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Abstract of the Thesis 
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in 
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Stony Brook University 

2016 

 

Thin film and surface treatment play an important role in developing materials with unique 

properties. They have been widely used in energy generation and storage, optical devices, LEDS, 

electrical semiconductor devices, etc. The stability and functionality of them under operational 

environment are important, especially the surface morphology and chemical evolution at micro-

scale. This information is critical to understand the behaviors of the materials under various 

environments for a wide range of applications. Synchrotron x-ray fluorescence (XRF) and x-ray 

absorption near edge structure (XANES) are suitable techniques on investigating surface 

morphology and chemical evolution. Here, we use both techniques to investigate chemical and 

morphological heterogeneity of zinc oxide thin films after environmental humidity exposure, as 

well as surface and chemical evolution of iron oxidation states during iron redox process for 

samples with/without surface anti-corrosion treatment. 
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 Zinc oxide (ZnO) thin films have been reported to suffer from degradation in electrical 

properties, leading to failure of electronics due to environmental factors, such as heat and 

humidity. While degradation appears to be linked to water and oxygen penetration in the ZnO 

film, a direct observation in ZnO film morphological evolution, in conjunction with structural 

and chemical changes is lacking. Here, we systematically investigated the chemical and 

morphological heterogeneity of ZnO thin films caused by steam treatment. X-ray fluorescence 

microscopy,  absorption spectroscopy, grazing incident small angle and wide angle scattering, 

scanning electron microscopy (SEM), ultra-high-resolution SEM and optical microscopy were 

carried out to examine ZnO, Al-doped ZnO and Ga-doped ZnO thin films, on two different 

substrates – silicon wafer and PET film. The environmental aging introduced pin-holes in the un-

doped ZnO thin film. More significant morphological features formed in the Al-doped ZnO thin 

films after treatment, with platelet-shaped structures that are 100-200 nm wide by 1µm long. In 

addition, Zn heterogeneity, anisotropic structure and disordering were also observed in the aged 

Al-doped ZnO thin films using synchrotron x-ray characterization. X-ray diffraction and 

absorption spectroscopy indicate the formation of a zinc hydroxide in Al-doped films due to 

environmental aging. Utilizing advanced characterization methods, our studies provide 

information with unprecedented level of details and reveal the chemical and morphologically 

heterogeneous nature of degradation in ZnO films. 

 Anti-corrosion coating is widely used on industrial steel products. While the effect of 

these coatings is proven to be positive, fundamental studies on the chemical evolution of the 

protected metal is lacking. Here, we conducted in situ x-ray spectroscopic experiment to observe 

the process of steel corrosion with and without the protective coating. X-ray fluorescence 

mapping was conducted to observe surface morphology and elemental distribution during redox 
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process. X-ray absorption near-edge structure spectroscopy was performed to determine the 

oxidation states and chemical information of Fe. Steel without coating was corroded rapidly and 

homogeneously, within 1 hour. Steel with anti-corrosion Zr-based (Henkel Corporation) coating 

showed good resistivity to corrosive environment (5wt% NaCl solution). Only very slight local 

oxidation was observed after approximately 10 hours of treatment. Our study laid foundation for 

possibility to conduct in situ research on numerous materials under various environments. 
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Chapter 1. Introduction 

1.1 Motivation and goals 

Coating is one of the most widely used surface treatments. Functional coating may be applied to 

change the surface properties such as adhesion, corrosion resistance, or wear resistance[1]. 

Various materials processes can be used to fabricate coatings: chemical vapor deposition (CVD), 

physical vapor deposition (PVD), spraying, sputtering and other techniques. The parameters in 

coating processes and the intrinsic material properties of the coatings vary significantly. All these 

combined to result in the different properties and end applications of each coating. The films and 

their desired properties may degrade under environmental conditions, such as heat, humidity and 

corrosive environments. Understanding the changes of the properties for the coating or the 

protected materials under these conditions is of great importance both for the applications and for 

the fundamental research. In this dissertation work, with the capability of synchrotron source x-

ray fluorescence (XRF) and x-ray absorption near-edge structure (XANES) at the National 

Synchrotron Light Source II, we focus on exploring the surface and chemical heterogeneity in 

coatings and their protected materials. 

The thesis outlines as following. First, we aim to understand the long-term stability of ZnO 

thin film, and explain the degradation phenomenon by investigating the chemical and 

morphological heterogeneity of ZnO thin film after humidity exposure. By conducting the 

research on ZnO thin film, it helps to understand the relationship between degradation in micro 

scale with electrical/optical changes in macro scale. Secondly, we studied the functionality of a 

phosphate-free anti-corrosion coating (Henkel Corporation) by monitoring steel corrosion with in 

situ x-ray measurements. We developed in situ x-ray fluorescence (XRF) and x-ray absorption 
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near-edge structure (XANES) capability which helped lay foundation of conducting in situ 

research on numerous materials under gas/liquid flow environments. In the future, with our 

researches, we have the potential to explain the properties of not only coating materials but a 

wider range of materials under controlled environment by visually “see” the changes with XRF 

and XANES in an in situ cell. The techniques used in this research are described briefly in the 

following. 

