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FRACTAL MORPHOLOGY OF WATER ON CHROMIUM-OXIDE THIN
FILMS

SUMMARY
Chromium is a routinely used element in thin film studies as an additional adhesive
layer between glass substrates and Au films. Strong oxidation tendency of the Cr is
the reason for the adhesive behavior of this element. The thin-Cr film surface
oxidizes immediately under ambient conditions, after preparation by thermal
evaporation of Cr, on to glass substrates, in vacuum. Besides oxidization of the film,
the diffusion of the Cr into the glass matrix is known. Although the frequent usage,
the surface properties and the oxidation states of Cr-thin films are not very well
defined.
We prepared various films with different thicknesses by thermal evaporation of Cr
on to glass substrates. Heat treatment of these samples altered the surface
morphology entirely. Distinguishable island formations were observed by optic
microscopy on surfaces. With the help of a thickness gradient along the surface,
differences in the size and the distribution of these islands could be observed. We
conducted atomic force microscopy and scanning electron microscopy scans, those
confirmed the island formations. Energy dispersive x-ray spectroscopy and x-ray
photoelectron spectroscopy showed the oxidation states of the Cr-oxide islands,
which formed after the heat treatment.
After the preparations, optic microscopy and atomic force microscopy studies were
done under ambient condition. Due to the ambient humidity, water droplets on the
surfaces formed. We intended to do further analysis on the interaction of water with
the surface that we had prepared. Following this observation, we contaminated
pristine Chromium-Oxide ultra-thin films with pure (DI) water in a controlled
fashion and by increasing the humidity near the sample surface, we observed fractal
formations of water, such as fingering and aggregation. Atomic force microscopy
studies showed that the patterns of water were ice like structures.
Electrostatic map of the particular chromium surface, which we obtained with
electrostatic force microscopy, showed the surface has differently charged zones. We
measured the potential difference between the zones. When we compared our values
with the literature, the magnitude of this potential was in the level, which is required
to freeze water under ambient conditions.
The surface properties and the oxidation states of the chromium oxide structures
were analyzed in the study. We studied the interaction of water on this surface and
observed propagation of water fractals. The ice like behavior of these water
structures under ambient, on a solid surface were discussed in this study.
xxi
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SUYUN KROM-OKSİT İNCE FİLMİ ÜZERİNDEKİ FRAKTAL
MORFOLOJİSİ

ÖZET
İnce film çalışmalarında kaplanan filmin, üzerine kalplandığı yüzeye yapışması
önemlidir. Düzgün bir yüzey elde etmek için bu gerekmektedir. Yeterince
yapışmamış bir film kaplandığı yerden kolayca sıyrılabilir, yüzeyde çizikler
oluşabilir. Altın gibi soy metalleri cam üzerine kaplamak bu bağlamda problemlidir.
Altın filminin cam yüzeyine yapışabilmesi için genelde araya ilave bir yapıştırıcı
katman daha kaplanır. Krom bu amaç ile ince film uğraşılarında sıklıkla kullanılır.
Kromun yapışma özelliğinin yüksek oksitlenebilme yeteneğinden kaynaklandığı
söylenir. Vakum altında termal buharlaştırma ile cam altlık üzerine hazırlanmış krom
ince film çabuk bir şekilde oksitlenir. Oksitlenmesinin yanında kromun cam matrisi
içerisine difüzyonu da bilinmektedir. Sıklıkla kullanılmasına rağmen krom ince
filmlerin yüzey özellikleri az çalışılmış olup oksitlenme durumları net bir şekilde
anlaşılmamıştır.
Çalışmalarımıza krom ince filmlerin yüzey özelliklerini inceleyerek başladık. Termal
biriktirme yöntemi ile cam yüzeyine birkaç nm kalınlığında ince krom filmleri
hazırladık. Bu filmlere uygulanan ısıl işlem, yüzeyde, boyları 200 nm ile 1.5 µm
arasında değişen adacıkların oluşmasına neden oldu. Termal biriktirme yönteminde
kaplanacak camları tutan maske nedeni ile ve kaplama sırasında camların buharlaşan
Cr’un durduğu ısıtma potasına parallel bir şekilde döndürülmesi nedeni ile filmlerde
bir kalınlık gradyeni oluştu. Bu gradyen sayesinde, fırınlama sonrasında, örnek
üzerinde farklı dağılımlara ve boyutlara sahip adacıklar oluştu. Adacıkları boyutları
itibari ile optik mikroskop ile gözlemek, yüzeyde nasıl dağıldıklarını görmek
mümkün oldu. Bahsedilen kalınlık gradyenin sonucu olarak iki farklı dağılım
gözledik. Faz-1 olarak adlandırdığımız ilk dağılımda adaların, kümeler oluştursa bile
birbirinden ayrık bir biçimde yüzeyde bulunduklarını gördük. Bu yüzey fazı özellikle
kalınlığın en ince olduğu film sınırlarında görülüyordu. Adacıkların yüzeydeki
dağılımının, filmin daha kalın, orta bölgelerinde epey yoğun olduğunu gözledik. Bu
Faz-2 yüzeyi, Faz-1 yüzeyinin aksine krom adacıkları tarafından tamamı ile
kaplanmış şekilde gözlendi. Atomik kuvvet mikroskopisi ve taramlı elektron
mikroskopisi teknikleri ile yaptığımız görüntülemeler, optik mikroskop ile elde
ettiğimiz sonuçları doğruladı. İki yüzey fazını da bu üç teknik ile görüntülemek ve üç
teknik ile elde ettiğimiz adacık boyutlarını kıyaslamak mümkün oldu. Adacıkların
Küreye yakın şekillere sahip olduğunu üç teknikte de gördük. Taramalı elektron
mikroskobu ile elde ettiğimiz yüksek çözünürlükü verilerde Cr adacıkların çoklu
kristal benzeri bir yapıda oluştuğunu gördük.
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Krom adacıkların kimyasal yapısı ve oksitlenme durumlarını çalıştık. Taramalı
elektron mikroskopu altında yapılan enerji dağıtıcı x-ışını spektrumu, adacıkların
oksitlenmiş krom olduğunu gösterdi. Kromun pek çok farlı değerlikte oksit
oluşturabildiği bilinmektedir. Örneklerimizde hangi tip oksitlerin olduğunu
öğrenebilmek için bileşik yapan elementin değerliğini öğrenebileceğimiz photoelektron x-ışını spektrometrumu yaptık. Yapılan detaylı analizleri literatür değerleri
ile kıyasladığımızda, krom adacıkların olduğu yüzeyin farklı değerliğe sahip Cr
oksitlerinden oluştuğunu gösterdi. Adacıkların metalik Cr0 ile oksit olan Cr+3 ve Cr+6
değerliklerinin bir karışımı olduğunu öğrendik.
Vakum altında yapılan termal buharlaştırma işlemi sonrasında örnekleri oda
koşullarına alıp nem kontrollü kutularda saklıyorduk. Fırınlama işlemi de oda
koşullarında yapılıyordu. Fırınlanmış örnekler, incelenmek üzere optik mikroskop
altına konduğunda atmosferdeki nemin yüzeyde yoğuştuğunu gözledik. Araştırmanın
bu aşamasında krom-oksit adacıkların su ile etkileşimi ile ilgilenmeye başladık.
Örneklerin yüzeylerini nemlendirebileceğimiz veya örneğin bulunduğu ortamın
nemini kontrollü bir şekilde arttırabileceğimiz bir düzenek hazırladık. Saf
(deiyonize) su ile kontrollü bir şekilde nemlendirme deneyleri yaptık. Adacıkların
oluşturduğu delikli/engebeli yüzeyin hidrofobik olacağını düşünüyorduk.
Nemlendirme deneyi sırasında yüzeyi kaplayan suyun, bu bağlamda yüzeyde su
damlacıklarını oluşturmasın beklerken, yüzeyde yayılarak fraktal şekiller
oluşturduğunu gözlemledik. Literatür incelemelerimizde suyun oda koşullarında, bir
yüzey üzerinde gözlediğimiz şekilde yapılar oluşturmasının daha önce
raporlanmadığını öğrendik. Krom adacıklar üzerinde suyun bu alışılagelmemiş
davranışını anlamak bu tezde anlatılan projenin en büyük hedefi oldu.
Yaptığımız deneyler, suyun oluşturduğu fraktal biçimlerin, üzerini kapladığı krom
adacıkların dağılımına bağlı olduğunu gösterdi. Adacıkların birbirinden daha uzak
olduğu Faz-1 yüzeyinde düzgün biçimli (well-behaved) diyerek adlandırdığımız,
deltoid gibi geometrik şekillere benzer, 150-300 mikronluk alanlar kaplayan
büyümler gerçekleşti. Faz-2 yüzeylerinde ise büyüyen şekiller çok daha geniş
alanlara yayıldı. Çığ gibi yayılan suyun bu büyümesi dallanıp budaklanarak tüm
örnek yüzeyini kapladı. İki tip büyümede de şekiller hep bir çekirdek noktasından
başlayıp, o noktadan evrildiler. Şekillerin evrilmesini gerçek zamanlı olarak optik
mikroskop altında gözlemek ve kayıt etmek mümkün oldu. Her bir çekirdek
noktasından dallanarak ilerleyen fraktal biçimlerde bir dalın başka bir dala kesinlikle
değmediğini gözledik. Bu şekillerin evrilmelerini tezde ayrıntılı bir şekilde inceledik.
Optik mikroskop ile gözlediğimiz bu büyümlerin morfolojilerini atomik kuvvet
mikroskopu ile de gözlemek mümkün oldu. Deneyi tapping modu adı verilen atomik
kuvvet mikroskopisinin özellikle oda koşullarında çalışabilmek adına geliştirilmiş
olan modunda yaptık. Bu modda cantileverin salınım genliğini 20-30 nm civarında
tutarak yüzey taranır. Bu tekniğin en büyük avantajı iğnenin yüzeye, görece uzak bir
mesafede kalmasıdır. Bu sayede iğnenin oda koşullarında tüm yüzeyleri kaplayan
birkaç atomik katmandan oluşan su filminden etkilenmemesi sağlanır. Eğer tarama
sırasında iğne ile su filmi arasında menisküs oluşursa bu taramayı bozar ve gürültüye
neden olur. İşte tapping mod bu problemden kurtulmayı sağlar. Suyun büyüdüğünü
gözlediğimiz örnek üzerinde atomik kuvvet mikroskobunu bu modda çalıştırarak
yaptığımız deneylerde ise optik mikroskop ile gördüğümüz şekilleri çok net bir
şekilde görüntüleyebildik. Sıvı halde bulunan suyun tapping modda bu şekilde
düzgün görüntüleyemeyeceğimizi bildiğimizden suyun bir şekilde donmuş
xxiv

