time) for the 10 nm Al2O3 ALD 

film, and after about 320 minutes of immersion for the 50 nm Al2O3 ALD film. This 

suggests that the ALD films may not be completely coating the surface of the green 

patina, allowing direct acid rain exposure locally, and rapidly changing the spatially 

averaged patina color. This explanation seems consistent with our interpretation of 

surface roughness as a likely the cause of problems with ALD coating removal (as 

discussed in Section 6.4.2.2 and Figure 6.15). Here surface roughness seemingly causes 

problems with contiguous ALD film deposition. Increased surface roughness creates a 

larger surface area that must be coated by the ALD precursors during deposition. ALD 

processes, setting the precursor pulse and purge times, are often designed using flat, clean 

Si wafers to ensure the times are correct for achieving a uniform film across the wafer. 
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However, the time required to coat the flat surface may be inadequate to coat completely 

a surface with tortuous topography due to the long characteristic path lengths that a 

precursor molecule needs to diffuse through. ALD precursors and by-products created 

during deposition are expected to take longer to diffuse along tortuous paths to hidden 

surfaces and back out, qualitatively similar to that discussed for etchants in Section 

6.4.2.2 and Figure 6.15. In this model, in order to achieve better coatings on complex 

bronze patinas, the ALD process must be slowed to ensure the precursors adequately 

reach all areas of the patina and by-products are sufficiently removed.  

 

 

Figure 6.16: Brown (left) and green (right) bronze patinas before and after accelerated 

aging in synthetic acid rain. Photographs of the bare, uncoated (far left of photographs), 

a 10 nm Al2O3 ALD coated bronze patina (middle), and 50 nm Al2O3 ALD coated bronze 
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patina (right) before aging (top) and after 50 cycles of accelerated aging in synthetic 

acid rain (bottom) are shown. The color change (dE2000) of the patinas as a function of 

aging time is shown in the lower graph. Increasing the ALD coating thickness on the 

brown patina prevents color change from occurring after aging. However, on the green 

patina, the 50 nm Al2O3 ALD film is only slightly more effective than the 10 nm ALD film.  

 

  Visible indications of inadequate ALD coating of the patina were observed on the 

brown patinas after accelerated aging. Hazy areas were observed on the brown patinas 

after accelerated aging, as shown in the bottom row of photographs in Figure 6.16 and the 

photographs in Figure 6.17. SEM and EDS analysis showed these areas corresponded to a 

non-uniform ALD coating on the patina surface. Some areas of the patina on which a 

nominally 10 nm thick Al2O3 ALD film was deposited show very little evidence for 

coating, with a measured surface composition of 2 at% Al vs. 50 at% Cu, indicating a 

nearly bare patina. By comparison, other areas are well coated, showing surface 

elemental compositions of 21 at% Al vs. 4 at% Cu. Not surprisingly, increasing the 

thickness of the ALD film from 10 to 50 nm creates a more spatially uniform film, with 

fewer areas left uncovered. However, small holes in the ALD film remain, as seen in 

Figure 6.17.   
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Figure 6.17: Hazy areas on the brown patina were noticeable after 50 cycles of 

accelerated aging in synthetic acid rain. SEM and EDS measurements on the 10 nm (left) 

and 50 (right) Al2O3 ALD after aging show areas where the patina is uncoated. Large 

areas of little ALD coverage are present on the 10 nm ALD coated sample and the area 

of uncovered patina decreases as the ALD coating thickness is increased. Even at 50 nm 

ALD, there are small areas of the patina that are uncoated.  

 

6.6 Improving ALD film performance on bronze patinas 

  Given the initial difficulties encountered in coating bronze patinas, the ALD 

process was next significantly modified in order to achieve more uniform coatings. 

Deposition temperature, pulse and purge times, surface cleaning, and ALD materials 

were varied to improve the coating performance. Additionally, based upon suggestions 
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from conservators, attempts were made to apply the ALD coatings on to the wax 

protective coatings. The deposition temperature was set to 60-70°C, due to visible 

changes in the patinas on heating, as discussed previously and shown in Figure 6.2. The 

ALD process was modified to have a 1 second TMA and water pulse with a 5 second 

nitrogen purge, far longer than the typical 0.5 second TMA and water pulse and 1 second 

nitrogen purge. This process was found to better coat the patina surface at low 

temperature and was used for all depositions in the following section unless otherwise 

noted.  

 

  6.6.1 ALD deposition with longer pulse and purge times 

  Al2O3 ALD films were deposited using 1 second precursor pulses and 5 second 

purges at 60°C on the brown patina with 100, 200, and 500 cycles on different samples. 

The exact thickness of the ALD films on these bronze patinas was never confirmed 

because ellipsometry measurements are difficult due to the changing surface chemistry 

and surface topography of the patina. Film thickness are not given, however, it can be 

estimated based off a 1 Å/cycle film growth rate. Therefore a 100 cycle ALD film would 

have an estimated thickness of 10 nm, 20 nm for a 200 cycle film, and 50 nm for a 500 

cycle film. After deposition, the samples were analyzed with SEM and EDS, as shown in 

Figure 6.18. The SEM images are shown in the top row, Fe and Cu EDS maps shown in 

the middle row, and Cu and Al maps shown in the bottom row. As the number of ALD 

cycles increases, more of the bronze surface is covered by Al, as seen after 200 cycles of 

Al2O3 ALD. Uncoated areas remain on the surface after 200 cycles. With additional 

cycles, 500 cycles, the surface is mostly coated, however, the ALD coating starts to flake 



!
!

200!

off the surface to leave areas entirely uncoated. The cause of this flaking is unknown but 

may be caused by bad adhesion of the ALD film on the bronze patina due to residual 

surface contaminates, as discussed in the following section.  

 

 

Figure 6.18: Brown bronze patina (from left to right column) with no coating, after 100 

cycles Al2O3 ALD, after 200 cycles Al2O3 ALD, and after 500 cycles Al2O3 ALD. 

Uncoated areas on the bronze patina are visible after 200 cycles. The ALD film flakes off 

the surface after 500 cycles under these conditions.  

 

  6.6.2 Effect of TMA pre-pulsing  

  There have been reports that in some cases preconditioning of a substrate with 

multiple doses of a single precursor, e.g. TMA, improves the conformality of the ALD, 

particularly for very thin films. TMA pulsing is thought to achieve two things: surface 
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saturation and surface cleaning. Repeat exposure of the TMA molecule does not increase 

the ALD film thickness as it will not react with itself. Instead, repeated TMA exposure 

ensures surface saturation on the complex patina surface topography, allowing a more 

uniform film to nucleate. Additionally, the TMA molecule is highly reactive and will 

react with any organics on the surface. While the patinas are rigorously cleaned in 

solvents, this extra cleaning step may ensure complete organics removal. In this section 

we describe investigations of the effect of such a process, using ”pre-pulses” of TMA 

before the ALD coating was applied on the brown patina studied in this thesis. 25 cycles 

of TMA only (no water pulses) were cycled in the chamber prior to ALD growth. The 

results of films grown with 25 cycles of TMA pre-pulses are shown in Figure 6.19. The 

same ALD process with identical pulse and purge times were used for both samples with 

and without the TMA pre-pulsing and 500 cycles were applied to both sets of samples. 

SEM and EDS images of ALD coated patinas without TMA pre-pulsing are shown in the 

left column, while those with TMA pre-pulsing are shown in the right column. Our 

results show that TMA pre-pulsing prevents the flaking of the ALD film from the bronze 

patina surface. The resulting ALD coating is very uniform across the surface, though 

cracks in the coating do occur.  
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Figure 6.19: SEM images and EDS maps of brown bronze patina samples coated with 

500 cycles of Al2O3 ALD applied without (left column) and with 25 cylces of TMA pre-

pulsing (right column). The TMA pre-pulsing reduces ALD film flaking, leaving a 

uniform, but cracked, ALD film.  

  

 6.6.3 ALD applied to waxed bronze patinas 

   6.6.3.1 ALD on carnauba wax  

 Applying the ALD film directly to bronze patinas presents many challenges, as 

they can be difficult to remove, as demonstrated in Section 6.4, and difficult to achieve a 

uniform, contiguous coating, as demonstrated in Section 6.5. To overcome these 
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challenges, applying the ALD coating directly to the wax protective layer was attempted. 

In the first attempt, the bronze patinas were not solvent cleaned and only nitrogen blown 

before deposition to remove dust particles. ALD coatings were applied at 60°C, with a 1 

second TMA and water pulse and a 5 second purge. 25 cycles of TMA were pre-pulsed in 

the chamber before deposition started. 100, 200, 300, 400, and 500 cycles of Al2O3 ALD 

were deposited on separate samples and then analyzed with SEM and EDS, Figure 6.20. 

Figure 6.20a shows the SEM images and EDS Al and Cu maps and Figure 6.20b shows 

the spatially averaged Al concentration as a function of ALD cycles as measured by EDS. 

With increasing ALD cycles, more of the waxed patina is covered, as shown by the EDS 

maps in Figure 6.20a. After 300 cycles, a nearly uniform coating is achieved on the 

surface of the waxed patina, with small areas uncovered. At 300 cycles, a circular pattern 

is observable across the surface of the patina, which likely corresponds to bubbles in the 

ALD coating. At 400 cycles, the film flakes off the surface, leaving large areas uncoated 

where the coating previously was uniform. With additional cycles, the uncoated areas 

from flaking are covered over while the flaky underlying coating remains on the surface. 

The initial linear growth of the ALD film is observed in Figure 6.20b as the Al 

concentration linearly increases up to 300 cycles. At 400 cycles, the Al concentration 

decreases corresponding to the flaking of the ALD film before increasing at 500 cycles as 

the uncoated areas begin to be recovered. During deposition, samples were placed on a 

silicon wafer for support. After deposition a sign of off-gassing was the observation of a 

spatially non-uniform film on the Si wafer around the samples.  
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Figure 6.20: a) SEM and EDS characterization of 100, 200, 300, 400, and 500 cycles 

Al2O3 ALD on brown patinas coated with carnauba wax. Samples were exposed to 25 

cycles of TMA pre-pulsing, followed by ALD with 1 second TMA and water pulses 

followed by 5 second N2 purges at 60°C. Flaking of the ALD films is observed, likely due 

to off-gassing of the wax coating during deposition. b) The spatially averaged Al 

composition vs. number of Al2O3 ALD cycles. 

 

  To improve the completeness of ALD coatings on wax coated patinas, the 

samples were annealed in a furnace for 2 hours at 70°C prior to deposition to accelerate 

off-gassing. The ALD coatings were applied using the same parameters as the non-

annealed waxed patina samples, described in the above paragraph. Annealing was done to 

off-gas the samples prior to deposition. The SEM and EDS images are shown in Figure 

6.21 for the annealed waxed patina after 100, 200, 300, 400, and 500 cycles of Al2O3 
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ALD was applied at 60°C. Ozone was used as a precursor instead of water as it is 

reported to achieve a higher quality coating, with fewer hydroxyl species [6.17] Al is 

shown in red on the EDS maps in Figure 6.21a, and it is clear that after 500 cycles a 

uniform coating is achieved across the sample. Few areas are left uncoated after 500 

cycles. EDS measurements of Al concentration as a function of ALD cycles are shown in 

Figure 6.21b. Linear growth of the ALD films with number of cycles is not observed. 

This indicates that layer-by-layer growth is likely not occurring on the wax but instead 

nucleation of the film may be occurring followed by coalescence of the film after a 

critical thickness.  

 

 

Figure 6.21: SEM and EDS characterization of 100, 200, 300, 400, and 500 cycles Al2O3 

ALD on brown patinas with carnauba wax after 2 hours annealing at 70°C. Samples 

were exposed to 25 cycles of TMA pre-pulsing, ALD was carried out using 1 second TMA 
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and water pulses followed by 5 second N2 purges at 60°C. Uniform ALD coatings are 

observed in some areas of the sample after 400 and 500 cycles, however, buckling 

occurred in some areas, as shown in Figure 6.22.  