1.2 X-ray and synchrotron sources 

Since the discovery of x-ray in 1895, x-ray has become a powerful probe of the structure of 

matter. X-rays can be used to detect a wide range of materials, from simple compounds to 

complex structure such as DNA[2]. Our understanding of the way x-rays interact with matter 

developed steadily. The main limitation of x-rays was the source. In the 1970s scientists found 

that the synchrotron radiation emitted from charged particles circulating in storage rings was 

potentially a much more intense and versatile source of x-rays[3]. Due to the ability to produce  

x-rays with high brilliance, many synchrotrons were designed especially for the installation of 

wigglers and undulators and with beam optics of extremely low emittances. Some of “third 

generation” machines providing the required long straight sections are currently under 

construction[3].   

1.3 X-ray absorption near-edge structure (XANES) 

The absorption cross-section for photoexcitation of a core-electron to vacuum is not a smooth 

function, but exhibits oscillations near the absorption edge. This signal is referred to as near-edge 

x-ray absorption fine structure (NEXAFS) or x-ray absorption near-edge structure (XANES) [2].  
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After an x-ray photon is absorbed by a core level, a photoelectron is generated. This 

photoelectron might not be ejected into the vacuum due to the lack of energy to be promoted to 

an unoccupied but bound level [2, 4-6]. The core hole caused by the absorption process can be 

filled either by an Auger process or by capture of an electron from another shell followed by 

emission of a fluorescent photon [2, 4, 5]. The differences between XANES and traditional 

photoemission experiments are that in the latter, the initial photoelectron itself is measured, 

while in XANES the fluorescent photon, Auger electron or inelastically scattered photoelectron 

is recorded. In photoemission spectroscopy only excitations beyond the ionization threshold are 

possible to be detected. For XANES, the final state of bound photoelectrons can be measured, 

since the photoelectron itself need not be detected [2, 4, 5]. Hence, the effect of measuring 

fluorescent photons, Auger electrons and directly emitted electrons is to sum over all possible 

final states of the photoelectrons, which means that what XANES measures is the total density of 

states of the initial core level with all final states[2, 5]. 

XANES is able to determine the chemical form due to the differences in spectra of different 

valence state for the same element. In our study of iron oxidation, XANES is sensitive to Fe 

redox states, especially the pre-edge feature, which is located ~14-20 eV the main K-edge crest 

of Fe. Pre-edges are related to 1s to 3d and/or 1s to 4p transition. As oxidation state increases, 

pre-edge shifts to higher energy. Depending on the oxidation states of Fe, the spectra can vary 

significantly. By comparing the spectra with shoes taken on standards, we are able to determine 

the oxidation states of Fe. Thus, XANES is a suited method to determine the redox status of Fe.  

1.4 X-ray fluorescence 
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X-ray fluorescence (XRF) records the spectral response of the emitted photos produced by 

relaxation of excited states formed by photo absorption at a given incident energy [2, 4, 5]. It is 

an ideal method for determining the elemental composition of objects that are either too thick for 

transmission-absorption measurements, or are insulating and therefore preclude photoemission 

techniques. XRF is widely used in archaeology, geochemistry, and even used to investigate 

elements of paint[2]. The Schematic of x-ray fluorescence spectroscopy of the setup available at 

Sub-micron Resolution X-ray Spectroscopy Beamline at National Synchrotron Light Source – II 

is shown in Figure 1, with a focus size of sub-micron. The setup can also be used to collect 

XANES spectra in fluorescence mode. 

 

Figure 1 Schematic of x-ray fluorescence spectroscopy setup 
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Chapter 2. Chemical and Morphological Heterogeneity of Zinc Oxide Thin Films after 

Environmental Humidity Exposure 

2.1. Introduction 

Zinc oxide (ZnO) possesses many unique properties and attracts great attention in both 

fundamental research and industrial applications, , particularly in the as various nano-structures, 

such as nano-wires [7, 8], nanobelts, nanohelices [9] and thin films [10, 11]. Zinc oxide  

applications are wide and versatile, ranging from conventional electronics, solar cells [12-14], 

humidity sensors, to emerging applications in chemical energy technologies [15], piezoelectric 

nanogenerators [16], energy scavenging [17], and electromechanically coupled sensors [9]. In 

many applications, increased electrical conductivity is desirable, which is usually achieved by 

doping of ZnO with other elements. In particular, Al-doped ZnO, has a high conductivity, as well 

as good optical transmission properties in the visible and near infrared range. Thus, Al-doped 

ZnO is considered suitable for applications that require both transparency and electrical 

conductivity such as organic light-emitting devices [11] and solar cells [18, 19]. However, ZnO 

thin films, especially with Al-dopants, are not stable under harsh environment such as elevated 

heat, humidity and UV exposure, which limits the applicability of ZnO-based materials in 

devices requiring long-term stability [20]. Therefore, it is important to understand the long-term 

stability and degradation phenomena in ZnO thin films.  Most of the studies on ZnO thin films 

focus on structural, electrical, optical properties and sensing abilities [12-14, 20-29], but only a 

few report on chemical and morphological changes of ZnO under environmental treatment such 

as high temperature and high humidity, (so-called damp heat treatment). Influence of deposition 

methods, film thickness, dopant and film quality on the degradation of ZnO films under damp 

heat treatment were previously studied [12, 21-23, 30]. In general, a decrease in resistivity, 
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mobility and carrier density was reported [23] for Al-doped ZnO thin film after damp heat 

treatment. Penetration of water and oxygen along the grain boundaries and formation of Zn(OH)2 

were reported to be responsible for the degradation of electrical and optical properties [20, 23, 