olabileceğini düşünmeye başladık.
Oda koşullarında gözlemlediğimiz, suyun fraktal biçimler oluşturarak krom
adacıklarının bulunduğu yüzey üzerinde donmasının nedenlerini anlamaya çalıştık.
Su polar bir moleküldür. Diğer bir değişle net bir dipol momenti vardır. Dipoller
elektrik alan altında elektrik alana pararlel bir şekilde durmak isterler. Yüksek
elektrik alanlar altında suyun oda sıcaklığında donabildiği bilinmektedir. Bu
bağlamda, incelemekte olduğumuz suyun bu garip davranışının krom adacıklarının
elektrokstatik özelliklerinden kaynaklanabileceğini düşündük ve yüzeyin
elektrostatik haritasını çıkartmaya çalıştık. Atomik kuvvet mikroskobunun farklı bir
modu kullanılarak bu deneyi yapmak mümkün oldu.
Elektrostatik kuvvet mikroskobu denilen bu mod, az önce anlatılan tapping moda iki
temel ilave yapılarak çalışır. Elektrostatik modda iğne ile yüzey arasına bir elektrik
potansiyali uygulanır ve iğne birkaç yüz nm uzaktan tarama yapar. Bu sayede
iğnenin, iğneyi yeterince uzakta tutularak sadece coulomb etkileşmesi yapması
sağlanır. Bu teknik ile görüntülediğimiz krom adacıkları ile kaplanmış yüzeylerde
farklı yüklere sahip bölgeler olduğunu gördük. Elde ettiğimiz deney verileri
üzerinden yaptığımız hesaplarda iki bölge arasındaki potansiyel farkın 106 V/m
mertebesinde olduğunu gördük. Termodinamik olarak, su moleküllerini oda
koşullarında, elektrik alan doğrultusunda döndürebilmek için gereken potansiyel 109
V/m dir. Buna rağmen suyun daha düşük değerlerde de donabileceği hem teorik hem
de deneysel olarak gösterilmiştir. Literatürden, suyun elektrik alan altındaki
davranışını inceleyen yayınlardan, hesapladığımız değerlere yakın mertebelerdeki
elektrik alanlarda da suyun buza benzer bir davranış gösterdiğini öğrendik.
Bu çalışmada, suyun oda koşullarında, katı bir yüzey üzerinde göstermiş olduğu
alışılagelmemiş bir davranışını inceledik. Termal buharlaştırma ve ardından fırınlama
ile hazırlanmış krom-oksit adacıklarından oluşan yüzey üzerinde su fraktal şekiller
oluşturarak yayıldı. Gerçekleştirdiğimiz deneylerde bu şekillerin suyun donması ile
olduğunu gösterdik. Çalışamanın başında krom-oksit adacıkların yüzey özelliklerini,
adacıkların cam altlık üzerinde nasıl dağıldıklarını inceledik ve oksit yapısını
anlamaya çalıştık. Ardından kontrollü nemlendirme deneyleri ile suyun bu adacıklar
üzerindeki yayılmasını araştırdık. Elde ettiğimiz elektrostatik harita oksit adaların
yüzey üzerinde elektrostatik olarak farklı yüklenmiş bölgeler oluşturduğunu
gösteridi. Suyun bu davranışının en büyük nedeninin yüzeydeki yüklü bu bölgeler
nedeni ile olduğunu düşünmekteyiz.
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1. INTRODUCTION

Two materials interact with each other at their interface. The physics differs from the
bulk properties due to surface phenomena at the interface of materials. The two
media that interact can be in any phase. We are interested in solid-liquid interaction
and specifically studied with the water film on chromium oxide structures.
Consequently, this study was divided into two main branches: Analyzing the surface
properties and chemical composition of the chromium oxide structures being the
first, the water growth on them as the latter.
1.1 Purpose of Thesis
The process that leads us to look in to this problem was as follows: Silica glasses are
chosen as substrate in many applications in both industry and scientific areas. The
reason is, they are chemically stable, which is the most wanted property from a
substrate. In addition, soda lime glass transmits the entire visible region. Among all
the advantages of using oxide glasses, there is a problem. In most cases, the film
grown does not adhere strongly on glass. Especially this problem is encountered
while working with noble metals. Gold films on silicon oxide substrates or glass are
usually used as a filter in the optics applications [1-3]. If the desired film do not
adhere to the substrate, having a smooth film surface is not possible. An example of
this problem is given in a reflected light optic microscope image in Figure 1.1.
Thermally evaporated Au on soda glass in region b has an abraded surface. Solution
of this problem requires an additional adhesive layer in between the substrate and the
film. The material of the film has to be chosen from a material that can adhere on
both. Chromium is widely used for this purpose in many thin film applications [4-6].
The result is obvious on region c in the figure where the gold layer is not scratched as
in the b region. To emphasize, adding Cr as a glue layer is efficient and prevents the
gold film surface to be abraded. Preparing the Cr adhesive layers with thicknesses
around 10 nm is usually enough for the purpose aimed.
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Figure 1.1 Optic microscopy image compares the mono and bilayer zones on a film
which was prepared as in the crossection(d). Scratches within the circles
are visible in b. a) Empty soda lime glass surface b) Thermally
evaporated 5nm thick Au film1 c) 9nm thick adhesive Cr layer makes that
Au to have better surface.
In thin film preparation, annealing is a common procedure. For instance, in the gold
example, heat treatment alters the surface condition as shown in Figure 1.2. This
grain formation due to the heat treatment is called as dewetting and can be controlled
with annealing condition [3,7]. This phenomenon has a practical usage in optics
applications [1-3,8,9]. The optic response of metals is characterized by the properties
of the free electron gas [10]. It is possible to confine the oscillations of the electron
gas by reducing the size of the metal particles to a few nanometers . This
confinement effects the optic properties of the film significantly. As shown in the
transmittance spectrum in figure 1.2 a. This is used in many ways such as producing
colored glasses for decoration purposes and optic filtering applications [1-3,8,9].

Figure 1.2 a) Atomic force microscopy morphologies of 15 nm thick gold film both
as deposited and annealed (20 minutes), b) Heat treatment manipulates
the optic response of the gold film as well.
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This is a reflected light image. Therefore, Although the film thickness is 5 nm, gold layer appears

yellow to the eye.
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The sample in Figure 1.2 was 15 nm gold film on glass substrate. Annealing was
performed under air. Increasing the temperature to 500 oC was necessary for
dewetting the film as in the figure. The duration of the annealing was 20 minutes.
Performing the annealing in a longer period did not change the optic results. Due to
the weak interaction between the gold film and the glass substrate, it was again easy
to abrade the as deposited and the as annealed samples. During the thin film
deposition, growth of the Cr adhesive layer between the glass-gold interfaces was a
way to prevent this problem.
Although usefulness and ease to apply, whether the additional adhesive layer affects
the original film surface or not is the question to be asked. We conducted a
preliminary study with a focus to investigate the effect of the heat treatment on
Chromium thin films. We prepared monolayer Chromium films by thermal
evaporation method on soda lime glass substrates with 10 nm film thickness. The
samples were annealed under the same conditions with the gold sample.