  

   6.6.3.2 Buckling of ALD films on carnauba wax 

  While the process described in the preceding section produced many areas on the 

sample with uniform Al2O3 ALD coatings, an interesting pattern was observed in some 

areas of the coated samples, as shown in Figure 6.22. This pattern was found on all 

samples, including each of the ALD films over the 100-500 cycle range discussed above. 

This pattern looks similar to a phenomenon called buckling that can occur when a thin 

stiff layer of material is deposited on a softer material [6.18]. Instability can arise due to 

stress owing to mismatches in the coefficient of thermal expansion between the carnauba 

wax layer (156x10-6/°C) [6.19] and aluminum oxide ALD (8x10-6/°C) film that cause 

compressive stresses in the ALD layer. In this case, cooling the sample from 60°C after 

ALD films are applied may drive the instability, as the wax layer is contracting nearly 20 

times more than the metal oxide ALD film. Buckling was observed the 100, 400, and 500 

cycle ALD films applied to annealed carnauba wax. Some areas had observable bucking 

and some areas did not, as shown in Figure 6.23. When present over large areas, such as 

in the 500 ALD cycles film, a hazy appearance on the sample is noticeable by eye; this is 

consistent with optical scattering from the resulting rough film.  

  We also find evidence that the buckling couples to the local ALD film thickness. 

EDS analysis of the buckling areas reveals chemical differences, where Cu-rich and Al-

rich regions exist. The Cu-rich regions have a small amount of Al present, between 2-3 



!
!

207!

at%, compared to the 18 at% Al in the Al-rich regions. This indicates the Al2O3 ALD 

film is likely thinner on average in the Cu-rich regions of the buckled film, creating an 

ineffective barrier coating. The origin of this effect is not clear. We speculate that non-

uniform temperature across the bronze patina sample may account for buckling being 

present in certain areas.  

 

 

Figure 6.22: Buckling phenomenon observed on ALD coated carnauba wax samples. Cu-

rich and Al-rich regions were observed in some areas of the samples (same samples as 

those shown in Figure 6.21) indicating the ALD film is not uniform in the buckled region.  
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Figure 6.23: SEM and EDS images of buckling regions in ALD films applied to carnauba 

wax coated patinated samples. After 100 cycles Al2O3 ALD on carnauba wax on the 

brown patina, buckling is not present in some areas (left column) while present in some 

areas of the same sample (right column).  

 

   6.6.3.3 ALD on microcrystalline wax 

  While carnauba wax is used to protect bronze patinas, its use is limited in 

preservation as it becomes acidic over time due to chemical breakdowns of the wax 

[Carol Grissom, Personal Communication, May 5, 2015]. Microcrystalline wax, often 

called Renaissance wax, is more commonly used by conservators to preserve bronze 

patinas. Renaissance wax was obtained through and applied by Ms. Carol Grissom at the 

Smithsonian Institution Museum Conservation Institute. The carnauba wax originally 
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applied to the bronze patina samples during manufacturing was removed with 10 minute 

ultrasonic rinses in the following series of solvents: trichloroethylene, acetone, methanol, 

and isopropanol; this was followed by a DI water rinse and finally blowing the sample 

dry in a jet of N2. The Renaissance wax used was a combination consisting of 25% 

Kindt-Collins 478-J microcrystalline wax, and 25% Kindt-Collins 278-E microcrystalline 

wax, both in 50% VM&P Naphtha (paint thinner). Ms. Grissom heated the bronze 

samples to 70°C then brushed the microcrystalline wax on the samples with a soft cotton 

cloth. After two coats were applied to each sample, the samples cooled overnight and 

were buffed the following day using a clean soft cotton cloth. The samples were annealed 

for 2 hours at 70°C prior to film deposition.  

  A series of films resulting from100, 200, 300, 400, and 500 cycles of Al2O3 ALD 

were then applied to the samples at 60°C after a 25 cycle TMA pre-pulse; again each 

cycle consisted of 1 second TMA and ozone pulses, separated by 5 second N2 purges. 

SEM images and EDS maps were recorded for each of the samples after ALD films were 

applied, and the results analyzed, as shown in Figure 6.24. The SEM images reveal that 

ALD causes the microcrystalline wax to pool in the patina craters, as seen in Figure 

6.24a. No pooling is seen in comparing the waxed bronze patina before and after 

annealing, as shown in Figure 6.25. Uniform ALD film coverage of the microcrystalline 

wax coated samples is more challenging to achieve than with the carnauba wax; even 

after 500 cycles of Al2O3, the EDS map shows that there are still many uncoated regions 

on the sample. Increasing the number of ALD cycles, increases the amount of Al 

measured on the surface (error bars are smaller than the data markers), however, there is 

very little increase in the Al at% from 100 to 300 cycles, likely corresponding to a 
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nucleation period in the ALD growth. After 300 cycles, linear growth of the ALD film vs. 

number of cycles is observed; however, large areas of the sample, especially those in 

which the wax has seemingly pooled remain uncoated. Additional work is needed to 

understand the nucleation and growth of ALD films on microcrystalline wax.  

 

 

Figure 6.24: SEM and EDS characterization of films resulting from 100, 200, 300, 400, 

and 500 cycles Al2O3 ALD on brown patinas coated with microcrystalline wax after 2 

hours annealing at 70°C. Samples were exposed to 25 cycles of TMA pre-pulsing, 

followed by an ALD process with 1 second TMA and water pulses separated by 5 second 

N2 purges at 60°C. A large nucleation period is required to grow ALD films on 

microcrystalline wax, as linear coverage is not observed until after 300 cycles.  
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6.25: SEM images of the bronze patina a) after microcrystalline wax was applied and b) 

after annealing at 70°C for 2 hours.  

 

  6.6.4 TiO2 ALD on waxed bronze patinas 

   Environmental conditions under which patinas are stored can vary widely as 

many are stored indoors with controlled temperature and humidity and others are 

displayed outdoors with uncontrolled environments. Under humid environment or 

exposure to rain, dissolution of the Al2O3 ALD films in water will leave the patina 

uncoated over time. TiO2 ALD is commonly used as a capping layer to prevent 

dissolution in water for protection in wet environments as it is more chemically inert than 

Al2O3. Al2O3 ALD will degrade at approximately 10 Å/day in 90°C water, whereas TiO2 

degrades at approximately 1 Å/day in 90°C water [6.20]. TiO2 ALD or multilayer 

containing TiO2 ALD may provide advantageous protection to prolong the ALD coating 

lifetime against humid or wet environments.  

  Additionally, TiO2 has been reported to have UV protection properties that may 

be useful for protecting bronze patinas [6.21, 6.22]. Indoor bronze objects are ideally 

Without annealing With annealing 
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stored under lighting conditions that filter UV radiation, while outdoor bronze objects are 

subject to intense UV radiation. UV radiation can induce chemical changes in the wax 

protective layer that can shorten its effective lifetime or make the wax difficult to 

remove. TiO2 ALD films may provide UV protection to the bronze patina or wax 

protective layer to extend the effective coating lifetime.  

  

   6.6.4.1 TiO2 ALD on carnauba wax coated patinas 

  TiO2 ALD films were deposited on bronze patinas on which carnauba wax had 

been applied. The samples were annealed for 2 hours at 70°C prior to ALD to off-gas the 

wax. A series of films resulting from100, 200, 300, 400, and 500 cycles of TiO2 ALD 

was applied to the samples at 60°C using 2 second TDMAT and water pulses, followed 

by 5 second N2 purges. SEM images and EDS maps were recorded and analyzed after 

ALD films were applied, the results are shown in Figure 6.26. Contiguous ALD films are 

not observed, even after 500 cycles. Indeed, the Ti coverage does not measurably 

increase over the range of ALD doses studied. Instead, the SEM images show particles, 

presumably TiO2 clusters, decorating the surface. EDS analysis of the samples shows the 

spatially averaged Ti at% concentration on the surface remains very low, around 0.5 at% 

for 100-500 cycles. EDS analysis show many of the particles on the surface are rich in O 

and Ti, as shown by spots 2-5 in Figure 6.27. These results show that uniform TiO2 ALD 

films are more complicated to deposit on carnauba wax.  
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Figure 6.26: SEM and EDS characterization of films resulting from 100, 200, 300, 400, 

and 500 cycles TiO2 ALD on brown patinas precoated with carnauba wax after 2 hours 

annealing at 70°C. Films were deposited with 2 second TDMAT and water pulses 

followed by 5 second N2 purges at 60°C. Uniform ALD films are not achieved, even after 

500 cycles, instead, Ti-rich particles form at the surface.  
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Figure 6.27: SEM image (top) of carnauba wax coated brown patina with 500 cycles of 

TiO2 ALD applied. Isolated particles decorate the surface of the patina. EDS point 

analysis (bottom) of regions of the patina and selected particles show a difference in 

composition with the particles O- and Ti-rich. This indicates the TiO2 ALD films do not 

grow as uniform films on the wax surface but instead grow as particles.  

 

   6.6.4.2 TiO2 ALD on microcrystalline wax 

 TiO2 ALD was also applied to microcrystalline wax on the brown bronze patinas. 

The samples were annealed for 2 hours at 70°C prior to ALD to off-gas the wax. A series 

of films resulting from 100, 200, 300, 400, and 500 cycles of TiO2 ALD was applied to 

the samples at 60°C with each cycle consisting of 3 second TDMAT and water pulses, 
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separated by 5 second N2 purges. SEM images and EDS maps were recorded of the 

samples after ALD films were applied, and analyzed as shown in Figure 6.28. Again very 

little of the patina surface is covered with Ti across the range of TiO2 ALD doses studied; 

there is perhaps a slight increase 500 cycle. It is unclear from SEM analysis if the coating 

is uniform or concentrated at particles on the surface, as was the case for TiO2 ALD on 

carnauba wax (as described in Section 6.6.4.1). In either case, our results show that 

achieving TiO2 ALD coatings on waxed bronze patinas presents difficult challenges. 

While TiO2 ALD may in principle offer advantages in terms of moisture stability and UV 

absorption over Al2O3 ALD, more work is needed to understand how the functional 

surface groups of the different waxes affect ALD growth of this oxide. 

 

 

Figure 6.28: SEM and EDS characterization of 100, 200, 300, 400, and 500 cycles TiO2 

ALD on brown patinas with microcrystalline wax after 2 hours annealing at 70°C. 
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Samples were exposed to an ALD process with 2 second TDMAT and water pulses 

followed by 5 second N2 purges at 60°C. 

 

 

6.7 Plasma cleaning of bronze patinas 

  6.7.1 Plasma cleaning introduction 

  Given the difficulty in producing a quality ALD film on the bronze surfaces, 

plasma cleaning was investigated as a more effective cleaning processes. Plasma cleaning 

serves to remove certain contaminants at the surface, such as organics. Additionally, the 

surface termination can be functionalized by the plasma, possibly enabling more uniform 

ALD growth on the bronze patinas.   

  Typically, plasmas are created under low vacuum and at elevated temperatures - 

conditions not suitable for routine application on cultural heritage objects. However, 

Bartis et. al. reported an atmospheric pressure and low temperature plasma surface 

microdischarge (SMD) devices [6.23].  Cold atmospheric plasma systems are being used 

in applications as diverse as thin film deposition, anti-bacterial treatments for medical 

applications, and disease treatments. In these CAP systems, reactive species such as O, 

OH, NOx, and O3, are produced within the generated plasma gas which then interact with 

the surface [6.23]. The most reactive species within the plasma are O and OH radicals, 

which can interact strongly with the surface; in the case of cultural heritage objects this 

would likely cause unwanted damage. Given their high reactivity, they also have short 

lifetimes and do not reach a surface when the plasma is not in direct contact with the 
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surface. Surface microdischarge (SMD) devices create plasma, which is separated from 

the sample surface by a small unstable transient region, [6.23, 6.24]. The advantage of 

using SMD devices for cultural heritage is gentile plasma is created, containing less 

reactive species that interact with the sample surface.  