25, 26]. It has been previously reported that when an Al-doped zinc oxide thin film is subjected 

to damp heat treatment, the surface of the film exhibits morphological heterogeneity, where large 

and small spots were formed for samples treated with high temperature (100°C) and high 

humidity (100% relative humidity) [12, 27]. However, the nature of this heterogeneity, such as 

chemical and elemental compositions, remained unclear, lacking particularly the detailed 

morphological analysis. 

In this thesis work, we focus on studying the chemical and morphological heterogeneity 

of ZnO thin films when the materials are subjected to steam treatment and compare it with the 

untreated pristine samples. A wide range of techniques were utilized to characterize the pristine 

and aged samples. The elemental distribution in the thin film was characterized by x-ray 

fluorescence. The chemical evolution was studied by x-ray absorption near edge structure 

spectroscopy. The crystal structure was investigated by x-ray diffraction, whereas grazing-

incidence wide-angle x-ray scattering and grazing-incidence small-angle x-ray scattering were 

used to determine the mid-to-long range ordering. Optical and scanning electron microscopies 

were also performed to characterize the morphology of the samples. 

2.2 Methods 

2.2.1 Sample preparation 

ZnO thin film samples were manufactured through RF magnetron sputtering (ATC-ORION 8 

HV system, AJA International, Inc.) at room temperature (conditions see Supplemental Materials 

Table S1).  Two different substrates were used to study the effect of substrates: Silicon wafer (P 
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type B-doped Si, <100> cutting orientation, 500 μm thick, 4 inch wafer from University Wafers) 

and Polyethylene terephthalate (PET) film (clear, untreated CUS5 Autostat). To study the effects 

of dopants, thin film samples with three different compositions were prepared separately by 

using different sputtering targets: ZnO, aluminum doped ZnO (Al:ZnO) and Gallium doped ZnO 

(Ga:ZnO).The thickness of the thin film is 50 nm for Al:ZnO and Ga:ZnO, 60 nm for ZnO. 

Small square pieces of thin film samples were cut; the length of each side for the square samples 

is 2.5 cm.  

2.2.2 Aging Treatment 

Pristine samples were first characterized by the techniques detailed below, and were then treated 

to purposely introduce degradation. Water vapor treatment was carried out to age the samples 

where an environment of 100% relative humidity at 100°C was created to simulate the harsh 

environment under an accelerated aging condition. Introducing conditions of both high humidity 

and elevated temperature to perform aging is widely adapted in academic research and industrial 

testing [12, 21, 23, 26, 30], which is also addressed as ‘damp heat’ treatment, or ‘accelerated 

aging’. To perform the water vapor treatment, a 500 mL beaker was filled up with deionized 

water and the water surface kept to 3 cm from the top of the beaker. The beaker was then 

covered by 2 pieces of glass slides with about 2 cm in between and heated with a hot plate until 

boiling. The samples were then placed on top of the glass slides with the coated side facing 

directly the boiling water vapor for 1 hour (Figure 2). 
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Figure 2 process of sample treatment 

2.2.3 Characterization 

By comparing the results from the treated samples and the pristine ones we aim to study the 

environment induced heterogeneity in coating materials. The pristine and treated samples were 

each characterized to study the morphological and chemical evolution. Optical Microscopy (OM) 

was used. Scanning Electron Microscopy (SEM, Joel 7600F) and Energy Dispersive X-ray 

Spectroscopy (EDS, Joel 7600F) were used to characterize the surface morphology and chemical 

distribution. X-ray diffraction (XRD) measurements were performed (Rigaku Ultima III) to 

investigate the chemical and structural changes. OM, SEM, EDS and XRD were performed at 

the Center for Functional Nanomaterials (CFN) of the Brookhaven National Laboratory (BNL).  

XRF and XANES measurements were carried out by utilizing the Sub-micron Resolution X-ray 

Spectroscopy (SRX) beamline at the National Synchrotron Light Source II of BNL. XRF 2D 

element mapping was used to observe the morphology of the film surface and XANES was used 

to verify the chemical change before and after the treatment. Grazing incidence x-ray scattering 

(small angle and wide angle) measurements (GISAXS and GIWAXS, respectively) were 

performed at beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley National 



 

9 

 

Laboratory. A PILATUS 2M from Dectris was used to collect the scattering patterns. The 

sample-to-detector-distance was set to 0.224 m (GIWAXS) and 3.806 m (GISAXS), 

respectively. A conic flight tube under vacuum was placed between the sample and detector, to 

reduce air scattering. A shallow angle of 0.26 degrees was chosen for the incident x-rays – above 

the critical angle of the inorganic films – with respect to the sample plane. The width of the 

incident x-ray beam is about 1 mm and silver behenate was used to calibrate the lengths in the 

reciprocal space. 