Figure 1.3 Reflected light optic microscope images of as deposited (a) and annealed
(b) Chromium films.
Distinguishable islands/clusters were formed on the monolayer Chromium sample
after annealing at 500 oC under ambient atmosphere. Thus, heat treatment altered the
film surface entirely. This result provided an answer to the question that had been
asked in the previous paragraph about the adhesive layers. Since the annealing had
this effect on the Cr film, that would be wise to reconsider using this element as an
adhesive layer.
The optic microscope images in the Figure 1.3 were captured under ambient. The
water coverage was inevitable because of the ambient humidity. The properties of
liquid coverage on a solid surface have a strong dependence to the properties of the
3

surface. Water could wet the surface totally (Hydrophilic) or could form droplets
(Hydrophobic) which corresponds to low and high contact angles respectively [11].
We increased the humidity at the proximity of the annealed sample to observe either
of them. Contrary to expectations, we observed peculiar confinement behaviour of
water. As a result self-similar patterns appeared on the annealed sample surface as
show in Figure1.4. After this observation, understanding the physical reasons of this
phenomenon became the main goal of this thesis.

Figure 1.4 Reflected light microscope image of the water fractals.
1.2 Literature Review
In the recent years, there were a number of studies that focused on the properties of
the adhesive layers. Especially Chromium received interest because although Cr is
frequently used as interlayer between glass substrates and gold films, the interlayer
interactions and the oxidation processes are not very well known. To the best of our
knowledge, an experimental study was first conducted in 1973 to measure the
adhesivity of the chromium films on glass substrates, using dynamic peel test method
[4]. This very first quantitative analysis shown strong evidence that the Cr adheres
better if oxidized. After almost thirty years, the diffusion of Cr inside the silica glass
was observed with transmission electron microscopy (TEM) at the cross-section of
Cr/glass interface [5]. The authors also suggested that the diffusion takes place as
oxidation of Cr with the oxygen of the silicon oxide of the glass. This forms up a
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reaction zone that can be resolved with TEM. This result also supports the
quantitative data of the pulling test.

Figure 1.5 Cross-sectional TEM image of Cr-Glass interface [5].
Furthermore, the diffusibility of the Chromium atoms is surprisingly high. The
Gold/Chromium/Glass bilayer systems have already been mentioned in the previous
section. Huang Y. et al reported the Chromium atoms of the interlayer are mobile
and they can diffuse inside the gold layer on top [6]. To see the chromium content in
the gold layer an analysis was conducted with Auger spectroscopy2.The film coating
thicknesses were 20 nm for Cr and 110 nm for gold that was prepared by physical
vapor deposition (PVD). The elemental results showed that the Cr diffuse inside the
gold layer and can reach on the top of the surface. The table 1.1 represents the results
of the spectroscopy from the reference [6]. Significantly, after annealing temperature
reached to 200 oC, Cr content was observed on the gold surface. They also noted that
this affects the surface morphology of gold layer.

Table 1.1 Chromium content on to the surface of 110 nm thick gold layer, observed
with Auger spectroscopy [6].

2

Detailed information about auger spectroscopy can be found in the referance [12]
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The condensation characteristics of water on various surfaces received great interest
from researchers of many fields. In 1986, Beysens D and Knobler C.M conducted an
experiment to show the nucleation kinetics of the water droplets (breath figures) on
glass substrates and silanizated silicon wafers [13,14]. They kept the surface below
zero Celsius and observed the nucleation of the water using optical microscope. This
study was followed with the observation of pattern formations due to super cooled
water on mica substrate [15,16]. Liquid AFM studies showed evidence of molecular
ordering at the surface vicinity while both the sample and the scanner are inside the
water at room temperature [17]. Infrared spectroscopy experiments confirmed this
observation as the “ice like” structure for the first three molecular layers of thick
water coverage on silicon oxide [18].

Figure 1.6 Condensation of water on cold silanizated silicon wafer (the breath
figures). The surface of the sample has a gradient of the silane
concentration that differs the contact angle on different spots [14].
Condensation of water under large electric field up to 109 V/m was observed in a
number of studies [19-21]. In 2005, Eun-Mi Choi, et al showed with a modified
scanning tunneling microscope that is also possible to freeze the water with relatively
small electric fields (106 V/m) at room temperature [23]. In 2012, Severin N, et al
showed the fractal growth of water with AFM. They exfoliated graphene on freshly
cleaved mica and observed fractal growth of water at this interface [24].

Figure 1.7 Fractal growth of confined water between graphene and mica. a) Atomic
force microscopy topography of the top graphene surface. The water
growth beneath the graphene affects the surface morphology [24].
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1.3 Hypothesis
To the best of our knowledge, the propagation of water on a solid surface as fractals
under ambient conditions has not been reported yet. This phenomenon in the Figure
1.4 happened on the granular surfaces of the annealed Cr films. That was possible to
call these granules as the substrate for the fractal growth of water. We observed this
growth in the first place when the ambient humidity was increased. We repeated this
experiment by contaminating the sample with pure water.
To have an understanding of the interaction of water with this substrate we divided
the problem. We investigated the surface properties of the pristine annealed sample
at the beginning. Details of the morphologies of the structures as in Figure 1.3 b were
discussed in Chapter-3. Since the study was conducted under ambient, oxidation of
the Cr film/Cr-clusters were inevitable [4,5,6]. Chapter-4 covered the study on the
oxidation states of these structures. These analyses gave us valuable information
about the CrxOy structures.
The growth patterns of the water were presented in chapter-5. We observed similar
patterns as in the Figure 1.7. The important feature of the study of Severin N, et al
was the confinement of the water between two solid interfaces. In our observation,
the growth happened on the surface that had particulate chromium oxide.
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2. SURFACE SENSITIVE ANALYSIS TOOLS

Since we are interested the surface properties of the investigated system, the
experiment techniques that are going to be used have to be chosen properly. In the
other words, the collected data has to reflect only the information from the surface of
the specimen. For imaging the topography of a sample surface, scanning force
microscopy (SFM) was used. Using different scanning modes SFM can give deeper
knowledge about the surface properties as well. Starting from the basics, SFM was
discussed in the next sections. To image the oxide structures in high resolution,
scanning electron microscopy (SEM) was employed. The SEM images of the Cr
oxide structures gave us the opportunity to compare the results of both surface
sensitive tools. The last section of this chapter was left for the techniques, which give
chemical properties of the films. Those results were discussed in the third chapter.
The Scanning electron microscopy, energy dispersive x-ray spectroscopy (EDX) and
X-ray photoelectron spectroscopy (XPS) experiments were conducted at Koç
University, KUYTAM Laboratory. These experiments conducted with the help and
guidance of Prof. Özgür Birer.
2.1 Optical Microscopy
After the preparation, first, each sample imaged with optical microscope. This is
quite efficient because light microscope gives the first, overall idea about the sample
surface. The resolution of optic imaging is defined with the Abbe limit, which is
roughly [25].
(2.1)

Figure 2.1 The clusters are imaged with the 1000x magnification.
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We used Olympus BX51 microscope which has both reflected and transmitted light
illuminator. A 5 megapixel, colour camera, DP-25, is attached to the microscope by
which the images could be captured. x1000 magnification that made possible to
image the oxide structures with sizes that vary between 200 nm and 1 micron.
2.2 Scanning Force Microscopy
Pioneering efforts of Gerd Binning et al. started a new era for surface studies by the
invention of the scanning tunneling microscope (STM) [26,27]. When an atomically
sharp tip was brought to vicinity of a sample surface in a few angstroms, the wave
functions of the tip atom(s) and the sample atoms overlapped. This brought a
probability to jump an electron through the gap. This phenomenon was quantum
tunneling [28,29]. A small electric current started to pass between this gap when a
bias voltage has been applied between the tip and the sample. This was so-called
tunneling current [26,27,29].Since electrons tunneled from the filled states or to the
empty states of the sample (the direction of the applied voltage decides which one
happens), the result was a microscope that image the localized density of states
(LDOS) of electrons at the surface of the sample [29]. To be able to say the only
contribution to the tunneling current comes from the surface but not also from the tip,
the LDOS of the tip had to be constant at the energy interval of interest [27,29-31].
The magnitude of the current was depended on both the bias voltage and the tipsample separation. The idea behind the STM was keeping the tunneling current in a
desired value while scanning along the surface.
Piezo ceramic transducers made possible to do precise positioning in angstrom level
on each x, y and z directions. The elongation/contraction was controlled by voltage
applied to the ceramic components of each direction [26-27,29-31]. A feedback loop
controlled the tunneling current and subsequently updated the tip sample distance (z
direction). This loop made possible to keep the current constant while scanning along
x-y plane. Projecting the piezo voltage to the each pixel of the scanned x-y plane
gave the topography map of the surface. This brought a microscope that have atomic
resolution in topography and a microscope that is able to sense the localized density
of states.
Despite this ability to have resolution in pm range, there was a big constraint for the
STM. Surfaces of interest must be (semi)conductors otherwise; the tunneling current
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cannot flow between the tip and the sample. For instance, on an insulator sample, the
feedback loop that monitored this current, to obtain the tunneling current, would try
to decrease the gap distance. Then, this process would finalize with the crash of the
tip to the sample. The evolution of scanning probe techniques continued to solve the
constraint of STM and continued to have an SPM that can track the morphology on a
larger variety of samples. Atomic force microscopy was developed with this idea in
1986 [32].
The basic principle of each SPM technique was using and modulating a key physical
parameter in a feedback loop. This feedback process kept the desired parameter in
between the assigned values while scanning along the surface and recorded the
variation of the other physical parameters. Map of the variation of these parameters
along the scanned area gave information about the tip-sample interaction. For
example, STM was using the tunneling current as the feed-back parameter [26-27,2931]. Instead of tunneling current, atomic force microscopy was designed to measure
the interatomic / intermolecular forces between the tip and the sample. This
technique made possible to study with both (semi)conductors and insulators [32].
Table 2.1 Possible attractive interactions between atoms and molecules [40-42].
Interaction Type