  Plasma treatments have previously been investigated for use on cultural heritage 

objects [6.25-6.29]. The most comprehensive study was completed by the EU funded 

project PANNA (Plasma And Nano for New Age soft conservation). Different plasma 

torches were used to clean stone and organic coatings on oil paintings. PANNA reported 

the chemical modifications caused by the plasma were limited to the nanoscale regions at 

the surface of the stone. Results were mixed as to the effectiveness of the plasma 

treatments, as metallic particles were deposited from the torches, color changes occurred 

with high power torches due to chemical conversions, and low power devices took long 

exposure times to be effective [6.25]. The problems encountered by the plasma devices 

used in the PANNA study may however be overcome by the SMD device used in this 

study.  

 

 

  6.7.2 Plasma cleaning experimental methods 

   6.7.2.1 Bronze patinas 

  The bronze patinas described in Section 6.2.1 were used for these plasma cleaning 

experiments. Plasma treatments on both samples with and without carnauba wax were 

investigated. To remove the wax and other organics, the samples were first cleaned in a 

series of 10-minute ultrasonic baths of trichloroethylene, acetone, methanol, and 
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isopropanol, followed by a DI water rinse and finally blown dry in a jet of N2 gas. Bronze 

samples with wax were also treated with plasma; in this case, the samples were simply 

blown dry in a jet of N2 gas before treatment.  

 

 

   6.7.2.2 Plasma treatment 

  A surface micro discharge (SMD) plasma system was used, as shown in Figure 

6.29. The system was designed and built by Professor Gottlieb Oehrlein’s research group 

[6.23]. Samples were separated from the SMD by a 3 mm gap. A 7 or 10 minute exposure 

at 6kV, and 45 kHz were applied. Under these conditions, the power dissipation was 0.27 

W/cm2 [6.23, 6.30]. 
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Figure 6.29: Surface micro discharge (SMD) plasma treatment used to clean bronze 

patina surfaces. The sample was placed under the yellow center of the device for 

treatment.  

 

   6.7.2.3 Atomic layer deposition 

  Immediately following plasma treatment, samples were transferred into the ALD 

reactor for coating. Exposure to air was kept minimal. Section 6.2.2 describes the ALD 

procedure used. 500 cycles of Al2O3 ALD were deposited on the bronze samples at 60°C 

with 25 cycles of TMA prepulsing, followed by deposition using 1 second TMA/water 

pulses separated by 5 second N2 purges.  

 

   6.7.2.4 X-ray photoelectron spectroscopy (XPS) 

  The patina surface before and after plasma treatment was characterized using XPS 

analysis, as described in Section 6.2.7. After plasma treatment, samples were placed into 

a plastic bag filled with nitrogen and transported immediately to the XPS chamber for 

loading.  

 

  6.7.3 Plasma treatment results and discussion 

  Brown bronze patinas with and without carnauba wax were treated with the SMD 

plasma for 10 minutes; following this a film consisting of 500 cycles of Al2O3 ALD at 

60°C was applied. Figure 6.30 shows the result of ALD bare patinas (without carnauba 

wax) with and without plasma treatment,; The left image in Figure 6.30 shows the patina 

without plasma treatment. In this case, a nearly uniform coating of Al2O3 ALD covers the 
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surface however; cracks in the ALD film are visible throughout the surface. With the 

SMD plasma treatment, right image in Figure 6.30, the ALD film is uniform and without 

cracks. Figure 6.31 shows the result of ALD without plasma treatment on coated 

carnauba wax-coated patina. EDS analysis showed the sample without plasma treatment 

had areas that were not fully coated with ALD, the lighter areas shown in Figure 6.31. No 

uncoated areas were found on the plasma treated sample without carnauba wax. The 

plasma treatment on patinas without wax coatings significantly improves the uniformity 

of the ALD coating and reduces cracking. Bronze samples with carnauba wax without 

(left image) and with (right image) the SMD plasma treatment after 500 cycles of Al2O3 

ALD applied are shown in Figure 6.32. Charging occurred on both samples making EDS 

measurements difficult to obtain, however in both cases, the ALD film seems to be 

contiguous. 

 

Figure 6.30: SEM images of brown patina (without carnauba wax) without (left) and with 

(right) a 10 minute SMD plasma treatment and after 500 cycles Al2O3 ALD applied. 

Without the plasma treatment, the ALD film is cracked. With the plasma treatment, the 

ALD film is uniform across the patina.  
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Figure 6.31: SEM image of the brown patina with carnauba wax removed and without a 

plasma treatment. Uncoated areas of the patina are visible as shown by the lighter areas 

in the image. Very little Al2O3 ALD was present in these areas.  

 

 

Figure 6.32: SEM images of carnauba wax-caoted brown patina without (left) and with 

(right) a 10 minute SMD plasma treatment followed by 500 cycles of Al2O3 ALD.  
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  The plasma treatment improves ALD adherence to the surface of the patina, at 

least on the samples where the wax was removed. Cracks in the ALD film and uncovered 

areas are greatly reduced in number. This effect could be due to either surface 

functionalization thorough surface cleaning, or both. Plasma treatments are known to 

oxidize the substrate surface [6.23]. On polystyrene substrates, measurements show that 

surface modifications extend 1 nm deep, i.e. they are limited to the very near surface of 

the substrate. Modification depth depends on the active species interacting with the 

surface [6.23]. It is likely that in our case the surface of the patina is being uniformly 

oxidized by the plasma, creating a more uniform surface chemistry upon which the ALD 

film can be grown. Changes in chemical variation across the surface and growth rates are 

likely minimized by the more uniform surface chemistry. The plasma treatment may also 

be more efficiently cleaning the patina surface. The reactive species in the cold 

atmospheric plasma treatment are NOx and O3 [6.23]. These species will react with 

organics on the surface, thereby cleaning the complex bronze patina surface. By 

removing residues from the surface, the ALD coating may more effectively adhere, 

providing the resulting termination reacts with the first precursor.  

  A slight color change was observable after the 10-minute plasma treatment but 

samples with a 7-minute exposure time did not change appearance. This color change 

was only observed but not measured.  

  While the ALD films better adhere to the patina surface after plasma treatment, 

the bigger question is what effect does the plasma treatment have on the bronze patina? 

How is the surface being modified? XPS was used to determine chemical changes in the 
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surface of the patina after plasma treatment. Three areas on both of the brown and green 

patinas with and without plasma treatments were analyzed with XPS.  

 The atomic percentages of elements present on the surface of the brown (left) and 

green (right) patina before (red) and after (black) 7 minute plasma treatments are shown 

in Figure 6.33. For the green patina there is little difference between the composition of 

the surface before and after plasma treatment. Larger differences in the surface chemistry 

are seen for the brown patina. The C 1s peak intensity decreases after plasma treatment, 

while the Cu 2p, O 1s, and N 1s increase. Cu(II) is present before and after the plasma 

treatment, as evidenced by the broad, shifted Cu 2p3/2 peak and satellite peaks, as seen in 

Figure 6.34.  The overall shape of the Cu 2p peaks remains the same before and after 

plasma treatment, however, after plasma treatment, the Cu 2p peak is more intense. This 

may be due to removal of organics during the plasma treatment as evidenced by the 

decrease in the C 1s intensity, thereby leaving the underlying Cu exposed. 

  We next consider the changes in the other XPS core level intensities. Reactive O3 

and NOx species in the SMD plasma treatment could account for the increase in the 

intensity of the O and N core level signals. Measured O 1s spectra before (left) and after 

(right) plasma treatment are shown in Figure 6.35. Fits to the measured spectra are 

consistent with components due to metal oxide, metal carbonate and C-O, both before 

and after plasma treatment. The relative intensity of metal oxide component decreases 

after the plasma treatment. Overlaps in the metal oxide peak make it difficult to 

distinguish from the Fe or Cu oxide peaks in the O 1s peak alone. However, no 

significant difference in the Cu 2p peak was detected before or after treatment, so 

changes in the metal oxide are likely due to Fe. Measured Fe 2p spectra are shown before 
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(left) and after (right) plasma treatment in Figure 6.36. A component attributable to Fe2O3 

is present in the spectra, which decreases in intensity after plasma treatment. Based upon 

previous work, likely Fe containing species are Fe2O3 (Fe3+ 2p3/2 = 711.0 eV and O2- 1s 

= 529.9 eV), FeCO3 (Fe3+ 2p3/2 = 710.2 and 714.9 eV and O2- 1s = 531.9 eV), or FeOOH 

(Fe3+ 2p3/2 = 711.4 eV, O2- 1s = 529.9 eV, and OH- 1s = 531.0 eV) [6.31, 6.32]. The 

peaks attributed to Fe2O3 and FeCO3 both decrease in intensity after plasma treatment, 

consistent with the corresponding relative decrease in the O 1s and C 1s peaks. Based 

upon these, and the above observations that the Cu 2p peak is mostly unchanged by the 

plasma treatment, we conclude that the plasma treatment mainly affects the Fe2O3 and 

FeCO3 concentration at the surface of the brown patina. Ideally, the depth of surface 

modifications would be understood. However, the extreme roughness of the patina 

surface makes both angle resolved XPS and depth profiling impractical.   

 

 

Figure 6.33: XPS atomic% results of brown (left) and green (right) patinas before (red) 

and after (black) a 7-minute plasma treatment.  
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Figure 6.34: High-resolution Cu 2p scan of brown patina before (left) and after (right) a 

7-minute plasma treatment.  
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Figure 6.35: High-resolution O 1s XPS spectra measured from brown patina before (left) 

and after (right) a 7-minute plasma treatment.  

 

 

Figure 6.36: High-resolution Fe 2p XPS spectra measured from a brown patina before 

(left) and after (right) a 7-minute plasma treatment.  
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6.8 ALD growth problems on bronze patinas 

  The cause of uneven ALD coating on the patina surface is not well understood. 

The most simplistic model of ALD suggests that the precursors will react wherever 

chemical sites are available [6.33]. In the prototypical case of Al2O3 ALD, TMA should 

react with only the OH groups on the substrate surface; however, many factors could 

change the density of OH groups on the surface, thereby modifying ALD growth. The 

following section discusses a number of probable causes, including dirty surfaces, non-

uniform chemical sites, tortuous diffusion paths, off-gassing, and changes in surface 

wettability.  

 Surface contamination, either from dirt or oils on the surface may cause adhesion 

problems for the ALD coatings. Oils, dirt, or organic residues on the surface may 

interrupt ALD growth. Care has been taken in our investigations to remove contaminants 

from the surface through systematic solvent cleaning, however, the patina surfaces are 

likely more difficult to clean than flat substrates due to the complex surface topography, 

visible in Figure 6.14. Surface cleanliness is likely improved by the TMA prepulsing and 

plasma cleaning. Both of these pretreatments result in better ALD films that are more 

uniform across the surface, consistent with the supposition that surface cleanliness is be 

an important factor.  

 Surface chemistry plays an important role in the growth of ALD films during the 

initial stages. In the simple case of Al2O3, the presence of hydroxyl groups at the starting 

surface is considered key to forming the films. Non-uniformity in the density of hydroxyl 

groups at the surface, due to changes in surface chemistry, may cause differences in ALD 

film wettability and growth rates. As surface of bronze patinas are chemically 
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heterogeneous, with multiple types of oxides, salts, chlorides, and metals present, the 

surface density of hydroxyl groups may change drastically.  

  In addition, some studies show that ALD films can be grown on surfaces, such as 

gold, where the surface is not hydroxylated [6.34]. Additional studies show ALD films 

can be grown on various polymers with changing surface termination groups [6.35]. An 

alternative ALD nucleation mechanism is known to exist where, for Al2O3 ALD, the 

TMA precursor diffuses into and remains in the near surface region of porous substrates. 