2.3 Results 

2.3.1 Morphological analysis of ZnO thin films 

ZnO, Al-doped ZnO and Ga-doped ZnO thin films were investigated before and after treatment 

with 100 % relative humidity at 100° C. All thin films were prepared with two different 

substrates: Si wafer and PET film. For both ZnO and Ga-doped ZnO on Si and PET substrates 

after treatment, little morphological change was observed with optical microscopy and scanning 

electron microscopy (SEM). In contrast, for Al-doped ZnO on both Si and PET substrate, 

significant morphological changes were observed in the treated sample compared with the 

pristine one. Figure 3(a-b) show the surface morphology of pristine and aged Al-doped ZnO thin 

films on the Si substrate observed by optical microscopy (OM). For the pristine samples, the 

surface morphology is homogeneous, while bright and dark regions were formed in the aged 

sample, with crack-like structures observed in both regions. Figure 3(c-d) show survey SEM 

images of the pristine and aged Al-doped ZnO films on the Si substrate. The film displays a 

homogeneous surface morphology before treatment (Figure 3c). Flake-like platelets with bright 

contrast (marked by blue arrows in Figure 3d) and dark contrast (marked by red arrows in Figure 

3d) were formed after the treatment, which are also observed in the film grown on the PET 
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substrates, as shown in Figure 3(e-f). The size of the bright-contrast plates is ~100-200 nm wide 

by 1 µm long. The bright and dark platelets with are believed to be the same type of platelets, 

with dark and light SEM contrast arising as a result of different orientations. , The darker 

platelets lie on the surface, being better connected to the partially-conductive substrate, while 

brighter plates are oriented perpendicularly to the surface of the thin film (and therefore are 

subject to well-known “edge effect”.  Furthermore, the contact area of these plates with the 

surface are much smaller compared to the ones that are parallel to the surface. The smaller 

contact area may cause higher charging of the plates which results in a brighter contrast in the 

SEM images.  



 

11 

 

 

Figure 3 Optical images of Al-doped ZnO films on a Si substrate: (a) pristine (b) aged; SEM 

images of Al-doped ZnO films on a Si substrate: (c) pristine (d) aged; (e-f) SEM images of aged 

Al-doped ZnO films on a PET substrate for two different magnifications, respectively. 

Electron dispersive spectroscopy (EDS) measurements were performed on selective 

positions (marked with yellow crosses) in the SEM images (Figure 3f) for elemental analysis, 



 

12 

 

and EDS mapping was performed in the entire region shown in Figure 3f. The elemental 

compositions in areas with brighter and darker contrast plates, as well as regular areas have been 

investigated (supplemental materials –Table S2). No evident elemental differences were detected 

amongst the entire films in EDS, while the expected elements (O, Zn, Al, Si, C) were detected 

from either the sample composition or the sample mounting. These results show that the Zn and 

O are the major components of the plate-shaped structures created during the water vapor 

treatment. However, an overall reduction in Zn quantity was observed after the treatment in Al-

doped ZnO sample on the PET substrate with higher Zn content in the plate-shaped structures.  

To further study the morphological changes upon aging in undoped and Al-doped ZnO 

films on a finer scale, the ultra-high resolution SEM studies have been performed, using Hitachi 

SU9000 SEM. A unique feature of this instrument is an energy filter on the top high-angular 

back-scattered electron (HA-BSE) detector, which was used to enhance the contrast originating 

from the crystallinity and the orientation of ZnO features on the surface. 

Figure 4(a-b) shows the secondary-electron (SE) and high-angular back-scattered 

electron (HA-BSE) image with energy filtering, correspondingly. Unlike SE image, which only 

shows morphological contrast, HA-BSE image shows many of the ZnO grains in untreated 

sample appearing brighter, due to their orientation towards the detector (positioned coaxially to 

incident electron beam). In the SEM images collected from the treated sample (Figure 4 (c-d)), 

the HA-BSE image (Figure 4d) shows that considerably fewer number of ZnO grains appear as 

brighter, suggesting that treatment causes reduction in crystalline ordering and orientation of the 

crystal grains (see also GISAXS section). 
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Further investigation also shows clear evidence of pinhole formation as a result of steam 

exposure. Figure 4f and g shows SEM images for untreated and treated samples, 

correspondingly. An imaging mode utilizing beam deceleration feature was used (with landing 

voltage 1.5kV), to increase the sensitivity to surface features. The SEM image of the treated 

sample clearly shows pinholes ~10nm in size, as well as deeper, more pronounced gaps between 

individual ZnO grains, which causes a reduction of overall structural ordering. This may also 

lead to potential mechanical instability and reduction in conductivity, leading to device 

degradation. A decrease of the film crystal ordering was also seen after aging, as observed in 

Figure 4d where fewer grains were highlighted in the energy filtered SEM image. However, no 

plate-shaped structures were formed in the ZnO film, in contrary to the Al-doped ZnO film 

shown previously. Figure 4(e-f) show ultra-high resolution SEM images of the pristine and aged 

Al-doped ZnO films on the Si substrate. The detailed view of the plates formed due to aging 

confirms that the plates with brighter and darker contrast were the same type of features, with 

different orientations. Considering the process of water condensation on the film surface during 

the water vapor treatment and water drying, it is likely that the water droplets during drying 

caused the plates to align along different orientations. The plates were also found to be rough on 

the surface with additional features, which cannot be seen in the regular SEM. 
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Figure 4 Ultra high resolution SEM images of ZnO films on a Si substrate: pristine sample (a) 

without energy filtering (b) with energy filtering; aged sample (c) without energy filtering (d) 

with energy filtering. Al-doped ZnO films on a Si substrate: (e) pristine sample (f) aged sample. 