Distance dependence of the

Typical

interaction potential

energy(kJ/mol)

Ion-Ion[33,34]

⁄

250

Ion-Dipole[33,34]

⁄

15

Dipole-Dipole

⁄

2

⁄

2 - 0.2

⁄

2 - 0.2

⁄

2 - 0.2

(stationary)[33,34]
Dipole-Dipole

(Keesom

interaction) [35,36]
Nonpolar-Dipole

(Debye

interaction)[37,38]
Nonpolar-Nonpolar
(London dispersion) [39]
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When two, neutral atoms/molecules are brought together, they start to interact
attractively. If the atoms/molecules are brought closer continuously, their electron
clouds start to overlap after a limit distance. Due to the Pauli principle, repulsive
interaction becomes significant after this limit [40-42]. The dominant interaction in
the attractive region is dependent to the separation distance and charge and dipole
characteristics of the atoms/molecules. Table 2.1 lists the all possible interactions
with their distance dependencies. All these interactions are ultimately of
electromagnetic origin. When a neutral tip brought to the sample surface for few
nanometers;

dipole-dipole,

dipole-nonpolar(induced-dipole)

and

nonpolar-

nonpolar(dispersion) interaction terms become dominant. AFM measures the
deflection of the tip that is caused by the tip-sample interaction. The summation of
these three terms may be written as [40-42]
( )

(2.2)

C is a coefficient that depends on the interaction type. If the distance decreases to a
limit to where their electron clouds overlapped, Pauli’s exclusion principle starts to
become effective [40-42].
( )

(2.3)

The summation of these two terms gives the complete range of the interaction
potential of two neutral, non-bonding atoms/molecules and this potential equation is
called as Lennard-Jones Potential.
( )

(2.4)

a and C are empiric constants depending to the interaction [40-42]. The

that

makes the potential term zero is
( )

⁄

(2.5)

This term determine how close two nonbonding atoms/molecules can get. The
distance of minimum interaction potential is

is the maximum value of the

attractive potential.
( )
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⁄

(2.6)

The attractive regime is below the axis in the Figure 2.2. When the distance becomes
smaller repulsive interaction becomes dominant.

Figure 2.2 Lennard-Jones potential[40-42].
2.2.1 Atomic force microscopy
AFM uses a sharp tip that is attached to a cantilever. Tip stays at the free end of this
cantilever. Due to the attractive and the repulsive forces those acts on the tip, which
is at the surface proximity, the cantilever bends. In the simplest terms, the cantilever
can be considered as a spring and the interaction is the force that makes the spring
extend or compress. AFM measures this extension/compression of the cantilever.
This can be done in many ways since the properties of the cantilever is known.
Therefor the feed-back parameter of the AFM is the deflection of the cantilever
[31,32,43].
A displacement sensor is used to monitor the deflection of the cantilever. This sensor
uses a laser beam that is focused towards the free end of the cantilever. A photo
diode at the trajectory of the reflected beam measures the deflection. The best is
using a photodiode that has four segments for both having precise alignment and
obtaining the deflection data on each direction. Concisely voltage differences of the
four segments give the displacement data.




Total photo voltage of each quadrant (VT),
Voltage difference of left and right hand side segments as lateral deflection
(VL),
Normal displacement as the oscillation amplitude at north-south direction
(VN),

all together give the motion characteristics of the cantilever. Another parameter that
has to be controlled is the tip-sample distance. Of course defining the precise
distance in between is not an easy task since the distances are at the nanometer scale.
By using a piezoelectric ceramic, angstrom level sensitivity can be achieved on x, y
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and z directions. The potential VN gives the motion of the cantilever on z direction.
This is the effective parameter for the interaction measurement. To measure the
force-distance spectrum or to obtain the surface topography this voltage is
monitored. A schematic of the deflection sensor was given in Figure 2.3.

Figure 2.3 The feedback loop of the AFM schematic, with a tube piezo, a fourquadrant photo-diode and the oscillator.
To measure the surface topography that is possible to keep the tip in contact with the
surface while scanning along the x-y plane. This operation is called as contact mode.
Although the contact mode AFM is capable to track the morphology on an insulator
surface, having a smooth surface is essential. The reason is, while the scan goes on,
keeping the tip in close contact with the specimen surface may damage both the tip
and the sample surface easily. Special care must be taken for the cantilever and for
the specimen while operating with this mode. The cantilever has to be soft (k=0.01 1N/m) in order to keep the tip and the surface undamaged and the sample surface has
to be relatively flat. Under these circumstances, the result of the experiment may not
reflect the true topography. Alternatively, semi-contact and non-contact modes were
developed to remove of this issue [44-46]. These two are also called as dynamic
mode because the cantilever is forced to oscillate at its resonance frequency with the
help of an extra piezo attached to the cantilever (Figure 2.3). Measurable parameters
are the variables of the harmonic motion: Amplitude (A), Frequency (f) and Phase
(φ) [44-46].
In the dynamic case the potential VN of the four quadrant photodiode reflects the
variables of the harmonic motion. It is possible to modulate either the frequency or
the amplitude in the feedback loop. The frequency modulation (non-contact mode)
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requires precisely tuning the frequency with amplitudes below 1 nm. This makes
possible to obtain atomic resolution without touching the surface but oscillating in
the attractive region [47]. The quality factor (Q) of the resonance has to be quite high
(Q ~104) for the non-contact mode. That value is not easy to obtain under ambient.
The water contamination under ambient is also a problem for both the frequency
modulation and contact modes. If there is a water contamination on the sample
surface, there is a high change to form up a water meniscus between the tip and water
coverage [48]. That is why the amplitude modulation or tapping mode is usually
preferred while working under ambient [44,45,47]. In this case, the oscillation is
tuned to have amplitudes at 1 nm to 100 nm at the resonance frequency of the
cantilever [47]. With this relatively high amplitude, the tip softly touches to the
surface but also retracts to a relatively large distance. This is actually an averaging of
the forces in the amplitude interval. However, although this is an advantage of the
tapping mode, the compromise is the reduction of the resolution [31,43].

Figure 2.4 Scan head of the ambient AFM designed by NanoMagnetics.
We worked with tapping mode since we are interested in the properties of the
surfaces/interfaces of interest under ambient conditions. Especially our motivation is
to work with water adsorbed on surfaces. We used a commercial AFM supplied by
NanoMagnetics and cantilevers from NanoSensors. The spesifics of the cantilever
that we used was given in the Table 2.2.
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Figure 2.5 A schematic of the cantilever and the tip.
Table 2.2 The properties of PPP-NCHR cantilever designed for tapping mode
applications [49].
Technical Data

Nominal Value

Specified Range

Thickness (μm) of the cantilever

4

3.0-5.0

Mean Width (μm) of the cantilever

30

22.5-37.5

Lenth (μm) of the cantilever

125

115-135

Force constant (N/m)

42

10-130

Resonance Frequency (kHz)

350

204-497

Guaranteed tip radius of curvature
(nm)

< 10

-

It is necessary to know the dynamics of the cantilever in order to be able to
understand the effects of the external forces that act on a tip at the proximity of the
surface. The dynamics of the cantilever at the free space can be written in terms of a
forced-damped harmonic oscillator [50].
(

)

(2.7)

The solution is in the following form:
(

̃

(2.8)

)

Substituting this in (2.7) gives:
(

)

( )
( )

Amplitude and phase terms become:
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(2.9)

⁄
√(

)

(

⁄ )
(2.10)

⁄

(
(
Where
frequency

)

)

defined as the quality factor of the resonator. At the resonance
,
(2.11)

These terms are the physical properties of the oscillation in ideal case, without
damping and external forces. To obtain the dynamics of the tip which is interacting
with the surface, Fts has to be introduced to the equation 2.7.
(

)

(2.12)

Statistical calculations over the average of the kinetic energy with respect to the tipsample interactions brought [47,51]
〈
(

√

〉

)
(2.13)

(

(∑

)

)

The electronics that we used was monitoring the alteration of the resonance
amplitude as root mean square, which is related with the amplitude as
√

(2.14)

Before approaching to the surface, the resonance of the cantilever and the oscillator
was tuned. The electronics of the system monitored the
and the phase shift
due to the tip-surface interaction.
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Figure 2.6 A typical tuning result with a PPP-NCHR cantilever. .The resonance with
centre frequency: 302 kHz, phase: 114.900o and Q: 816.24.
To calibrate the tip, before each experiment, a measurement was conducted on a
well-known surface. Figure 2.7 shows the typical result of the AFM measurement on
HOPG crystal. There were three channels we used to record:




Vz: AFM Topography. The voltage differences on z-piezo
〈 〉
Phase: A function of the
Amplitude: The error function since the modulated parameter is the
amplitude.