When water is exposed to the surface, it also diffuses into the substrate and reacts with 

the remaining TMA in the near surface, creating Al2O3 clusters in the near surface. With 

continued precursor exposure, these clusters grow larger, eventually coalescing to form a 

near continuous film at the substrate surface. This creates a base film upon which the 

ALD film is growth with linear growth rates with subsequent precursor exposure; see 

Figure 6.37 [6.35]. This model may help to explain the growth mechanisms for ALD on 

bronze patinas. While changes in the surface hydroxyl groups play an important role in 

initial ALD growth on the bronze patina, nucleation and coalescence should occur in 

which uniform coatings would form. For bronze patinas, 500 cycles of ALD growth is 

seemingly insufficient to achieve coalescence, as there are still areas that are not covered 

by the ALD film. The lack of film coalescence and likely absence of hydroxyl groups 

may be the cause of initial growth problems but other effects are likely a factor as a 

uniform coating is not fully achieved even for the largest doses studied in this work.  
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Figure 6.37: Alternative ALD nucleation mechanism as described in [6.35] for non-

hydroxylated surfaces. A) A cross section of a porous polymer substrate is represented by 

the loosely packed spheres. B) TMA diffuses into the spheres and becomes trapped in the 

near surface region of the substrate. C) Water reacts with the trapped TMA, forming 

clusters in the near surface that coalesce with subsequent precursor exposure, d) 

eventually forming a nearly continuous film at the surface upon which the ALD film 

resumes linear growth. Model and image taken from [6.35]. 

 

  Surface topography is an important factor in creating uniform ALD films. Rough 

or porous surfaces have an increased surface area for which precursors have to coat. 

These rough surfaces can also have tortuous diffusion paths, which increases the time for 

precursors to diffuse in and by-products to diffuse out. If the ALD process is performed 

too rapidly, precursor and by-products may not be able to reach all areas of the film. The 
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bronze patinas used in this study have a rough surface caused by both the features on the 

metal substrate resulting from sandblasting before the patina was applied, and also a 

porous structure from the patina formation. Both of these effects can result in features 

which increase the diffusion path lengths and require longer pulse and purge rates during 

deposition. Ideally, a static dosing of the chamber could be created that would close the 

ALD chamber to the precursors and pump, allowing long times for the precursors to 

diffuse throughout the sample features. Currently, the Beneq system used in this work 

does not have this capability; it would be greatly needed to coat more complex objects.  

  Off-gassing from the sample can cause disruptions in ALD growth. Off-gassing is 

of little concern on simple, ideal ALD substrates, such as Si wafers, however, cultural 

heritage materials have a far more complex composition that may contain components 

prone to off-gassing. Water may be present in tortuous pores of the sample or tightly 

bound to the surface, which is released upon heating during the ALD process. Cultural 

heritage samples may also contain materials that off-gas, such as polymeric coatings or 

waxes. In the case of bronze patinas, significant off-gassing occurred while trying to coat 

the waxed patinas. Off-gassing can be mitigated by prior annealing at a slightly higher 

temperature for a longer period of time than what will occur during ALD.  

  ALD wettability of the surface may change with complex surface compositions. 

Changes in surface chemistry and moisture content (though these two factors are likely 

related) may cause changes in how the ALD precursors react, wet, and grow on the 

surface. Changing hydroxyl group concentrations or density may affect surface 

wettability, however, as discussed earlier in this section, hydroxyl groups are not always 

required for ALD growth. In order to improve wettability, a buffer layer or surface 
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functionalization would be employed to ensure a uniform surface upon which to grow the 

ALD film. Utilizing the wax layer as a buffer layer was attempted, however, growing 

ALD films on different types of wax needs to be better understood. Surface 

functionalization may have been achieved in this work by exposure to cold atmospheric 

plasma, creating a more chemically homogeneous and clean surface to grow ALD films 

upon.  
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Chapter Seven 

 Conclusions and Future Work 

 

 

7.1 Conclusions 

In this thesis, we have shown atomic layer deposited metal oxide thin films are 

potentially useful as barrier films for silver and bronze cultural heritage objects. For 

silver objects, ALD films can appease the requirements of art conservation, as they can 

be nearly invisible, last longer than current methods, be reversed with minimal 

alterations to the object, and effectively used on non-ideal surfaces with topography and 

prior treatments. Regarding appearance, single component and 

multilayer/multicomponent ALD films can be engineered to minimize color changes. 

We found single layers of 10 nm and 130 nm thick Al2O3 ALD were nearly invisible on 

silver objects. Multilayer films of sterling Ag/ 55.4nm Al2O3/ 50.6 nm TiO2/ 5 nm ZnO/ 

70.6 nm Al2O3/ Air and using gradient layers in between multilayers of ALD films were 

effective in minimizing color of multilayer films. While multilayer ALD films can cause 

yellowing of the appearance of the silver, the appearance was still acceptable to art 

conservators upon visual inspection. 

ALD films were found to be orders of magnitude more effective than 

nitrocellulose films at preventing silver tarnish formation, with the enhancement in 
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performance depending on the thickness,. Thin 10 nm Al2O3 ALD films were found to 

protect silver nearly 10 times longer than nitrocellulose. Assuming nitrocellulose has a 

10 year lifetime in ambient environments, ALD films may prevent silver from tarnishing 

for nearly 100 years. Thicker films of 100 nm, protect even longer, potentially over 30 

times longer. These lifetimes represent the upper limit of film effectiveness, as they 

were determined on ideal substrates. We expect the actual lifetime of ALD films to be 

less than this, due to non-ideal samples and uncontrolled ambient environmental aging. 

ALD films were effective in protecting silver with surface topography and prior surface 

treatments. Very thin films, 10 nm or less, were found to be more porous on pre-treated 

silver surfaces as incomplete ALD film nucleation may occur. Thicker ALD films, 

greater than 10 nm, effectively coated non-ideal silver surfaces despite prior treatments. 

Al2O3 ALD films can effectively be removed by submersion in NaOH solutions. 

Higher concentrations of NaOH remove the ALD coating faster, however, more Cu is 

preferentially etched from the sterling silver surface. Weaker solutions, 0.05 wt% NaOH, 

effectively remove the Al2O3 ALD and only effect the top 2-3 nm of the silver alloy 

substrate. In comparison, mechanical polishing of silver removes over 100 times more 

metal than NaOH exposure. Na2CO3 is also effective in removing Al2O3 ALD films.   

Challenges arise when applying ALD films to 3-dimensonal silver objects. The 

pulse and purge time of the ALD reactions have to be increased to ensure sufficient 

diffusion of precursors and by-products around complex objects. Thicker ALD films, 

above 20 nm, are required to suppress pinhole defects that may form during the initial 

film growth on non-ideal silver objects. Removal of the Al2O3 ALD films on non-ideal 

surfaces often requires the use of higher concentration 0.5 wt% NaOH, instead of 0.05 
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wt% NaOH. Residues at the surface may form organo-oxy-metallic compounds that are 

insoluble with low 0.05 wt% NaOH concentrations.  

Surface cleanliness is another important consideration when applying the ALD 

coatings to both silver and bronze cultural heritage objects. Extensive solvent cleaning 

typically suffices on clean silver objects. However, more rigorous cleaning may be 

required to obtain high quality ALD coatings on complex surface chemistries and 

topographies. With bronze patinas, the highest quality ALD coatings were obtained by 

cleaning the surface with either pre-pulses of TMA or low-temperature, atmospheric 

pressure plasma treatments. Both treatments served to clean organics and functionalize 

the surface, ensuring chemisorption during the initial growth of the ALD film. For 

complex surface chemistries, functionalizing and cleaning the surface seem to be critical 

for achieving uniform, high quality ALD films.  

 

 

7.2 Future Work 

A) Long term museum studies 

We have shown ALD films are highly effective in laboratory setting and on 

limited trials with heritage objects. However, ALD coatings have not been tested on 

artistic objects in museum environments, where real-world challenges arise. A systematic 

study of silver coupons with ALD coatings, nitrocellulose coatings and bare samples is 

planned. Museums across the country, with different environments and storage conditions, 

have already been identified and are willing to participate in including coupons in their 

storage displays to test coating effectiveness.  
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Additionally, removal of the ALD films years after application will need to be 

systematically demonstrated. Unlike nitrocellulose, the Al2O3 ALD film is chemically 

stable and will not degrade over time. We expect there to be no problems in removing the 

ALD film years after application, and have done so with samples coated 8 years ago. 

However, no systematic study of removing aged coatings was undertaken. This is a 

critical step to demonstrate to art conservators that the coatings are reversible after years 

of aging.   

B) Scaling up ALD process 

Commercial ALD equipment is becoming standard in many processing 

laboratories as the process becomes more popular and used in more applications. 

Advances in ALD equipment are needed to provide large volume, room-temperature, 

atmospheric pressure processes and chambers that would allow the coating of more 

cultural heritage objects. With large 3-dimensional objects, understanding the flow 

dynamics of the precursor delivery system, flow around objects, and chamber dimensions 

becomes critical for ensuring quality, uniform ALD coatings.  

C) Modifying ALD model for complex systems 

The simple picture of layer-by-layer growth of ALD films is not sufficient to 

account for deposition on complex surfaces. Growth on bronze patinas proved 

challenging due to the complex surface chemistry, surface topography, moisture content, 

surface wettability, and tortuous diffusion paths. An ALD model incorporating these 

effects needs to be established to better understand ALD growth mechanisms and 

improve film growth on complex surfaces.  
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D) Kinetics model for tarnish reactions 

Understanding the kinetics of tarnish formation for diffusion of sulfur species 

through ALD films and reaction with Ag-Cu alloys is critical for evaluating the 

effectiveness of ALD films. Measurements to determine the diffusion coefficient of S 

through Al2O3 ALD will be carried out in the near future at the Foundazione Bruno 

Kessler, providing one step in the kinetics model.  

E) Develop effective surface cleaning methods  

A critical step in achieving high quality ALD films is starting with a clean surface, 

devoid of contaminates and functionalized to have a uniform surface chemistry. TMA 

pre-pulsing and plasma treatments were found to be effective for improving ALD film 

quality on bronze patinas. The effectiveness of these treatments should be better studied. 

Additionally, the effect of these treatments on the substrate needs to be fully investigated, 

including the depth of modification on the surface and effectiveness on different surfaces.  
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Appendix(A(

MatLab(code(for(reflectance(calculations(

!

!

!

!

This!appendix!contains!the!MatLab!codes!used!for!reflectance!spectra!

modeling,!modified!from!Guo!et.$al.!and!Park!et.$al.![A.1,!A.2].!The!reflectance,!

transmission!and!absorption!(RTA)!were!calculated.!The!thickness!of!the!layers!and!

frequency!interval!(typically!df=1)!were!defined!by!the!user.!The!standard!code!

below!calculates!the!RTA!for!a!TiO2!and!Al2O3!multilayer!film!on!top!of!Ag.!

!

function fRTA = RTA_Mcleod_Values_TiO2_layer_good(dAl2O3,dTiO2,df) 

%   calculate Reflection, Transmission, Absorption from multilayer of 
Al2O3 

%   and TiO2, (visible:430-750THz) 

  

c=3E14;             % speed of light (wavelength in um) 

  

% first layer  

n1=1; 



! 238!