2.3.2 Crystal Structure analysis 



 

15 

 

The crystal structure of the film before and after treatment was studied by x-ray diffraction 

which was carried out on all the samples grown on a Si substrate. The bare Si wafer was also 

measured as a reference. Figure 5 shows the XRD results of the pristine and aged Al-doped ZnO 

thin films. The Si (400) peak from the substrate appears at 69.2°, consistent with the surface cut 

of the substrate. The peak at 34.4° corresponds well with ZnO (002). An additional peak appears 

at 23.3° which is only present in the aged Al-doped ZnO thin film. The Zn(OH)2 peak was 

previously reported to appear at 23.35° after steam treatment [20]. Thus, the additional peak 

from the aged Al-doped ZnO is considered to be Zn(OH)2. It is reported that water can be 

absorbed at the grain boundaries of ZnO and forms Zn(OH)2[8, 14, 17]. All other peaks are also 

present in the bare Si wafer and are thus considered to be originating from the substrate. The 

rocking curve was measured with a ± 0.3° angular range on all the peaks from the Si wafer 

(32.9°, 54.6°, 56.4°, 61.7°, 65.9°, 66.4° and 69.2°, see Figure 7 in the supplemental material) and 

the intensity change was recorded as a function of the sample surface angle relative to the 

incident x-ray beam. The high angular sensitivity confirms that the peaks correspond to the 

substrate itself, and therefore are highly textural.  
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Figure 5 XRD pattern of pristine and aged Al-doped ZnO on a Si substrate and the bare Si wafer. 

The crystallinity and grain size of the inorganic thin films were also studied by means of 

grazing incidence wide and small angle x-ray scattering (GIWAXS and GISAXS), respectively. 

Both techniques provide information about the lateral and normal ordering at a surface or inside 

a thin film and require smooth films on a flat substrate. Therefore, only the films deposited on a 

silicon wafer as substrate were studied here. The measurements were performed with an 

incidence angle of 0.26° and the energy of the x-rays was set to 10 keV. Figure 6 shows the raw 

2D GIWAXS patterns for the ZnO films undoped and doped with Al and Ga, before and after 

steam treatment, respectively. The different crystal planes are indicated as well. The distance 

between the lattice planes of the main peak, corresponding to the (002) crystal planes is 0.259 

nm. Surprisingly, a very anisotropic crystal structure forms for the Al doped film after steam 
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treatment with a lamellar d spacing of about 0.773 nm, which may correspond with the plate-

shaped structure and zinc hydroxide formation, as described above.  

 

Figure 6 2D GIWAXS patterns of the ZnO films, undoped and doped with Al and Ga, before and 

after steam treatment. An anisotropic structure was only observed in Al-doped ZnO, highlighted 

by the red rectangle. 

An example GISAXS pattern is shown in Figure 7a for the pristine ZnO film. The yellow 

box indicates the integration area and in order to evaluate the in-plane ordering, a vertical 

integration is performed. The resulting line cuts for all films are summarized in Figure 7b. The 

positions of the shoulders provide information on the domain size. These domain sizes most 

likely correspond to the grain sizes of the films, as observed by the high-resolution SEM data 

(see Figure 4). The in-plane domain size is about 38 nm for the ZnO film, 39 nm for the Al 
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doped ZnO, and 21 nm for the Ga doped ZnO. After steam treatment, a flattening can be 

observed of the line cuts, indicating a reduction in ordering. This is consistent with the high 

resolution SEM data, where the pinholes form and grain ordering on the surface of the 

homogeneous pristine thin films appears to degrade after steam treatment.  

 

Figure 7 (a) raw GISAXS pattern of pristine ZnO without steam treatment. The yellow box with 

double-arrow indicates the integration area and direction. (b) The resulting line-cuts following 

the same procedure for all ZnO films, undoped and doped with Al and Ga, before and after steam 

treatment. 

2.3.3 Synchrotron-based X-ray Absorption Spectroscopy Chemical Analysis 

Scanning micro- x-ray fluorescence (XRF) mapping of the Zn distribution was collected on ZnO 

and Al doped ZnO on the PET substrate before and after treatment. Little changes were observed 

in the in ZnO on the PET substrate after treatment (Figure 8 (a-b)).  In contrast, the Zn spatial 

heterogeneity is clearly evident developed in the treated Al-doped ZnO on the PET substrate,   

consistent with the SEM results as shown in Figure 3. For the pristine Al doped ZnO on the PET 
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substrate (Figure 8 c), the image shows that the Zn is homogeneous across the entire scanned 

region of interest. Spatial heterogeneity of Zn is observed for the aged Al doped ZnO (Figure 