Figure 2.7 A typical tapping mode AFM scan of HOPG.

2.2.2 Electro static force microscopy
Due to the inverse square law, Coulomb force is a long-range interaction. It is
possible to use SFM to image the electrostatic forces between the tip and the surface
[52,53]. With this technique, the tip is retracted from the surface until the short-range
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attractive forces do not affect the tip anymore. This sort of imaging has two scan
stages. The forward scan is done as usual tapping mode to obtain the surface
morphology. The backward scan however, done at a larger tip-sample distance, at
least longer than the oscillation amplitude of the forward scan. The important detail
here is, the backward scan is done when the feedback loop is disabled (When the
feedback loop is closed, the electronics do not update the sample-tip distance
anymore with respect to the feedback parameter). The z piezo is made to follow the
track of the morphology of the previous forward scan in to obtain the EFM signal.
With this small trick, it is possible to remove the effect of the intermolecular
interaction between the tip and the sample and obtain a signal that corresponds only
to the electrostatic interactions. This method is named as electrostatic force
microscopy (EFM) [31,54,55].

Figure 2.8 The two stage scan of the EFM.
The electronic design of the system that we used led us only to control the bias of the
sample. The samples that we were interested to study with EFM were insulators so
that we could not use this feature of the setup. Due to the electronics the cantilever
holder had a constant bias of 3.5mV. We used gold coated condactive tips with the
same specifics as in the Table 2.2 and were able to detect the charge distribution of
the floated sample surface. The EFM signal that is recorded was the altered normal
displacement potential,
. According to the calibration of the system 0.1 V
difference in the
was approximately equal to 1nm alteration in amplitude RMS.
The electrostatic force that acts on the cantilever in the backward scan of the EFM
mode is because of the surface charges. The interaction force is defined as:
(2.15)
where z is tip-sample separation, C is the capacitance, V is tip sample voltage
[31,54,55]. This equation can be simplified by assuming the tip as a sphere with
radius of R [31,54-56].

19

( )

(2.16)

2.3 Scanning Electron Microscopy
As mentioned previously in the section 2.1, resolution of the image is a function of
the wavelength of the incident beam. The wavelength of a particle with a certain
momentum is defined by the de Broglie equation [57]. For the non-relativistic
electrons, those accelerated with a
potential:
(2.17)
√

(2.18)

And the wavelength of the electrons can be calculated from
(2.19)
since h=6.62 10-34Js,

= 9.11 10-31 kg , e = 1.60 10-19 C.
√

(2.20)

De Broglie wavelength of the accelerated electrons is function of the voltage in nm
scale. It is possible to increase the resolution by using electron beam as the probe
than the photons in light microscopy [58]. The higher acceleration voltage decreases
the wavelength and eventually makes possible to obtain better resolution. At high
velocities electrons reach to relativistic speeds. Relativistic correction would be
necessary to the equation 2.20 at these speeds.
The incident beam is named as primary electrons (PE). The PE that penetrated into
the sample makes both elastic and inelastic collisions. These interactions are
depended to both the energy of the incident beam and the sample properties [59].

Figure 2.9 All possible signals that occurred after the strike of the incident electron
beam [58].
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The PE can elastically scatter inside the sample until it backscatter (BSE) from the
sample boundary. Since the kinetic energy is not lost, BSE have high energy. The
scattering angle is a function of the atomic number of the scattered atom. Therefore,
BSE signal gives information about the chemical properties of the sample [59].
Along with the backscattering, the primary electrons can make inelastic collisions
with the sample atoms. This inelastic collision may excite the electronic transitions
of the sample atoms. This can generate secondary electrons (SE), auger electrons and
X-ray emission from the sample. Secondary electrons are formed by the collisions
those excite a loosely bound outer shell electron to the conduction band. This
electron can propagate through the specimen and escape from the surface [58,59,60].
Since the energies of these electrons are below 50 eV, the mean free path is in order
of nanometers after they are out of the specimen [58,59,60].
The detectors of the scanning electron microscopy are sensitive to the backscattered
and the secondary electrons [58,59,60]. By using proper electron optics, PE beam
can scan along the surface [58]. It is necessary to operate the system under vacuum.
The detectors measure the intensity of the emitted secondary or backscattered
electrons. The image is created by recording the intensity of the secondary electrons
at each spot the PE hits [58,59,60]. We used Zeiss Ultra Plus SEM microscope
capable to work at voltages between 0.1 keV – 30keV. With the help of this, we were
able to get high resolution Cr-Oxide Structures on the insulator.
2.4 Chemical Analysis Tools
2.4.1 Energy dispersive x-ray spectroscopy
Due to the quantum nature of atoms, electrons are occupied in orbitals with certain
energy levels of which are governed by the principal quantum number, n. The energy
interval between two quantum states has a characteristic value for each different
atom. EDX is an analytical technique to measure this characteristic energy interval.
[59].
Inelastic collision with an electron that has enough kinetic energy can remove an
inner shell electron and ionize the relevant shell as in the Figure 2.10. To fill the
vacancy of the ejected electron, another electron from the higher energy shell
transfers to that state. An X-ray is emitted because of the energy difference between
the inner and the outer shell [60].
We used Bruker Quantax EDS system that has an embedded X-ray detector (Bruker
Xflash 5010) inside the SEM chamber. The detector measures the intensity and the
energy of the emitted photons from the specimen. The embedded detector inside the
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SEM chamber made possible to perform local spectroscopy on a desired point in the
SEM image.

Figure 2.10 To fill the vacant state in the inner shell, an electron at the L orbital
transferred to the vacancy in the K shell.
2.4.2 X-Ray photoelectron spectroscopy
By illuminating the sample surface with X-ray, that is possible to eject a core shell
electron. The energy of the X-ray has to be at least equal to the binding energy (W)
of the electron. The kinetic energy of the ejected electron is determined by the
Einstein’s photoelectric effect equation.
(2.21)
XPS sends a focused beam of x-ray to the sample surface. An energy analyzer
measures the kinetic energy of the ejected electrons. Afterwards, using the equation
2.21 that is possible to determine the binding energy of the electrons. The binding
energy generally shifts to a larger value if the atom is particularly positively charged
or is at higher oxidation state. The binding energy of the atom itself and the shift
gives the valance state of that atom [12]. We used Thermo Scientific K-Alpha for the
XPS studies

Figure 2.11 X-ray photon that has enough energy can eject a core shell electron.
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3. MORPHOLOGY OF CHROMIUM OXIDE STRUCTURES

In this chapter, starting from the preparation procedure of the surface, the
morphology of the chromium oxide structures will be discussed. The size of
structures those were formed after the annealing varied between 200 nm to a few
microns. Since this sizes of the structures were relatively large, it was possible to see
them with an optical light microscope. To image the surface structures in more detail,
atomic force microscopy was used. Due to the preparation procedure, we observed a
thickness gradient on the surface. This altered the distribution of the structures on the
substrate. These distribution characteristics were imaged with scanning electron
microscope.

3.1 Sample Preparation
Cr thin films were prepared by using physical vapor deposition (PVD) by thermal
evaporation of Cr and were annealed in a tube oven under ambient. The source for
thermal evaporation was 99.6 % pure Cr granules (bought from Umicore). To
evaporate the chromium a wolfram boat resistively heated. Substrates were ISOLAB
hydrolytic class 3 soda-lime glasses, which were produced for optics applications.
The thickness of each slide was 1 mm. The transmittance characteristics of the
substrates are given in Figure 3.1.c. These glasses transmitted the entire visible
region. Energy dispersive x-ray spectroscopy showed sodium, calcium, magnesium
and aluminum content in small amounts besides the silicon.
Obvious contrast difference between the optic images of as deposited (a) and as
annealed (b) samples in the Figure 3.1 were the first observation of the CrxOy
structures. We were able to see these structures and their distributions in detail using
optic microscope with high magnification (x1000). The high-resolution optic images
were presented in the section 3.2. The zone inside the red box in the figure was
examined in more detail in the Figure 3.7.
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Figure 3.1 Optic microscope images of a) as deposited b) annealed Cr film.
c) Optic transmittance spectroscopy of each film and the glass
substrates.
3.1.1 Thermal evaporation
The basic principle of this process was heating up a material till it evaporates under
high vacuum. Having high vacuum around 10-6 mbar was essential to increase the
mean free path of the gas without colliding with any other molecule in the chamber.
This was also necessary to keep the samples clean. A pure film of that material could
be prepared without contamination this way. The evaporated material condensed on a
substrate that was in front of the boat (the place where the deposit material is heated
up) and the film growth.