% AR 

nAR=1.18+0.0001i;   %1.1 holes, 1.18 no holes 1.2 

%dAR=1.56;          %1.7 holes, 1.59 no holes 1.56 

dAR=0; 

  

% metal Ti  

%nM=10+10i;  

%dM = [0.006 0.002]; 

  

% dielectric: Al2O3 

%nAl2O3=1.66574+0.0001i;        %1.2 holes, 1.4 no holes 

%dD=1.16;                 %1.55 holes, 1.34 no holes 

  

% dielectric: TiO2 

%nTiO2=2.37867+0.00037i;  

  

%metal2 layer above substrate: Ag 

dM2=1.0;            %100nm 

  

% sub: Si 

nS=3.5;                  

dS=0; 

  

% total number of metal/dielectric layers 

NL=length(dTiO2); 

  

% angle of incidence 

Ang=10; % degree 

N=n1*sin(Ang*pi/180); 
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% generate R, T, and A; plot at each layer 

df=df*(-1E12);          %THz 

fmax=790E12; fmin=350E12; 

fRTA = zeros(length(fmax:df:fmin),4); 

%wvlz = fRTA(:,1); 

  

idx=0;                  %index of freq 

for f=fmax:df:fmin 

    idx=idx+1; 

    wl(idx)=(c/f);             %(um) 

    % make nd matrix 

    nd=[n1,n1,1; 

        nAR,nAR,dAR;]; 

    %nTiO2=fnTiO2(wl); 

    nAl2O3= fnAl2O3_Mcleod(wl(idx)*1000);   

    nTiO2= fnTiO2_values(wl(idx)); 

    for ii=NL:-1:1 

    nd=[nd;             

        nAl2O3,nAl2O3,dAl2O3(ii); 

        nTiO2,nTiO2,dTiO2(ii); 

        ]; 

    end; 

    nM2= fnAg_Mcleod(wl(idx)*1000); %metal layer on top of substrate: 
Ag 

    nd=[nd; 

        %nZnO,nZnO,dZnO(1); 

        nM2,nM2,dM2; 

        nS,nS,dS; 

        1,1,1;]; 

    fRTA(idx,1)=wl(idx)*1000;           %unit: nm 

    %wvlz(idx)=wl;               %unit: um 
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fRTA(idx,2)=0.5*((abs(fRpm(nd,wl(idx),N)))^2+(abs(fRsm(nd,wl(idx),N)))^
2);    %R 

    
fRTA(idx,3)=0.5*((abs(fTpm(nd,wl(idx),N)))^2+(abs(fTsm(nd,wl(idx),N)))^
2);    %T 

    fRTA(idx,4)=1-fRTA(idx,2)-
fRTA(idx,3);                              %A  

end; 

  

figure;  

plot(wl,fRTA(:,2),'r','LineWidth',3); 

hold on; 

plot(wl,fRTA(:,3),'g','LineWidth',3); 

plot(wl,fRTA(:,4),'b','LineWidth',3); 

legend('Reflaction','Tranmission','Absorption'); 

xlabel('Wavelength (nm)');ylabel('Ratio'); 

title('RTA'); 

 

 The following subfunctions to determine the n and k values for TiO2, Al2O3 and 

Ag.  

TiO2: 

% function for nTiO2 

function out = fnTiO2_values(wl_vector) 

%   wl: um 

  

C1=5.913; 

C2=0.2441; 

C3=0.0803; 

for id=1:length(wl_vector) 

    n=sqrt(C1+C2*(wl_vector^2)/(wl_vector^2-C3)); 
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    out=n+0.0001i; 

end 

!
Al2O3:!
% function for nAl2O3 Mcleod 

function out = fnAl2O3_Mcleod(wl) 

  

fid = fopen('Al2O3_NK_Mcleod_matlab.txt'); 

lookup = fscanf(fid, '%f %f %f', [3 inf]);      %wavelength(nm), N, K 

fclose(fid); 

[row col] = size(lookup); 

n0=0; 

k=0; 

if (wl > lookup(1,1)) || (wl < lookup(1,col)) 

    disp('Out of range for Al2O3 refactive index'); 

end 

for id=1:col-1 

    if (wl == lookup(1,id)) 

        n0 = lookup(2,id); 

        k = lookup(3,id); 

    elseif (lookup(1,id) > wl) && (wl > lookup(1,id+1)) 

        n0 = lookup(2,id+1)+(lookup(2,id)-lookup(2,id+1))*(wl-
lookup(1,id+1))/(lookup(1,id)-lookup(1,id+1)); 

        k = lookup(3,id+1)+(lookup(3,id)-lookup(3,id+1))*(wl-
lookup(1,id+1))/(lookup(1,id)-lookup(1,id+1)); 

    end 

end 

  

n = n0 + k*i; 

out = n; 

!
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Al2O3!lookup!table:!
900 1.65090000000000    0 
875 1.65150000000000    0 
850 1.65200000000000    0 
825 1.65260000000000    0 
800 1.65320000000000    0 
775 1.65390000000000    0 
750 1.65460000000000    0 
725 1.65530000000000    0 
700 1.65610000000000    0 
675 1.65700000000000    0 
650 1.65790000000000    0 
625 1.65900000000000    0 
600 1.66010000000000    0 
575 1.66140000000000    0 
550 1.66290000000000    0 
525 1.64600000000000    0 
500 1.66650000000000    0 
475 1.66870000000000    0 
450 1.67130000000000    0 
425 1.67430000000000    0 
400 1.67800000000000    0 
375 1.68250000000000    0 
350 1.68810000000000    0 
325 1.69510000000000    0 
300 1.70420000000000    0 
285 1.71630000000000    0 
250 1.73310000000000    0 

!
Ag:!
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% function for nAg Mcleod 

function out = fnAg_Mcleod(wl) 

  

fid = fopen('Ag_NK_Mcleod_matlab.txt'); 

lookup = fscanf(fid, '%f %f %f', [3 inf]);      %wavelength(nm), N, K 

fclose(fid); 

[row col] = size(lookup); 

n0=0; 

k=0; 

if (wl > lookup(1,1)) || (wl < lookup(1,col)) 

    disp('Out of range for Ag refactive index'); 

end 

for id=1:col-1 

    if (wl == lookup(1,id)) 

        n0 = lookup(2,id); 

        k = lookup(3,id); 

    elseif (lookup(1,id) > wl) && (wl > lookup(1,id+1)) 

        n0 = lookup(2,id+1)+(lookup(2,id)-lookup(2,id+1))*(wl-
lookup(1,id+1))/(lookup(1,id)-lookup(1,id+1)); 

        k = lookup(3,id+1)+(lookup(3,id)-lookup(3,id+1))*(wl-
lookup(1,id+1))/(lookup(1,id)-lookup(1,id+1)); 

    end 

end 

  

n = n0 + k*i; 

out = n; 

 

! Variations!of!the!original!code!are!below.!The!RTA!for!Ag2S!layers,!TiO2!on!

top!of!Al2O3,!ZnO/Al2O3!multilayers,!and!ZnO!gradient!layer!were!calculated!from!

the!following!codes.!
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!

Ag2S!layer:!

function fRTA = RTA_Mcleod_Values_Ag2S_layer_good(dAl2O3,dAg2S,df) 

%   calculate Reflection, Transmission, Absorption from multilayer of 
Al2O3 

%   and TiO2, (visible:430-750THz) 

  

c=3E14;             % speed of light (wavelength in um) 

  

% first layer  

n1=1; 

% AR 

nAR=1.18+0.0001i;   %1.1 holes, 1.18 no holes 1.2 

%dAR=1.56;          %1.7 holes, 1.59 no holes 1.56 

dAR=0; 

  

% metal Ti  

%nM=10+10i;  

%dM = [0.006 0.002]; 

  

% dielectric: Al2O3 

%nAl2O3=1.66574+0.0001i;        %1.2 holes, 1.4 no holes 

%dD=1.16;                 %1.55 holes, 1.34 no holes 

  

% dielectric: TiO2 

%nTiO2=2.37867+0.00037i;  

  

%metal2 layer above substrate: Ag 

dM2=1.0;            %100nm 
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% sub: Si 

nS=3.5;                  

dS=0; 

  

% total number of metal/dielectric layers 

NL=length(dAg2S); 

  

% angle of incidence 

Ang=0; % degree 

N=n1*sin(Ang*pi/180); 

  

% generate R, T, and A; plot at each layer 

df=df*(-1E12);          %THz 

fmax=790E12; fmin=350E12; 

fRTA = zeros(length(fmax:df:fmin),4); 

%wvlz = fRTA(:,1); 

  

idx=0;                  %index of freq 

for f=fmax:df:fmin 

    idx=idx+1; 

    wl(idx)=(c/f);             %(um) 

    % make nd matrix 

    nd=[n1,n1,1; 

        nAR,nAR,dAR;]; 

    %nTiO2=fnTiO2(wl); 

    nAl2O3= fnAl2O3_Mcleod(wl(idx)*1000);   

    nAg2S= fnAg2S_values(wl(idx)); 

    for ii=NL:-1:1 

    nd=[nd;             



! 246!

        nAl2O3,nAl2O3,dAl2O3(ii); 

        nAg2S,nAg2S,dAg2S(ii); 

        ]; 

    end; 

    nM2= fnAg_Mcleod(wl(idx)*1000); %metal layer on top of substrate: 
Ag 

    nd=[nd; 

        %nZnO,nZnO,dZnO(1); 

        nM2,nM2,dM2; 

        nS,nS,dS; 

        1,1,1;]; 

    fRTA(idx,1)=wl(idx)*1000;           %unit: nm 

    %wvlz(idx)=wl;               %unit: um 

    
fRTA(idx,2)=0.5*((abs(fRpm(nd,wl(idx),N)))^2+(abs(fRsm(nd,wl(idx),N)))^
2);    %R 

    
fRTA(idx,3)=0.5*((abs(fTpm(nd,wl(idx),N)))^2+(abs(fTsm(nd,wl(idx),N)))^
2);    %T 

    fRTA(idx,4)=1-fRTA(idx,2)-
fRTA(idx,3);                              %A  

end; 

  

figure;  

plot(wl,fRTA(:,2),'r','LineWidth',3); 

hold on; 

plot(wl,fRTA(:,3),'g','LineWidth',3); 

plot(wl,fRTA(:,4),'b','LineWidth',3); 

legend('Reflaction','Tranmission','Absorption'); 

xlabel('Wavelength (nm)');ylabel('Ratio'); 

title('RTA'); 

!
!
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% function for nAg2S 

function out = fnAg2S_values(wl_vector) 

%   wl: um 

wl_vector=wl_vector*(1/1000000); %input is in um, converts to m 

C1=5;   %in eV 

C2=32.5;    %in eV 

C3=2.998e8; %speed of light 

C4=6.626e-34;   %Plank's constant 

  

for id=1:length(wl_vector) 

    n=sqrt(((C1*C2)/(C1^2-((C3*C4)/wl_vector)^2))+1); 

    out=n+0.0001i; 

end 

!

!

TiO2!layers:!

function fRTA = RTA_Mcleod_Values_TiO2_layer_good(dAl2O3,dTiO2,df) 

%   calculate Reflection, Transmission, Absorption from multilayer of 
Al2O3 

%   and TiO2, (visible:430-750THz) 

  

c=3E14;             % speed of light (wavelength in um) 

  

% first layer  

n1=1; 

% AR 

nAR=1.18+0.0001i;   %1.1 holes, 1.18 no holes 1.2 

%dAR=1.56;          %1.7 holes, 1.59 no holes 1.56 
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dAR=0; 

  

% metal Ti  

%nM=10+10i;  

%dM = [0.006 0.002]; 

  

% dielectric: Al2O3 

%nAl2O3=1.66574+0.0001i;        %1.2 holes, 1.4 no holes 

%dD=1.16;                 %1.55 holes, 1.34 no holes 

  

% dielectric: TiO2 

%nTiO2=2.37867+0.00037i;  

  

%metal2 layer above substrate: Ag 

dM2=1.0;            %100nm 

  

% sub: Si 

nS=3.5;                  

dS=0; 

  

% total number of metal/dielectric layers 

NL=length(dTiO2); 

  

% angle of incidence 

Ang=10; % degree 

N=n1*sin(Ang*pi/180); 

  

% generate R, T, and A; plot at each layer 

df=df*(-1E12);          %THz 

fmax=790E12; fmin=350E12; 
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fRTA = zeros(length(fmax:df:fmin),4); 

%wvlz = fRTA(:,1); 

  

idx=0;                  %index of freq 

for f=fmax:df:fmin 

    idx=idx+1; 

    wl(idx)=(c/f);             %(um) 

    % make nd matrix 

    nd=[n1,n1,1; 

        nAR,nAR,dAR;]; 

    %nTiO2=fnTiO2(wl); 

    nAl2O3= fnAl2O3_Mcleod(wl(idx)*1000);   

    nTiO2= fnTiO2_values(wl(idx)); 

    for ii=NL:-1:1 

    nd=[nd;             

        nAl2O3,nAl2O3,dAl2O3(ii); 

        nTiO2,nTiO2,dTiO2(ii); 

        ]; 

    end; 

    nM2= fnAg_Mcleod(wl(idx)*1000); %metal layer on top of substrate: 
Ag 

    nd=[nd; 

        %nZnO,nZnO,dZnO(1); 

        nM2,nM2,dM2; 

        nS,nS,dS; 

        1,1,1;]; 

    fRTA(idx,1)=wl(idx)*1000;           %unit: nm 

    %wvlz(idx)=wl;               %unit: um 

    
fRTA(idx,2)=0.5*((abs(fRpm(nd,wl(idx),N)))^2+(abs(fRsm(nd,wl(idx),N)))^
2);    %R 
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fRTA(idx,3)=0.5*((abs(fTpm(nd,wl(idx),N)))^2+(abs(fTsm(nd,wl(idx),N)))^
2);    %T 

    fRTA(idx,4)=1-fRTA(idx,2)-
fRTA(idx,3);                              %A  

end; 

  

figure;  

plot(wl,fRTA(:,2),'r','LineWidth',3); 

hold on; 

plot(wl,fRTA(:,3),'g','LineWidth',3); 

plot(wl,fRTA(:,4),'b','LineWidth',3); 

legend('Reflaction','Tranmission','Absorption'); 

xlabel('Wavelength (nm)');ylabel('Ratio'); 

title('RTA'); 

!