8d). This heterogeneity is further confirmed by scanning a larger region of interest on the 

sample, as shown in (Figure 8e).  Higher Zn concentration regions with a size of 20-30 μm were 

observed, which is about the size of the clusters of the plate-shaped structures observed with 

SEM, as shown in Figure 3. There is a reduction of the Zn concentration for the Al-doped ZnO 

film after steam treatment, which is also observed in the ZnO film, consistent with the EDS 

analysis. This may be attributed to the mechanical instability of the films deposited on the PET 

substrates which leads to loss of thin film material after steam treatment.   
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Figure 8 XRF 2-D elemental mapping results: ZnO on PET substrate (a) pristine and (b) aged; 

Al-doped ZnO on PET (c) pristine and (d-e) aged. 
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Micro x-ray absorption near edge structure (x-ray absorption near edge structure d.aged; 

Al-doped e (abuted to the mechanical instability of the films deposited on the PET 

substratecentrations of Zn on the XRF 2-D maps. As no clear differences could be observed in 

the XANES spectra between the different points from the same sample, the corresponding 

spectra were averaged and are shown in Figure 9. Both ZnO and Al-doped ZnO on the PET 

substrate before and after treatment showed almost no differences in the XANES spectra. 

Although, according to the literature [31], XANES spectra of ZnO and Zn(OH)2 are nearly 

identical, in combination with the XRD data, our results indicate the formation of Zn(OH)2  in 

the aged Al-doped ZnO thin film.  

 

Figure 9 XANES spectra of ZnO and Al doped ZnO thin films on the PET substrate, before and 

after steam treatment. 

2.4 Conclusions 
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We systematically investigated the degradation of ZnO thin films (un-doped, Al-doped and Ga-

doped) on Si and PET substrates due to environmental factors. ZnO and Ga-doped ZnO exhibit 

only slight morphological changes after aging. Al-doped ZnO on both the Si and PET substrates 

showed significant morphological changes caused by steam treatment. Platelet-like structures in 

different orientations, likely to be containing Zn(OH)2 were formed in Al-doped ZnO on both the 

Si and PET substrates. Ultra-high resolution SEM, GISAXS and GIWAXS revealed the 

reduction of ordering in the structure and formation of the pinhioles in the thin films after 

treatment. In particular, a highly anisotropic structure was found in the GISAXS study, likely 

corresponding to the formation of the plate-like structures formed in the Al-doped ZnO films. A 

reduction in Zn quantity was observed in both EDS and XRF microscopy, with a higher 

heterogeneity of Zn observed by XRF in the aged Al-doped ZnO sample. The XANES data is 

consistent with the XRD results, indicating that the structure can be a mixture of ZnO and 

Zn(OH)2.  

To summarize, the development of pinholes and structural disordering in all ZnO thin 

films, with in addition the plate-shaped structure and Zn(OH)2 formation in Al-doped ZnO are 

believed to be predominant mechanism of degradation and is likely main cause failure  of the Al-

doped ZnO-based devices. As per our study, for the first time, the degradation mechanism was 

studied in light of morphological and chemical evolution. Advanced synchrotron techniques like 

XRF, XANES, GISAXS and GIWAXS were used for the first time to characterize degradation 

mechanism of ZnO films under steam treatment.  
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Chapter 3. In situ Investigation of Surface Morphology and Oxidation States during Iron 

Oxidation in Steels with Anti-corrosion Coatings 

3.1. Introduction  

When metallic materials are exposed to corrosive environment, they tend to have chemical 

reactions with air or water. The corrosion effect is usually evident on the material surface. Metals 

lacking anti-corrosion protections may rust depends on the level of their exposure to the air. 

Anti-corrosion coating is one of the most common and efficient ways to protect metals form 

rusting. It prevents metal from direction contact with air and water, so that it can slow down the 

rust process dramatically. The understanding of how well these coating work is crucial in 

corrosion control.  

Surface pretreatment are used on metal surface before application of organic paints and 

finishes for better adhesion and improved corrosion protection[1]. Phosphate conversion coatings 

have been the most commonly used surface pretreatments for ferrous and non-ferrous metals[1]. 

However, because of drawbacks from environmental, energy and process standpoints, phosphate 

conversion coatings are being replaced by alternatives. A new surface pretreatment based on 

hexafluorozirconic acid solution (introduced by Henkel Corp.) is used as a replacement of 

phosphating process. The treatment process is phosphate-free, can be applied by simple spray or 

immersion at room temperature, and does not require chromic acid sealing[1]. The bath is based 

on diluted H2ZrF6 (Zr<200 mg/l) with small quantities of non-hazardous components of Si and 

Cu added for better long-term performance[1]. 20 nm think anti-corrosion coating will form after 

the pretreatment. The functionality of the coating is studied by monitoring the iron oxidation 

states when samples with coating are exposed to corrosive environment.  
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This study presents the evolution of iron oxidation of steel characterized as a function of 

time by using in situ cell. The cell is designed to conduct x-ray fluorescence (XRF) and x-ray 

absorption near-edge structure spectroscopy (XANES), and it allows gas or liquid flowing 

through the pipes and fill up the space where sample is mounted. In our study, sodium chloride 

solution is used to flow through the pipes, creating a corrosive environment. The elemental 

distribution in the thin steel sample was characterized by XRF mapping. Micro Fe K-edge 

XANES spectra were used to determine the oxidation states evolution with sub-micron spatial 

resolution. Pristine samples were tested. XRF and XANES were performed every 10 minutes to 

detect corrosion behavior. By conducting the in situ measurement, we observed the differences 

in surface morphology and chemical evolution during iron oxidation with and without anti-

corrosive coating (Zr-based solution treatment) under controlled corrosive environment. 