Figure 3.2 a) The glass evaporation mask. Inside the red square a glass slide (0,5 cm
x 0.5 cm) was placed to be deposited. b) schematic of the mask.
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The soda lime glasses were cut in small pieces with 0.5cm x 0.5 cm size. That was
necessary to build a glass holder to hang these small glass pieces in front of the
evaporation boat. This holder had twelve holes with a diameter of 3mm. To keep the
small glass pieces in line at top of these holes a slider was built as shown in Figure
3.2 b. These three layers of the mask were glued by using torrseal.
Before the evaporation both the cut glass slides and the shadow mask were cleaned.
The cleaning procedure was as follows: 1-minute acetone bath, 1-minute isopropanol
bath, 1-minute methanol bath, 1-minute ethanol bath, 1-minute Deionized-water bath
and to dry them nitrogen flow.
The evaporation system used in this study was Nanovak NVTS-400 in Koc
University, KUYTAM. At the very beginning of this study, evaporation rate was
calibrated by examining the films using a stylus profilometer3. The typical film
thickness of the films those prepared was 10 nm.
Rotating the substrates in parallel with the W boat while the evaporation goes on is a
common procedure for thermal coating. This usually helps to obtain homogenous
coverage. In this case, to hold the samples, we were using the evaporation mask that
was attached to the rotator plate. Even though the middle regions of these samples
were again homogenous, the thickness gradient was evident at the edges. The arrows
in the Figure 3.3 shows the increased direction of the gradient. Despite all our efforts
to measure the profile of the gradient with AFM, we could not succeed in this study
since the largest area that can be scanned with the AFM was 38x38 µm.

Figure 3.3 Optic microscope image of the thickness gradient at the film edge.

3

Profilometer work as contact mode AFM but designed to do precise line scan using a stylus probe.
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3.1.2 Annealing
The annealing of the samples was performed in a tube oven. At the beginning of the
study, temperature controller was calibrated to keep the temperature at 500 oC for
long time intervals. The graph in Figure 3.4.a represents the heating process. As
deposited samples were annealed under ambient atmosphere at 500 oC for 20min.
The samples were directly placed in the hot oven at 500 oC and after twenty minutes,
they transferred to a storage box.

Figure 3.4 a) Heating Process, the small arrow indicates the constant temperature
regime b) The Chemical Vapour Deposition setup. In this project, the
oven attached to this system was used.
3.1.3 Storage
Storing the samples required additional care while working with surfaces under
ambient. Since we are interested in contaminating the surfaces intentionally with
water in a controlled way, before the experiments, the samples were supposed to be
kept dry. To achieve this, a box filled with silica gel was used. By simply using
desiccant in storage boxes, keeping the humidity below 10% was possible around the
sample. Small alumina attachments inside the box made it possible to put in the hot
samples before they cooled down. We put a mask on every time before opening the
storage box to prevent the samples from the moisture of an accidently blown out
breath.

Figure 3.5 The simple desiccant that is used to transfer and store the samples.
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3.2 Surface Properties
We observed that the as deposited chromium film had a smooth surface. Since there
was nothing to focus, optical image appeared blurred. However, right hand side of
the Figure 3.6 showed that after annealing some particulate structures could be
resolved under the optical microscope.

Figure 3.6 Light microscope images of as deposited (a) and as annealed samples (b).
As already mentioned, due to the thermal evaporation and the masks used in the PVD
system, there was always a thickness gradient at the edge of the Cr films (Figure
3.3). Towards the middle sections of the film, the thickness measured complied with
the QCM values. Figure 3.7.a was the magnified image of the area that was indicated
with a red box in Figure 3.1. We zoomed in to this area and observed the particles.
Island/particle distribution significantly changed with respect to this thickness
gradient. Closer to the edge of the Cr film, the number of the particles was less than
the middle sections of the film. The separation between the particles and particle
clusters were shown in images b, c and d in the same figure. The edge zone (b) had
less particles those had a tendency to form clusters. We named this zone as surface
phase -1. The middle part of the particulate surface (d) the structures were apparently
had a total coverage. This dense zone became the surface phase-2. To emphasize,
phase is only a term for altered particle distribution. The transition between the two
phases starting from the film edge towards the middle part of it was shown in zone c
in the figure. The thickness gradient presented the opportunity to observe this effect
on the same sample.
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Figure 3.7 This optical microscope images represent the surface phases with respect
to the particle distribution b) surface phase-1 c) the transition zone d)
surfacephase-2.

Figure 3.8 AFM topography (a) and optic microscopy(b) in compression. c)Line
crossection of a particle in the AFM data.
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The particles appeared spherical and their diameters were measured using the optic
microscopy data turned out to be typically around 0.5 microns. This value was in the
limit of our optical resolution. We confirmed that the sizes are consistently so within
the atomic force microscope images. The cross-sections on the structures in both
AFM and optic microscope images gave the same result.The morphology of the Cr
structures was investigated using high-resolution scanning electron microscope.
Figure 3.9 compares a SEM image of a single particle with the AFM image of
another a similar particle. It is fair to say that similar particles were imaged with
AFM and SEM and can be compared. The polycrystalline form of the particle was
clearly observable in the SEM image. Figure 3.9 b was a phase image of the AFM
scan. The phase term in equation (3.13) was the function of derivative of the
interaction force term. That is why phase imaging may give better contrast then the
surface topography. Apparently, phase imaging had the contrast of the
polycrystalline form as in the electron microscope image. Most importantly, this
comparison gives an idea about the limits of the each type of microscope. Resolution
of the AFM under ambient for such samples is clearly behind than SEM.

Figure 3.9 The comparison of SEM (a) and AFM phase (b) images.
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Figure 3.10 Optic microscope (a), SEM (b) and AFM (c) images on both phase-1
and phase-2.
Using three different microscopy methods, here the morphology of annealed Cr
surface was studied. The comparison all of the three techniques were given in Figure
3.10. 1a and 2a were the optic microscope images. The difference of these optic
images is the particle distribution. Therefore, we called the surface that has less
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particles as surface phase-1. On this phase the particles formed up clusters. This
clustering is also apparent in the SEM image (1c) and AFM topography (1b). The
phase-2 on the other hand has a total coverage of particles. At first, we observed the
particular behavior on the annealed Cr film with the optic microscope. With that
study, we also observed the thickness gradient due to the preparation procedure. This
gave us a change to have two surface phases with respect to the particle distribution.
To confirm this observation we conducted AFM measurements. SEM resolved a
particle in high resolution and showed the polycrystalline form of a CrxOy particle.
Remarkably using different imaging methods, we observed the similar features for
both the phase-1 and phase-2.
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4. ANALYSING THE CHEMICAL COMPOSITION

The high oxygen affinity of the chromium and related effects of this was mentioned
in the introduction. After the evaporation, the samples were kept and examined under
ambient conditions. Heat treatment was conducted under the ambient atmosphere.
Oxidation of the chromium particles was inevitable. Energy-dispersive X-ray
spectroscopy confirmed this with presence of oxygen. Moreover, with X-ray
photoelectron spectroscopy we made an effort to determine the valance states of the
oxides.
Using EDX, we performed local spectroscopy on the sample. This makes possible to
do line scan that gives abundance of an element as a function of the position along
the scanned line. Bruker Quantax Spectrometer was used for this experiment. The
analysis program of the Quantax system had an excitation energy database. We used
that database to determine the element composition of the sample surface. The line
scan graph in Figure 4.1 showed the relative amount of each element on the sample
surface along the yellow line (b). Here, the sample used was an annealed 10 nm thick
chromium film and the acceleration energy of the incident PE was 15 keV. At both 1
µm and 6 µm positions, the yellow line represented in the SEM image, came across a
particle. At these points in the EDX graph, the amounts of Si and Na degrease and Cr
and oxygen increases. This means at that relevant point a Cr-oxide particle sits on the
glass.