!

ZnO!layers:!

function fRTA = RTA_Mcleod_Values_ZnO_layer_Al2O3_top(dAl2O3,dZnO,df) 

%   calculate Reflection, Transmission, Absorption from multilayer of 
Al2O3 

%   and ZnO, (visible:430-750THz) 

  

c=3E14;             % speed of light (wavelength in um) 

  

% first layer  

n1=1; 

% AR 

nAR=1.18+0.0001i;   %1.1 holes, 1.18 no holes 1.2 

%dAR=1.56;          %1.7 holes, 1.59 no holes 1.56 
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dAR=0; 

  

% metal Ti  

%nM=10+10i;  

%dM = [0.006 0.002]; 

  

% dielectric: Al2O3 

%nAl2O3=1.66574+0.0001i;        %1.2 holes, 1.4 no holes 

%dD=1.16;                 %1.55 holes, 1.34 no holes 

  

% dielectric: TiO2 

%nTiO2=2.37867+0.00037i;  

  

%metal2 layer above substrate: Ag 

dM2=1.0;            %100nm 

  

% sub: Si 

nS=3.5;                  

dS=0; 

  

% total number of metal/dielectric layers 

NL=length(dAl2O3); 

  

% angle of incidence 

Ang=0; % degree 

N=n1*sin(Ang*pi/180); 

  

% generate R, T, and A; plot at each layer 

df=df*(-1E12);          %THz 

fmax=790E12; fmin=350E12; 
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fRTA = zeros(length(fmax:df:fmin),4); 

%wvlz = fRTA(:,1); 

  

idx=0;                  %index of freq 

nAl2O3= fnAl2O3_Mcleod(wl(idx)*1000); 

for f=fmax:df:fmin 

    idx=idx+1; 

    wl(idx)=(c/f);             %(um) 

    % make nd matrix 

    nd=[n1,n1,1; 

        nAR,nAR,dAR;]; 

    %nTiO2=fnTiO2(wl); 

    nZnO= fnZnO_values(wl(idx)); 

    nAl2O3= fnAl2O3_Mcleod(wl(idx)*1000); 

    for ii=NL:-1:1 

    nd=[nd;             

        nZnO,nZnO,dZnO(ii); 

        nAl2O3,nAl2O3,dAl2O3(ii); 

         

        ]; 

    end; 

    nM2= fnAg_Mcleod(wl(idx)*1000); %metal layer on top of substrate: 
Ag 

    nd=[nd; 

        %nZnO,nZnO,dZnO(1); 

        nM2,nM2,dM2; 

        nS,nS,dS; 

        1,1,1;]; 

    fRTA(idx,1)=wl(idx)*1000;           %unit: nm 

    %wvlz(idx)=wl;               %unit: um 
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fRTA(idx,2)=0.5*((abs(fRpm(nd,wl(idx),N)))^2+(abs(fRsm(nd,wl(idx),N)))^
2);    %R 

    
fRTA(idx,3)=0.5*((abs(fTpm(nd,wl(idx),N)))^2+(abs(fTsm(nd,wl(idx),N)))^
2);    %T 

    fRTA(idx,4)=1-fRTA(idx,2)-
fRTA(idx,3);                              %A  

end; 

  

figure;  

plot(wl,fRTA(:,2),'r','LineWidth',3); 

hold on; 

plot(wl,fRTA(:,3),'g','LineWidth',3); 

plot(wl,fRTA(:,4),'b','LineWidth',3); 

legend('Reflaction','Tranmission','Absorption'); 

xlabel('Wavelength (nm)');ylabel('Ratio'); 

title('RTA'); 

!

!

ZnO!gradient!layers:!

function fRTA = 
RTA_Mcleod_Values_ZnO_layer_gradient(dAl2O3,dZnO,dMix,df,vol_f,mix_case
) 

%   calculate Reflection, Transmission, Absorption from multilayer of 
Al2O3 

%   and ZnO, (visible:430-750THz) with gradient layer (dMix in um) 

  

c=3E14;             % speed of light (wavelength in um) 

  

% first layer  
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n1=1; 

% AR 

nAR=1.18+0.0001i;   %1.1 holes, 1.18 no holes 1.2 

%dAR=1.56;          %1.7 holes, 1.59 no holes 1.56 

dAR=0; 

  

% metal Ti  

%nM=10+10i;  

%dM = [0.006 0.002]; 

  

% dielectric: Al2O3 

%nAl2O3=1.66574+0.0001i;        %1.2 holes, 1.4 no holes 

%dD=1.16;                 %1.55 holes, 1.34 no holes 

  

% dielectric: TiO2 

%nTiO2=2.37867+0.00037i;  

  

%metal2 layer above substrate: Ag 

dM2=1.0;            %100nm 

  

% sub: Si 

nS=3.5;                  

dS=0; 

  

% total number of metal/dielectric layers 

NL=length(dZnO); 

  

% angle of incidence 

Ang=89; % degree 

N=n1*sin(Ang*pi/180); 
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% generate R, T, and A; plot at each layer 

df=df*(-1E12);          %THz 

fmax=790E12; fmin=350E12; 

fRTA = zeros(length(fmax:df:fmin),4); 

%wvlz = fRTA(:,1); 

  

idx=0;                  %index of freq 

for f=fmax:df:fmin 

    idx=idx+1; 

    wl(idx)=(c/f);             %(um) 

    % make nd matrix 

    nd=[n1,n1,1; 

        nAR,nAR,dAR;]; 

    %nTiO2=fnTiO2(wl); 

    nAl2O3= fnAl2O3_Mcleod(wl(idx)*1000);   

    nMix= MG_EMA_Eab(wl(idx),vol_f,mix_case); 

    nZnO= fnZnO_values(wl(idx)); 

    for ii=NL:-1:1 

    nd=[nd;             

        nAl2O3,nAl2O3,dAl2O3(ii); 

        nMix,nMix,dMix(ii); 

        nZnO,nZnO,dZnO(ii); 

        ]; 

    end; 

    nM2= fnAg_Mcleod(wl(idx)*1000); %metal layer on top of substrate: 
Ag 

    nd=[nd; 

        %nZnO,nZnO,dZnO(1); 

        nM2,nM2,dM2; 

        nS,nS,dS; 
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        1,1,1;]; 

    fRTA(idx,1)=wl(idx)*1000;           %unit: nm 

    %wvlz(idx)=wl;               %unit: um 

    
fRTA(idx,2)=0.5*((abs(fRpm(nd,wl(idx),N)))^2+(abs(fRsm(nd,wl(idx),N)))^
2);    %R 

    
fRTA(idx,3)=0.5*((abs(fTpm(nd,wl(idx),N)))^2+(abs(fTsm(nd,wl(idx),N)))^
2);    %T 

    fRTA(idx,4)=1-fRTA(idx,2)-
fRTA(idx,3);                              %A  

end; 

  

figure;  

plot(wl,fRTA(:,2),'r','LineWidth',3); 

hold on; 

plot(wl,fRTA(:,3),'g','LineWidth',3); 

plot(wl,fRTA(:,4),'b','LineWidth',3); 

legend('Reflaction','Tranmission','Absorption'); 

xlabel('Wavelength (nm)');ylabel('Ratio'); 

title('RTA'); 

 

!
!
% function for nZnO 

function out = fnZnO_values(wl_vector) 

%   wl: um 

wl_vector=wl_vector*10000; %input is in um, converts to A 

C1=2.0065; 

C2=1.5748e6; 

C3=1e8; 

C4=1.5868; 
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C5=2606.3; 

for id=1:length(wl_vector) 

    n=sqrt(C1+(C2*(wl_vector^2))/(wl_vector^2-
C3^2)+(C4*wl_vector^2)/(wl_vector^2-C5^2)); 

    out=n+0.0001i; 

end 

!
!
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Appendix B 

Kinetics model for sulfur diffusion through 

ALD films 

 

 

 

B.1 Motivation 

 In this work we investigated atomic layer deposition (ALD) to create transparent 

oxide anti-tarnish coatings for sterling silver objects in museum collections. With ALD, 

optically transparent, dense, ultra-thin metal oxide films are achieved that are extremely 

conformal to the underlying substrate. Aluminum oxide ALD films have been shown to 

be a more effective diffusion barrier to corrosive compounds than nitrocellulose lacquer 

films, which are commonly used to protect silver. ALD films contain a small number of 

pinholes and defects that occur, causing premature failure of films' barrier properties. It 

has been shown pinhole frequency can be reduced by growing multilayer metal oxide 

films that create a tortuous path for sulfur diffusion. However, an understanding of the 

kinetics behind sulfur diffusion through single layer ALD film materials is lacking. By 

first characterizing sulfur diffusion through single layer aluminum oxide films, the 

improved tarnish resistance of multilayer films will be compared. Attempts were made to 

measure the diffusion coefficient of sulfur through Al2O3, and ZnO ALD films. The 
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sulfur concentration depth profiles through the ALD films were measured via secondary 

ion mass spectroscopy.  

 

B.2 Methods 

 B.2.1 Sample preparation 

 To create a low sulfur concentration silver sample, silver alloys (89%Ag-11%Cu) 

were thermally evaporated on Si wafers, as described in Section 3.6.1. Thin films of 

Al2O3 ALD films were grown at 150°C with various thicknesses ranging from 5 to 

100nm, as described in Section 3.8.3. Two methods were used for accelerated aging tests, 

elevated temperature and elevated H2S pressure. The first method exposed samples to 

elevated temperatures (150°C) with a hot plate at ambient H2S concentrations and 

humidity levels. The second method for accelerated aging employed a custom aging 

chamber that controlled the temperature, H2S pressure and humidity level, as described in 

Section 3.1. We attempted to establish a kinetics model to determine the effectiveness of 

the ALD thin films and characterize sulfur diffusion through the films and the tarnish 

layer formation at the silver surface.  

 

 B.2.2 Secondary ion mass spectroscopy analysis 

 Secondary ion mass spectroscopy (SIMS) analysis was completed in two different 

locations, one through the commercial service provided by Tascon USA© and the second 

through a collaboration with micro and nano analysis (MiNA) group at Fondazione 

Bruno Kessler (FBK) in Trento, Italy. Time of flight Secondary ion mass spectroscopy 
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(ToF-SIMS) was used by Tascon using an IONTOF TOF-SIMS 5-300 instrument with a 

Cs+ sputter ion and a Bi1
+ analysis ion beam. At FBK, a Secondary Ion Mass 

Spectrometry (SIMS) was used with a Cs+ beam and a CAMECA Sc-Ultra mass 

spectrometer. Negative ions were collected.  

 

B.3 Sample Analysis 

 TOF-SIMS was used to obtain the sulfur concentration profiles through the ALD 

thin films. The concentration of sulfur Cs at a depth z from the surface of the film after 

time t was modeled using a step function profile for diffusive decay (Equation C.1) 
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               Equation C.1

 

where Atom
SC is the initial concentration of sulfur atoms at the surface and Barr

SD is the 

diffusivity of sulfur through the ALD barrier coating.  