3.2 Experiment setup 

3.2.1 Sample Preparation 

Three steel samples with different protective coatings were prepared to study iron oxidation with 

different anti-corrosion treatment conditions. Sample 1 was a steel sample with coated 

commercially available anti-corrosion coating, however without further treatment details 

available. This sample was prepared mainly for testing purpose. Sample 2 was a steel sample 

without coating, which serves as a control sample. Sample 3 was a steel sample with Zr-based 

anti-corrosion coating prepared by solution surface treatment (Henkel Corporation). A summary 

of all three samples are provided in Error! Reference source not found.. All three samples 

were prepared with the same steal for direct comparison.  
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Table 1 Sample information 

3.2.2 In Situ Flow Cell Design and Assembling 

The core of the in situ cell assembling consist of two silicon nitride window chips (with two 

difference sizes, called small and large here), together with O rings and spacers to define the 

space for liquid or gas to flow through. For both large and small chips, they have one side which 

is Si with a small window, and silicon nitride (SiN) membrane on the other side which is known 

as the flat side. All 3 samples were cut into a 30×30 ×1 m3 in size under focused ion beam 

(FIB), with the 1 m along the beam direction. The samples are then welded with FIB-SEM lift-

out and micro-manipulation to the edge of Si3N4 window with Platinum (Pt) on the flat side of 

small chip (Error! Reference source not found.). Si3N4 window is of the size of 200m long 

and 60m wide. As marked by blue arrows (Error! Reference source not found.b), spacers 

(white) are used to define the path (dark color) in between where liquid or gas can flow through. 

Right before samples were assembled into in situ cell under microscope, both large and small 

chips shall be cleaned by plasma cleaning to ensure the surface of the chip is hydrophilic and can 

be wet by the flow. 

Sample 1 Sample 2 Sample 3 

Commercial steel with standard anti-

corrosion coating 

(for testing) 

Steel without coating 

(Control sample) 

Steel with Zr-based anti-

corrosion coating 

(prepared by surface 

treatment) 
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Figure 10 FIB-SEM image of welded steel sample on SiN window of small chip 

3.2.3 Corrosion Test prior to In Situ Experiment 

To test the corrosion condition and ensure that the corrosion reaction can be observed during the 

time frame of the beamtime, (on the order or hours, not days), test experiments were carried out. 

Sodium chloride (NaCl) solution with three different concentration (3wt%, 5wt% and 8wt%)  

were used to treat steel samples. The test result indicates that the 5wt% NaCl is an ideal 

concentration to be used to treat samples.  

3.2.4 In Situ X-ray Spectroscopy Experiment 

The in situ cell and chips which carry the FIBed sample were assembled and placed at the SRX 

beamline. Few quick XRF mapping with 2 m step were first done at 18.2 keV to locate the 

position of sample and confirm the possible elements. Then fine scan of XRF with 1 m step at 8 

keV was conducted before XANES. Points of interest were selected based on fine scan of XRF 

mapping. In situ XANES were done on points of interest.  
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The treatment was carried out by injecting a 5wt% NaCl solution by a syringe-pump, with tubing 

connected to the in situ cell assembling. The syringe was assembled on the pumper (Error! 

Reference source not found.a-b). The total volume injected into the syringe is 600 l, and the 

pumping speed was 1.5 /min

 

Figure 11 Experiment setup for iron corrosion 

3.3 Results 

For sample 1 (test sample), it was discovered that due to the lack of plasma-treatment on the 

chips, solution was unable to wet the interior of the cell assembling. This illustrates the 

importance of the plasma cleaning treatment. The following section will focus on comparing the 

result from the control sample (Sample 2) and Zr-based treated sample (Sample 3). 
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3.3.1 XRF element mapping 

For sample 2 (control sample), Cr, Cu, Fe, Ga, Mn, Ni, Pt, Ti, Zn, Zr were found in XRF element 

fitting. The Ti frame of the in situ cell may account for the presence of Ti, and Pt was used to 

weld sample. XRF mapping of pristine sample 2 was shown in Error! Reference source not 

found., and treated sample after 0.5 hour treatment in Error! Reference source not found.. By 

comparing Error! Reference source not found. and Error! Reference source not found., Fe, 

Cr, and Mn exhibited morphological changes. All Fe, Cr, and Mn showed lower intensity after 

treatment. Sample shape changed after the treatment, probably because porous structure formed 

on sample surface after iron oxidation and was washed away by flowing solution. This may also 

responsible for the reduction of Fe, Cr and Mn after the treatment.  
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Figure 12 XRF element mapping of pristine sample 2 (control sample) 
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Figure 13 XRF element mapping of treated sample 2 after 0.5 hour (control sample) 

For sample 3 (Zr-based treated sample to prevent surface corrosion), Cr, Cu, Fe, Ca, Kr, 

Mn, Ni, Pt, Ti, Zn, Zr were found in element fitting. XRF mapping of pristine sample 3 is shown 

in Error! Reference source not found., and Error! Reference source not found. showed 

element mapping of sample 3 after a 12-hour treatment. As shown in the figures, Fe map 

exhibited slight morphology changes. Concentration of Fe almost remain the same. Cr existed 

morphological changes, and Mn concentration dropped. From XRF results, no significant 

morphological or elemental concentration changes were identified. This highlights the 
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effectiveness of the surface treatment in comparison with the untreated sample 2 where great 

morphological changes were observed. 