Figure 4.1 a) Line scan Energy-dispersive X-ray spectroscopy confirmed the
oxidation of the Cr particles. b) SEM image of the sample surface. Line
scan was conducted on this yellow line.
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Figure 4.2 X-ray photoelectron spectroscopy on annealed Cr thin film.
Stoichiometric analysis conducted with XPS in more detail. XPS gives the binding
energies of the core electrons, which known for many elements and compounds
[61,62]. For instance, the binding energy for Cr 2p3/2 orbital of the metallic
chromium is 574.6 eV [63]. The peak at 574.8 eV in Figure 4.2 corresponds to this
metallic content of the structures. In the XPS results, there were three more peaks
575.9 eV, 577.1eV and 579.6 eV.
After the experiment, we looked to the literature to compare our XPS data and
figured out the studies that had already done is not adequate about Cr-oxide
compounds. Biesinger M.C. et al have a study on the chemical analysis on a bulk Cr
with XPS [64]. Table 4.1 shows their results. We compared our results with their
values and our conclusion is the valance states of the Cr of the structures is a
composition of Cr+3, Cr+6 and metallic Cr0.

Table 4.1 XPS results for Cr 2p3/2 orbital [63,64].
Compound

Binding energy (ev) [63,64]

Cr0

574.6

Cr+3 Oxide

575.7

Cr+3 Hydroxide

577.3

Cr6 mixed species

579.5

Cr6 oxide

579.6
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Considering this result the CrxOy particles may have a metallic core that is covered
by the Cr2O3 and CrO3. The peak in the spectrum, which was 577.1eV also indicated
the probable Cr+3 Hydroxide content [64].
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5. WATER CONDANSED ON THE CHROMIUM-OXIDE STRUCTURES

Cr deposited glass substrates were kept in dry storage boxes upon annealing under
ambient conditions at 500 oC. These samples were later investigated under the optical
microscope in order to study the effects of probable water contamination. If the
ambient humidity level was above 50 %, droplets as shown in Figure 5.1 started to
form on the surface right after the sample was transferred from the dry box to the
optical microscope. We assumed that these were due to water condensation on the
surface. The density of the droplets strongly depended to the ambient humidity.

Figure 5.1 The edge of two surface phases. Humidity droplets are visible due to
water condensing on/around the chromium-oxide particles. The
Humidity droplets on the phase-2 were larger than phase-1.
In the chapter-3 the surface properties as a function of the distribution of chromium
oxide structures were labelled as surface phase-1 and surface phase-2. In Figure
5.2.a, optic microscope images of two annealed chromium oxide films were shown
(We named these surfaces as films but actually due to annealing, the film deweted
the surface and formed the CrxOy particles). There was a distinguishable difference
between two samples. While the sample-1 was more like the phase-1, sample -2 was
like phase 2.
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Figure 5.2 a) Optic microscope images captured at the middle areas of each sample.
The humidity droplets also exist. Sample-1: Phase-1 like, Sample-2:
Phase-2 like. b) Basic schematic of the thermal evaporation.
During the preparation procedure, both samples deposited at the same time. The
annealing of the sample-2 was conducted after one week of the preparation of the
sample-1, under the same conditions. The only difference dring the preparation
procedure for these two samples was in the evaporation process. Their point of
presences was different on the evaporation mask as shown in the Figure 5.2.b. The
|AC| distance, R affects the evaporation thickness with the inverse square law [65].
Since the distance between the samples are in a couple of mm, ΔR comes as ΔR<<
R. This was beyond the sensitivity of the QCM of course. The thickness gradient was
evident on both samples.
To contaminate the sample with water in a controlled fashion a bubbler that uses
pure nitrogen as the carrier gas was assembled. The water in the bottle was refreshed
before each experiment with deionized water4. A Dwyer, RM series gas flow meter
between the regulator of the nitrogen tank and the bottle, made possible to adjust the
water deposition speed. N2 gas flow rates between 80 and 100cc/min were used.
With the help of a nozzle that was attached at the end of a tube, water was deposited
on to the sample surface. In the following section, the experiments conducted under
the optic microscope will be discussed. To make sure the results were reproducible,

4

The water source was ELGA PURELAB FLEXII.
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each experiment was repeated several times using the same procedures. Here
Sample-1 and sample-2 represents the specimens that gave the repeatable results
several times.

Figure 5.3 The picture of the bubbler and the nozzle.
As predicted, the water started to condense on a 10 nm thick annealed chromiumoxide film. The optic images showed how these droplets had formed. The amount of
water increased fast when the water rich vapor was blown and saturated the humidity
at the spot where the nozzle was pointed. Two seconds upon the start of the gas flow
on to the surface, which first passed through the pure water container (bubbler), the
image in Figure 5.4-c was captured. The water tended to follow the clusters instead
of forming shapes as the breath figures shown in Figure 1.6. After the water blow
stopped, most of the water evaporated, whereas some of it remained as observed in
the images d,e,f of figure 5.4.

Figure 5.4 The water coverage increased during the flow of wet N2 on to the surface
(a,b,c) and some of the droplets evaporated after the water blow stopped
(d,e,f).
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5.1 Sample-1 and the Well Behaved Growth
Following the observation in the Figure 5.4, the remained droplets started to
propagate on the CrxOy particles. The evolution of the growth is shown in the Figure
5.5. The first propagation was started at the spot of which was indicated with the
arrow in figure 5.5 a. It took a few minutes for the patterns to become their final
form. The small pattern in the image-e became three times larger at the end of the
growth.

Figure 5.5 The evolution of the water structures growth in few minutes.
While the growth continued, in the time interval between a and d, it was possible to
zoom in and capture the growth in more detail. The pattern in Figure 5.6 was one of
the propagations in the previous figure. We captured images at the same spot per
second. We used the branch that was indicated with the black box in the figure to see
the speed of the growth. Using the white dashed lines, we measured the elongation of
that branch as 5 microns per second. A circular defect on the sample surface was the
reference point to align the frames accordingly.
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Figure 5.6 The real time growth of the water structures. The yellow dashed line
point outs the reference position for each capture.
Color correction on the Figure 5.5.d helped to see the patterns better in Figure 5.7.
The patterns on this growth had well behaved geometrical shapes. We pointed out
three of these shapes in figure 5.7. The patterns of this growth formed symmetrical
shapes as an asterix in figure 5.7-b or a deltoid in c. However non-symmetrical
patterns as in the image-a also appeared. The growth did not propagate towards the
glass. In the image-a, the branch of the non-symmetrical pattern elongated parallel to
the film edge. Although, these patterns were named as well behaved, the self-similar
feature of the branches of each pattern was obvious.

Figure 5.7 Water fractals on sample-1.
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5.2 Sample-2 and the Avalanche Growth
During the preparation procedure, the distance of the Sample-2 was closer than the
sample-1 Although that was not possible to determine the thickness variation
quantitatively, this sample had more Cr that the other. The separation of the
chromium oxide particles on the surface was more phase-2 like on this sample. This
feature effected the growth totally. The Figure 5.8 shows the evolution of the growth.
The growth started after the film was contaminated with water. The patterns covered
the entire film surface like an avalanche in several minutes.

Figure 5.8 The avalanche growth on sample-2.
Again, to measure the elongation of the propagation, we zoomed in to one of the
branches while the growth continues (Figure 5.9). This branch covered a distance of
16 microns in two seconds. In the same duration, the well behaved growth had
elongated for 10 microns. This result is reasonable because the area of coverage of
the avalanche growth was larger than the other one and that took almost the same
time interval to complete this coverage.
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Figure 5.9 Elongation of the avalanche growth.

Figure 5.10 The avalanche growth on the phase-2 like surface.
The geometry of this avalanche growth was quite similar to the patterns formed up
by the diffusion limited aggregation or Lindenmayer system models [66,67]. The
branches seem to have a self-similar behaviour. Starting from relevant seed points,
these branches propagated to cover large distances. A seed point was shown in
43

Figure 5.10.b. The largest branch of this seed was reached half a mm in length. It
seems from the figure that each main branch branched out again while it elongates.
The elongation stopped when the branches reached to the film edge (image-a).
The branches did not make any contact with each other. The patterns that grew from
different seed points, formed boundaries between each other. This behaviour was
also the same for the well behaved growth as in the Figure 5.7.a.
5.3 Water Growth on SiO2 Substrate
We repeated the same sample preparation and water contamination procedures on
Silicon oxide substrate. In Figure 5.11 b the CrxOy structures are shown, which
formed on SiO2 wafer after the annealing. Due to the water contamination, we
observed the fractal structures of water on this sample again. As already discussed in
Section 3.1 the soda lime glass has many ingredients besides the silicon oxide. This
experiment showed that the growth phenomenon takes place independently to the
substrate.

Figure 5.11 Optic microscopy images of a) Cr oxide structures on soda lime glass
substrate b) Annealed Cr film on SiO2 substrate c) Fractal growth of
water of the contamination.
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5.4 Fractal Analysis
Euclidian Geometry cannot deal with complex structures as we presented in the
previous sections. Fractal concept was introduced to give a mathematical explanation
to fragment geometrical shapes. We studied to determine the fractal dimension of the
patterns we observed.