B.4 Preliminary results from Tascon analysis 

Originally, it was thought there were two regions present in the sulfur 

concentration profile, a sharp narrow peak at small sputter times corresponding to the 

very surface of the ALD film and a broad peak at lower intensity further into the film. 

Using Equation C.1, the sputter profiles for each region can be modeled and the 

diffusivity calculated (Figure B.1). These peaks were attributed to two modes of diffusion, 

one through the bulk  (the sharp narrow peak) of the films and the other through pinholes 

(the broad peak) in the films. There may be a small amount of pinholes present in the 

films that are acting as short circuits for sulfur diffusion. However, this interpretation was 
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likely incorrect as the initial, sharp narrow peak is in the transient region making it 

difficult to determine the real S profile in this region.  

 

 

Figure B.1: ToF-SIMS depth profile analysis of S concentration in a 50 nm thick ALD-

Al2O3 subsequent to elevated temperature treatment in ambient showing the presence of 

two parallel diffusive paths, indicating the presence of pinholes in the oxide. 

 

B.5 Preliminary results from FBK analysis 

Through an exchange with the University of Trento and the Fondazione Bruno 

Kessler (FBK), secondary ion mass spectroscopy (SIMS) was used to develop a kinetics 

model for the corrosion and tarnishing of cultural heritage metal objects and optimization 

of atomic layer deposited (ALD) diffusion barrier films, under the guidance of Dr. 

Massimo Bersani and Dr. Damiano Giubertoni. The exchange was focused on addressing 

three main objectives; SIMS characterization to determine the diffusion rate of sulfur 

through single and multilayer ALD barrier layer films; the tarnish reaction rate for 
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different silver alloy compositions; and the effect of getter layers in multilayer ALD films 

in providing further protection of cultural heritage metal objects.  

During the exchange, SIMS analysis was carried out to characterize ALD 

diffusion barriers on silver substrates. The first part of the exchange was focused on 

determining the correct parameters for SIMS analysis, e.g. primary beam species and 

energy, entrance and exit slit width, mass resolution, and mass calibration. Initial 

attempts to characterize 32S (most abundant S species) depth profiles encountered 

indistinguishable mass interferences with 16O2. To overcome this problem, the 34S profile 

was followed and analysis with low impact energy 500 eV Cs+ primary ion beam was 

used to increase depth resolution.  

Sample preparation was completed at the University of Maryland where ALD 

diffusion barriers were deposited on Ag-Cu alloy libraries and aged from 25-400 hours 

under elevated H2S aging conditions. Depth profiles for 109Ag, 27Al, and 34S of aged 

10nm Al2O3 ALD films are shown in Figure B.2a. The sulfur profile has two peaks of 

interest, at the very surface (depth = 0nm) and at the barrier layer/metal interface (depth = 

13nm). The peak at the buried interface decreases with longer aging times, suggesting a 

large sulfur contamination on the metal surface before ALD is deposited. The behavior of 

this peak will give insight in to the tarnish reaction rate for silver alloys, however the 

origin of this peak is still being considered.  

The peak at the surface of the barrier film increases with longer aging times as 

sulfur diffuses into the film. However, this coincides with the initial transient sputter 

region, where artifacts can arise, as sputtering has not reached a steady-state equilibrium. 

To solve this, an un-aged capping layer was deposited on top of the aged barrier layer, as 
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shown in Figure B.2b, to ensure equilibrium is reached when sputtering the region of 

most interest. This approach successfully preserves the sulfur profiles at capping 

layer/barrier layer interface, confirming sulfur increases with increasing aging time. This 

data will be used to determine the sulfur diffusion coefficient through Al2O3 ALD.  

Getter layer effects were investigated by multilayer ALD structures that included a thin 

3nm ZnO layer to react and trap diffusing sulfur. Depth profiles shown in Figure B.2c are 

multilayer samples of 10 nm Al2O3/3 nm ZnO/10 nm Al2O3. The sulfur profile shows an 

increasing sulfur peak at the capping layer/barrier layer interface with increasing aging 

time. The peak around 20 nm depth is due to a mass interference of Zn and Ag and is 

unrelated to sulfur content in the getter layer. Background levels of sulfur are observed 

through the getter layer region in the sulfur profile, indicating the getter layer does not 

react with diffusing sulfur or sulfur has not diffused fully through this region. Due to the 

high sensitivity to composition and depth, SIMS is a valuable technique in characterizing 

ALD barrier layer effectiveness.  

 

Figure B.2: Secondary ion mass spectroscopy depth profiles of a) 10 nm Al2O3 ALD 

barrier layer, b) 10 nm Al2O3 ALD barrier layer with capping layer, c) 10 nm Al2O3/3 nm 

ZnO/10 nm Al2O3 ALD multilayer with capping layer.  



! 264!

Initial surface roughness of the Ag-Cu alloy films was found to limit depth 

resolution, thereby making sulfur diffusion characterization more difficult. New samples 

were made to address this problem and SIMS characterization carried out.  

 

B.6 Flat interface samples from FBK analysis 

 To overcome the problem of initial surface roughness from the silver layer, new 

samples were made for analysis, which are schematically shown in Figure B.3. Two sets 

of samples were used, one with a 10 nm, thermally evaporated, 100% Ag layer and one 

without, where ALD films were deposited directly on top of a silicone wafer. ALD 

barrier films of 10 nm Al2O3 ALD and multilayer films of 10 nm Al2O3 / 3 nm ZnO / 10 

nm Al2O3 layers were aged for 0, 25, 50, 100, 200, and 400 hours under accelerated aging 

conditions. The samples were exposed to 20 ppm H2S at 30% relative humidity at 50°C. 

After aging, one set of samples had a capping layer of 10 nm Al2O3 ALD applied, while 

the other set did not have the capping layer applied. Samples were then shipped to FBK 

for analysis.  
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Figure B.3: Schematic of samples used for SIMS analysis at FBK. Samples had either 10 

nm Ag deposited or Si wafer as the substrate. ALD films consisted of single layer 10 nm 

Al2O3 ALD barrier films with and without a capping layer, and multilayer 10 nm Al2O3 / 

3 nm ZnO / 10 nm Al2O3 layers with and without a capping layer. 

   

B.6.1 ALD barrier layers on Si substrates analysis 

 The silicon wafer substrate (without a Ag layer) with a 10 nm Al2O3 ALD barrier 

layer and 10 nm Al2O3 ALD capping layer, aged for 0 (black) and 400 (red) hours is 

shown in Figure B.4. Also shown in this figure are the silicon wafer substrate (without a 

Ag layer) with a 10 nm Al2O3 ALD barrier layer and no capping layer, aged for 0 (green) 

and 400 (blue) hours. The 34S, 27Al, and 30Si profiles are shown.  

 In all samples, even the un-aged samples, there is a sulfur surface contamination, 

as there is a peak in the 34S at the buried interface between the capping and barrier layers 

even at 0 hours aging. In the uncapped samples, there is also a 34S peak in the transient 

region of the profile. A second peak exists in the 34S profile at the interface between the 

Silicon'

10#nm#Al2O3#Adhesion#layer#

10#nm#Ag#
10#nm#Al2O3#barrier#layer#(aged)#

Silicon'

10#nm#Al2O3#Adhesion#layer#

10#nm#Ag#
10#nm#Al2O3#barrier#layer#(aged)#

Silicon'

10#nm#Al2O3#Adhesion#layer#

10#nm#Ag#
10#nm#Al2O3#barrier#layer#(aged)#

10#nm#Al2O3#capping#layer#(no#aged)# 3#nm#ZnO#barrier#layer#(aged)#

10#nm#Al2O3#barrier#layer#(aged)#

Silicon'

10#nm#Al2O3#Adhesion#layer#

10#nm#Ag#
10#nm#Al2O3#barrier#layer#(aged)#

3#nm#ZnO#barrier#layer#(aged)#

10#nm#Al2O3#barrier#layer#(aged)#

10#nm#Al2O3#capping#layer#(no#aged)#

Silicon'

10#nm#Al2O3#barrier#layer#(aged)#

Silicon'

10#nm#Al2O3#barrier#layer#(aged)#

Silicon'

10#nm#Al2O3#barrier#layer#(aged)#

10#nm#Al2O3#capping#layer#(no#aged)# 3#nm#ZnO#barrier#layer#(aged)#

10#nm#Al2O3#barrier#layer#(aged)#

Silicon'

10#nm#Al2O3#barrier#layer#(aged)#

3#nm#ZnO#barrier#layer#(aged)#

10#nm#Al2O3#barrier#layer#(aged)#

10#nm#Al2O3#capping#layer#(no#aged)#



! 266!

Al2O3 ALD and Si wafer interface, indicating S is present, however, this peak is likely 

enhanced by matrix effects.  

 The amount of S surface contamination increases with increasing aging time in 

H2S, especially with the capped samples. With the uncapped samples, most of the S is in 

the transient SIMS region and peaks are nearly identical. The capping layer is effective in 

monitoring and preserving the surface layer for more accurate analysis.  

Aging the samples in H2S produces some S diffusion, as evident by the higher 

background 34S signal in the ALD barrier layer. The 400 hour aged, single layer, no 

capping layer sample (green curve) has a higher background in the ALD barrier layer 

film than the 0 hour aged, single layer, no capping layer sample. The background of the 

34S profile in the single layer, capped samples at 400 hours (red) is slightly higher than 

that of the 0 hour aged sample (black). However, with the capping layer deposited, the S 

background in the Al2O3 barrier layer goes to zero but the S peak at the Al2O3 /Si 

interface increases. Without the capping layer, the S peak at the Al2O3 /Si interface is 

unchanged by increasing the aging time.  

The multilayer 10 nm Al2O3 / 3 nm ZnO / 10 nm Al2O3 films on silicon wafers 

are considered next and are shown in Figure B.5.  An increase in the 34S peak at the 

capping layer / barrier layer interface is noticeable between the unaged (black) and 400 

hour aged (red) samples. This is expected as more S should be present on the surface 

from prolonged exposure. There is very little change in the 34S profile throughout the 

ALD multilayer portion of the profile, i.e. the background of the 34S profile remains 

constant with additional aging time. Additionally, the 34S peak at the Al2O3 / Si interface 



! 267!

remains constant for the aged and unaged samples. This indicates the multilayer film is 

more effective at stopping sulfur diffusion.  

 

Figure B.4: SIMS analysis of a 10 nm Al2O3 ALD barrier layer on an Si wafer (without 

the Ag layer). Comparisons of samples with a capping layer aged for 0 hours (black) and 

400 hours (red), and samples without a capping layer aged for 0 hours (green) and 400 

hours (blue) are shown.  
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Figure B.5: SIMS analysis of a multilayer 10 nm Al2O3 / 3nm ZnO / 10 nm Al2O3 ALD 

barrier layer on an Si wafer (without the Ag layer). Comparisons of samples with a 

capping layer aged for 0 hours (black) and 400 hours (red), and samples without a 

capping layer aged for 0 hours (green) and 400 hours (blue) are shown. 

 

B.6.2 ALD barrier layer on Ag substrates analysis 

Ag substrates deposited on Si wafers with a 10 nm Al2O3 ALD barrier layer and 

10 nm Al2O3 ALD capping layer, aged for 0 (black) and 400 (red) hours are shown in 

Figure B.6. Also shown in this figure are the Ag substrates deposited on Si with a 10 nm 

Al2O3 ALD barrier layer and no capping layer, aged for 0 (green) and 400 (blue) hours. 

The 34S, 27Al, and 30Si profiles are shown.  
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Figure B.6: SIMS analysis of a 10 nm Al2O3 ALD barrier layer on Ag deposited on Si 

wafer. Comparisons of samples with a capping layer aged for 0 hours (black) and 400 

hours (red), and samples without a capping layer aged for 0 hours (green) and 400 hours 

(blue) are shown. 