 

Figure 14 XRF element mapping of pristine sample 3 
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Figure 15 XRF element mapping of treated sample 3 after 12 hours 

3.3.2 XANES spectra 

As shown in Error! Reference source not found., pristine and treated XANES results were 

averaged by spectra collected from point 1, point 2, and point 3 shown in Error! Reference 

source not found. and Error! Reference source not found.. Point 1-3 from Error! Reference 

source not found. and Error! Reference source not found. are at the same location, but 

XANES test were conducted before (pristine) and after treatment (0.5 hr and 1 hr) respectively.  

The XANES spectra from the standard powder samples, Fe3O4, Fe2O3, and FeO, are also 
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presented. XANES spectra showed that pristine sample 2 is consistent with Fe (0), as expected in 

steel prior to corrosion. After 0.5 hour treatment, the pre-edge and white peak shifted and 

intensity increased. Compared with iron and iron oxide standards, at this stage, the spectra start 

to show a mix of Fe and iron oxides. After 1 hour treatment, pre-edge and white peak shifted 

greatly towards Fe3O4 and Fe2O3, and Fe pre-edge structure disappeared. Peak intensity of the 

white line continuously increased, indicating a nearly complete oxidation of the steel. The result 

clearly showed the corrosion and oxidation of steel in the solution, demonstrating the feasibility 

of in situ cell setup.  

 

Figure 16 XANES spectra of pristine and treated sample 2 in comparison with Fe standard 

compounds 

For sample 3, as shown in Error! Reference source not found., XANES spectroscopy 

was conducted from point 4 and point 5 from locations shown in Error! Reference source not 

found. and Error! Reference source not found.. The very first scan of both point 4 and point 5 
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represented the scans on the pristine sample (Error! Reference source not found.). The time 

between each scan for both points is 20 minutes. Sample 3 exhibits a unique double peak 

XANES spectra which is different form Fe standard, though it still shows similar pre-edge 

structure as existed in Fe spectra. This may because during the process of surface treatment, the 

surface reacts with the Zr-based coating materials and formed a layer of different type of Fe 

compound. By comparing every spectra collected from point 4, no systematical changes were 

observe. In other worlds, compared with XRF mapping (Figure 14 and Figure 15), no oxidation 

was detected at point 4. However, when comparing spectra from point 5, it showed that there 

were systematical intensity increase for the white line, especially the last few scans (Error! 

Reference source not found.a). Though the intensity increase is not less pronounced in 

comparison with the un-treated sample, it might link to the slow oxidation process occurred at 

point 5.  
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Figure 17 a. XANES spectra of sample 3 point 4. b. XANES spectra of sample 3 point 5 
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Figure 18 a. XANES scans showed systematical intensity increase of sample 3 point 5. b. 

Pristine and last XANES scan of sample 3 point 5 compared with standards. 

In Error! Reference source not found.b, it shows the comparison of the sample 

(before/after treatment) and the standards. By comparing the last scan and pristine scan, pre-edge 

structure and white peak had slight shift, and the white line peak intensity increased. It’s difficult 
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to determine the oxidation status of Fe, where more measurements need to be carried out both on 

the treated sample and other standards. Combined with the XRF mapping result, it’s evident that 

the surface-treatment process can effectively prevent the corrosion. The fact that the XANES 

spectra differs from Fe (0) indicates a chemical reaction occurred between the Fe and coating 

materials during the surface treatment process, which may attribute to this anti-corrosion 

capability. 

3.4 Conclusion  

In situ investigation of surface morphology and chemical evolution of steel corrosion was 

successfully conducted. For sample 2 which is steel without coating, oxidation evolution was 

successfully detected by both XRF and XANES. XRF mapping showed morphological changes 

and concentration reduction in Fe, Cr, and Mn, XANES indicated a continuous oxidation from 

Fe (0) until a nearly complete oxidation. For sample 3 which is steel with anti-corrosion coating 

(Zr-based surface treatment, Henkel Corporation), only spectra taken from point 5 indicate some 

slow oxidation behavior started after approximately 12 hours treatment. XRF Fe mapping and 

XANES spectra from point 4 did not show evident changes. Thus, the surface treatment prevents 

the steel from corrosion effectively, with an apparent new layer of compound formation on the 

surface of the steel. The in situ cell was proven to be effective in conducting in situ investigation 

experiments, and could be used for further exploration. This experiment laid foundation for 

possibility in doing in situ research on numerous materials under various environments. 
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