For samples without the capping layer, the 34S profile has a peak at the surface of 

the film that does not increase significantly with aging time. Aging of the sample 

produces a larger 34S peak at the interface between the capping and barrier layers, for 

samples with the capping layer. This peak is asymmetrical, as the barrier layer side of the 

peak broadens in to the Ag layer. The cause of this broadening may be due to either 

roughness of the sample causing a broadening of the peak or fast diffusion of S through 

cracks or pinholes in the ALD film. Peak broadening is not present in the Si substrate 

samples shown in Figure B.4, where roughness is not present and the ALD should be 

very uniform. A SEM image of the single 10 nm Al2O3 ALD sample with a capping 

layer on a Ag substrate is shown in Figure B.7. From this image, the sample has 
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roughness and non-uniformity, likely in the deposited Ag layer. These features are likely 

causing the broadening of the S peak in the SIMS profiles. For comparison, the 

multilayer film with a capping layer deposited on Si is shown in Figure B.8. The image 

has no features on the surface, which allows for highly defined peaks in the SIMS 

analysis.  

 

 

Figure B.7: SEM image of the single layer 10 nm Al2O3 ALD barrier layer with a 

capping layer deposited on the Ag substrate. Roughness and non-uniformity in the 

surface are visible and likely attributed to the S peak broadening.  
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Figure B.8: SEM image of the multilayer ALD barrier layer with a capping layer 

deposited on Si. The featureless substrate gives highly defined peaks in the SIMS analysis. 

  

 Multilayer ALD films with and without a capping layer deposited on the Ag 

substrate are shown in Figure B.9. The S peak at the interface of the capping layer and 

barrier layer increases with increasing aging time, indicating the S is loading up a the 

surface of the barrier film. The S profile is asymmetric, as it trails into the barrier layer 

(right side of the peak). The background for the S profile is similar for all samples, 

despite the aging time, indicating the multilayer film is better at preventing S diffusion 

through the ALD film. Roughness and non-uniformty of the samples is also a problem 

with these samples, as shown by the SEM image of the surface in Figure B.10.  
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Figure B.9: SIMS analysis of a multilayer 10 nm Al2O3 / 3nm ZnO / 10 nm Al2O3 ALD 

barrier layer layer on Ag deposited on Si wafer. Comparisons of samples with a capping 

layer aged for 0 hours (black) and 400 hours (red), and samples without a capping layer 

aged for 0 hours (green) and 400 hours (blue) are shown. 
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Figure B.10: SEM image of multilayer ALD barrier layer with a capping layer deposited 

on the Ag substrate. Roughness and non-uniformity in the surface are visible and likely 

attributed to the S peak broadening.  

 

B.7 Future work to complete kinetics model 

 The above SIMS analysis gives insights into the barrier layer properties of ALD 

films. However, S diffusion through the films is difficult to observe. The S peaks show 

only the loading up of S at the surface of the barrier layer with little S diffusion into the 

barrier layer. The ALD films are effective in preventing S from reaching the surface of 

the substrate, as diffusion through the ALD films seems to be very slow at low 

temperatures. Asymmetry of the S peak in the Ag substrate samples may indicate S 

diffusion, however, deconvoluting diffusion from surface roughness is difficult.  
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 In order to measure the diffusion coefficient of S through the Al2O3 ALD films, 

elevated temperature annealing was preformed on samples to determine the diffusion 

coefficient at various temperatures. 20 nm Al2O3ALD was deposited on Si wafers at 

150°C and exposed to 20 ppm H2S, 30% RH at 40°C for 200 hours. After aging, a 

capping layer of 20 nm Al2O3 ALD was applied at 100°C (all samples were in the 

chamber at elevated temperatures for 22 minutes total). A sample was annealed at 160°C, 

200°C, and 250°C for 0 minutes, 10 minutes, 1hour, 5 hours, 25 hours and 125 hours, for 

a total of 18 samples. After annealing, these samples were shipped to FBK for SIMS 

analysis. At the time of this writing, the samples were awaiting analysis.  

 To quantify the S concentration in the SIMS profiles, a standard sample was made 

with ion implantation to produce a known distribution of 34S ions. A 4 inch Si wafer with 

100 nm Al2O3 ALD deposited had 34S ions implanted by CuttingEdge, Ions, with a dose 

of 5.0x1014 ions/cm2 at an energy of 40 keV, and a tilt angle of 7°. Once the SIMS data is 

obtained the diffusion coefficients of S through Al2O3 ALD films will be obtained by 

fitting the data to Equation C.1. Plotting the diffusion coefficients versus 1/T will give the 

energy of activation as the slope of the line. The diffusion coefficient and energy of 

activation will give a more complete picture of the kinetics model for sulfur diffusion 

through the ALD film. The role of alloy concentration should also be considered, as the 

presence of copper causes rapid tarnishing.  
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Appendix(C(

Discussion: Nitrocellulose degradation 

after accelerated aging!

!

!

 

The question remains as to the cause of nitrocellulose film failure. Is the failure 

due to the film degrading or sufficient hydrogen sulfide diffusion through the film 

causing tarnishing? Yellowing of the nitrocellulose film has been observed to occur with 

film aging, as reported by De Witte and Luxford et. al. [C.1, C.2]. In the report by 

Luxford, light aging caused the films to change from blue to yellow, as measured by 

colorimetry [C.1]. Upon removing the aged nitrocellulose films, noticeable yellowing of 

the silver test samples was observed and the amount of color change increased with 

increasing aging time [C.1]. However, the color change measured after the nitrocellulose 

films were removed was larger than the color change with the films still on, suggesting 

the film masks some of the color change due to tarnishing [C.1]. Based on the yellow 

color of the tarnish, it is possible the tarnish layer is around 10 nm thick (reached after 

350 hours of aging in the studies done in this work, as shown in Figure 3.8) [C.3], 

however, this is only an estimate as the substrates used in the Luxford study were 92.5% 
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Ag-7.5% Cu whereas the study on color was done with pure silver substrates. Regardless, 

this indicates that hydrogen sulfide is diffusing through the nitrocellulose films and 

causing silver tarnish to form. The color change measured is likely a combination of the 

yellowing of nitrocellulose due to degradation and yellowing of the silver due to tarnish, 

with the former likely the dominant factor.  

Luxford was the first to quantify an effective lifetime of NC coatings based on 

accelerated aging tests under elevating light (UV removed), elevated temperature (50°C) 

and relative humidity. The nitrocellulose lifetimes were found to be effective for 10 years 

equivalent aging in low and mid relative humidity environments and 20 years under 

equivalent light aging [C.1]. Under high humidity environments, the nitrocellulose films 

(whose thickness was not reported) were found to have corrosion under the coating 

despite having little measureable chemical changes in the coating, as measured by FTIR 

[C.1]. Whereas, the light aged samples had no noticeable corrosion yet significant 

changes in the nitrate concentration, as the films were losing nitrates while increasing 

carbonyl species [C.1]. Despite the lack of measureable chemical changes in the relative 

humidity aged samples, they were still failing faster than the light aged samples with 

significant chemical changes [C.1]. It seems there are two different types of degradation 

occurring with the nitrocellulose films, one caused by humidity/temperature and the other 

caused by light exposure.  

The two degradation methods are explained by Selwitz [C.4]. Thermal 

decomposition of nitrocellulose occurs at 135°C and the Arrhenius plot showing the 

effect of temperature on decomposition is shown in Figure C.1. There are two regions 

within this plot, one corresponding to an activation energy of 43 Kcal/mol above 100°C, 
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and the other an activation energy of 25.6 Kcal/mol below 80°C [C.4]. Based upon this 

two types of nitrocellulose degradation are thought to occur. At temperatures greater than 

100°C, or when irradiated with visible or near UV light, oxygen-nitrogen bonds on the 

secondary nitrate groups of nitrocellulose cleave causing degradation [C.4].  At low 

temperatures (below 80°C) the nitrocellulose molecular weight changes but the nitrogen 

content does not as photochemical breakdown occurs due to far UV exposure. A 

breakdown occurs in rings with three nitrate ester groups, in which the nitrated glucoside 

ring within the polysaccharide chain spontaneously comes apart [C.4].  

 

Figure C.1: Arrhenius plot of ln k vs 1/T for the molecular degradation of nitrocellulose 

due to temperature. Two regimes are found at high temperature (>100°C) and low 

temperature (<80°C) yielding two different activation energies. Taken from Selwitz, C., 

Cellulose nitrate in conservation, [C.4].  
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This matches the FTIR results from Luxford, in which light aging caused the 

decrease in the nitrogen peak at the same time as the carbonyl peak increased. 

Additionally, the low-temperature, humidity aged samples did not change in nitrogen 

content. Not measured in this study is the molecular weight of the films as they age, 

likely changing diffusion rates through the films.  

The activation energy from Selwitz can be used to determine the amount of aging 

occurred relative to room temperature for the accelerated aging tests performed in Section 

3.8 and 3.9 at 50°C. Using the activation energy in the low temperature regime, 25.6 

Kcal/mol, and the Arrhenius equation, Equation C.1,  

     ! = !!!!! !"            Equation C.1 

With rate constant k, prefactor A, activation energy Ea, gas constant R, and 

temperature T.  The rate constant will be proportional to Equation C.2, as A is a constant.  

                                                       ! ∝ !!!! !"     Equation C.2 

The rate constant of low temperature photochemical decomposition of 

nitrocellulose at room temperature (23°C ) and 50°C can be estimated from Equation C.2. 

The ratio of k50°C to k23°C gives the relative increase in aging due to elevated temperature, 

Equation C.3.  

    Equation C.3 

 From this calculation, one year at ambient aging is equivalent to 230 hours of 

accelerated aging at 50°C. Nitrocellulose films tested began to fail (<1 nm Ag2S) around 

35 hours of accelerated aging, significantly shorter than the time predicted based off the 

activation energy. However, this only takes into account molecular degradation of the 

k50°C
k23°C

= 38
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nitrocellulose coating and gives no information as to the role of diffusion through 

nitrocellulose. H2S diffusion must also be taken into account. Research by De Witte 

found the permeability coefficient of H2S and water in nitrocellulose to be 5.88x10-5 

cm3!cm/min!cm2 and 0.08x10-5 cm3!cm/min!cm2 [C.2]. Assuming the permeability 

coefficient P is proportional to the diffusion coefficient, the characteristic time t to diffuse 

through a nitrocellulose coating of thickness L is given by Equation C.4.  

                                                                      ! = !!
!!      Equation C.4 

 From this calculation, the characteristic time for H2S to diffuse through a 2 µm 

nitrocellulose film would be 0.02 seconds. Given the speed at which H2S diffuses through 

the nitrocellulose films, it is likely under these accelerating conditions, the nitrocellulose 

effective lifetime is limited by H2S diffusion, assuming that the reaction at the barried 

interface is fast, as opposed to molecular degradation. Both molecular degradation and 

H2S diffusion are taking place, changing the color of the nitrocellulose coating and silver 

substrate. H2S is rapidly diffusing through the nitrocellulose film while molecular 

degradation is taking place at a slower rate. Assuming diffusion limited kinetics in high 

H2S environments, silver tarnish formation would be rapid and should limit the effective 

film lifetime. In low H2S environments, molecular degradation will occur and limit the 

effective film lifetime. Even in low H2S environments, H2S diffusion leads to tarnish 

formation under the nitrocellulose film, as described in the research by Luxford [C.1].  

This matches with anecdotal evidence from discussions with conservators 

throughout the country. In environments with high H2S or uncontrolled environments, 

such as the Shangri La in Honolulu, Hawaii and Mt. Vernon outside Washington DC, the 

nitrocellulose coatings have to be replaced often (ideally about 2 years) due to visible 
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silver tarnishing, though the thickness of this tarnish layer is unknown. In museums with 

well-controlled environments, nitrocellulose coatings last nearly 30 years but yellow a 

few years after application.  

What is not known is how molecular degradation of the nitrocellulose film effects 

the permeability rates of H2S. Further studies on this would be possible using argon 

cluster ion sources for secondary ion mass spectroscopy (SIMS) studies. The diffusion 

profile of H2S could be determined for nitrocellulose films with varying amounts of 

molecular degradation.  

!
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