Figure 5.12 The evolution of the Sierpinski gasket.
Fractal dimension can be calculated by scaling. Consider a function, M that defines a
geometrical shape with a parameter L. Scaling this model with a factor b is defined
with equation 5.1[68].
(

)

( )

(5.1)

Exponent d is the fractal dimension. For instance, for a 1 dimensional bar which is
broken in half, the equation 5.1 becomes:
(

)

( )

(5.2)

d=1 in this case. This is reasonable because the system is one dimensional. However
for the Sierpinski gasket the situation is more complicated. In the Figure 5.12 b an
upside down, half size triangle was embedded inside the pristine triangle of which
has edge length of L. However this process breaks the edges in half, creates three
triangles with edge length of ⁄
(

)

( )

(5.3)

Than the multiplier becomes
(5.4)

( )
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and d~1.585. This value determines the fractality on an object. An object with

as

in the equation 5.5 has a non-Euclidian geometry which is not possible to define with
1 or 2 dimensional objects [68].
(5.5)
For instances if the fractal dimension of the object has approximate values to 1 the
object behaves more 1-d like.
We wrote an algorithm in python5 that determines the fractal dimension of a given
pattern in the image. We tested the algorithm with Euclidian geometries and the
Sierpinski gasket.
The fractal dimensions of the growth were calculated as follows:



Well behaved growth:
Avalanche growth:

To conclude the avalanche growth was more like a 2-d object than the well behaved
one. Figure 5.13 compares the fractal dimensions of two different fractals.

Figure 5.13 Fractal dimensions of a) A branch of well-behaved growth,
Avalanche growth =1.9.

=1.6, b)

5.5 AFM Topography of the Water Fractals
The water patterns formed up differently with respect to the surface CrxOy phases.
Morphology of the water structures were imaged also with the atomic force
microscope. The scan was conducted with tapping mode with amplitudes varied
around 30 nm. As described in Section 2.2, with this high oscillation amplitude, the
force that is measured is an average of various tip-sample interactions. Since the tip

5

See the Appendix for the algorithm
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separated from the sample with relatively high distances, the meniscus effect was
supposed to be eliminated.

Figure 5.14 Meniscus effect causes drift.
Although the AFM was operated in tapping mode, we were able to detect the water
patters as shown Figure 5.15. Before this result, we were not expecting to see water
patterns in the AFM topography. While scanning the surface topography with the
tapping mode, the water contamination on the surface may cause drift in the scan as
shown in Figure 5.14. However, if the water coverage was in the liquid state, as long
as the AFM was operated in the tapping mode, the morphology of the water patterns
should not be this much clear as in the Figure 5.14. Therefore, this result made us to
consider the water that forms these patterns may became an ice like structure
although the experiment were conducted at room temperature.

Figure 5.15 Optic images (left) and AFM topography (right) of different fractal
shapes formed on both Phase-1 like (a) and Phase-2 like (b) surfaces.
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Two types of growth were already discussed so far. In the Figure 5.15 the AFM
topographies of the both type were shown. 20μm x 20μm scan area was the limit of
these AFM experiments. While the surface condition was phase-1 like in the optic
image-a, the surface phase in the optic image-b was phase-2 like. Obviously, the
pattern in the b images was similar to the avalanche growth.

Figure 5.16 Height scale of analysis of a) Well behaved growth b) Avalanche
growth. a1) Height scale of a large branch a2) A smaller branch b1)
Height scale of a branch of avalanche growth.
The AFM topography is the projection of the piezo potential to the scanned x-y
plane, which the potential is controlled by the feedback mechanism. These potential
values can be transformed to the elongation of the piezo in nm scale by calibrating
the piezo accordingly. This elongation values give the height information of the
surface structures. Figure 5.16 represents this data for the water growth structures
along the arrows which are plotted in the AFM topographies. On each height
spectrum, we represent one CrxOy particle and the height scale of a branch. The
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Figure 5.16-a, with the spectrums a1 and a2, gives the height scale of the branches of
the well behaved growth as in Figure 5.15. a1 spectrum is the cross-sections of the
main branch in the Figure 5.16 a. The height spectrum of a smaller branch is shown
in a2 spectrum. Figure 5.16 b is the high resolution image of a growth in the Figure
5.15 b. This pattern is similar to the avalanche growth. In comparison, all the
spectrums have the similar results for the CrxOy particles as in the Figure 3.8. The
main branch in the spectrum a1 is the largest structure and almost 2/3 larger than a
chromium oxide structure. From these result the water seems to condense around the
oxide particles and forms a shell. This water coverage around the oxide particles
propagates as fractals. These tapping mode AFM topographies obtained at room
conditions.
5.6 Electro Static Force Microscopy on the CrxOy structures
The growth phenomenon that we observed took place on particulate CrxOy structures
at room conditions. Similar propagation of water structures were observed by other
researches in two different systems those were discussed in the literature review. The
confinement of water between two solid surfaces resulted with the fractal growth of
water in between [24]. In the system that we have studied do not have the
confinement as in this example. However, we obtained similar formations of water
structures those formed by condensation of the water on/around the CrxOy structures.
The peculiar behavior of water as freezing at room conditions was observed under
high electric field in a number of studies [19-23]. Especially the efforts of Choi EunMi et al showed that the water could freeze under the electric field up to 106 V/m.
The AFM topography results in the previous section made us to consider the growth
phenomenon as a peculiar freezing at room conditions. We directed our research to
investigate the charge properties of the chromium oxide surface, after this result of
the AFM experiment.
We conducted electrostatic force microscopy experiments on the pristine annealed
films. With the help of electrostatic mode, we tried to determine charge
characteristics of the CrxOy structures. In figure 5.17.a was the AFM topography of
the forward scan on the oxide structures. The backward, EFM scan result was shown
in the image-b. To get the EFM signal that was necessary to lift the tip for 200 nm.
This was the map of the electrostatic interaction between the tip and the sample. Due
to the difference of the electrostatic tip-sample interaction, bright and dark regions
were appeared on the EFM scan. This color scale corresponded to the alteration of
the oscillation amplitude. Clearly, this result showed that the oxide structures formed
differently charged zones.
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Figure 5.17 EFM scan of a pristine annealed chromium film a) Forwad scan gives
the AFM topography b) EFM scan.
Figure 5.18.a was again the AFM topography scan in a smaller scale on the Cr oxide
structures. The edges of these charge zones were more apparent in this experiment.

Figure 5.18 EFM measurement on a smaller area a) Forward scan AFM topography
b) EFM scan c) Displacement of the tip due to the electrostatic force.
The tip was oscillating with amplitude of 30 nm while operation with the tapping
mode. The EFM signal was actually the altered normal displacement voltage ΔVN.
As already mentioned in the Section 2.2.2,
corresponds to
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. Since the
from the figure 5.15.c, the alteration of the oscillation
amplitude RMS,
. By using Equation (2.14), the amplitude term
becomes:
. This value was two orders of magnitude smaller than the
oscillation amplitude and the cantilever was 200 nm far away from the surface. With
a rough approximation, we could determine the force acting on the cantilever by
modifying the equation 2.11 for the amplitude shift as
(5.6)
The spring constant of the cantilever that we used in this experiment was k =42 N/m,
and the quality factor was Q = 500. Introducing these terms to the equation 5.6 gave
. This value was the alteration of the electrostatic interaction force when
the tip was passed between different charged zones. Considering the equation 2.16
the altered force,
only provides ( ) where the tip radius of curvature R = 10
nm, tip sample distance z = 200 nm and the dielectric constant εo = 8.854 F/m.
Substituting these constants and the
brought
(

)=

= 79

(5.7)

Since we were interested the voltage difference between two charged zones that was
possible to equalize one of the potentials to zero. The distance between the two zones
were 0.2nm. The effective potential difference between two zones became:
8.8

= 44 106

(5.8)

To the best of our knowledge, the limit value for the electrostatic potential to freeze
the water at room conditions is 106 V/m [23]. The potential term that we have
obtained from the electrostatic force microscopy is larger than this limit value. Thus,
these charged zones may be one of the factors, which made the propagation of water
as fractals and its ice like behavior.
Water is an asymmetric molecule that leads to a permanent dipole moment [69]:
μ = 6.2 10-30 C.m

(5.9)

Under electric field, randomly oriented dipoles tend to orient in parallel with this
electric field. The orientation energy is given by:
U = μ.E
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(5.10)

The electric field that is enough to orient a dipole perfectly at room temperature can
be calculated by thermodynamically.
kbT = μE

(5.11)

where the Boltzman’s constant kb= 1.380 10-23 J/K. Considering the equation 5.11
the electric field required to do the perfect orientation becomes as E ~ 109 V/m. The
crystal like structures of the water may be an orientation of the dipoles due to the
external electric field. Orienting the dipoles at room conditions seems to require
larger electric fields that we had measured. In section 5.1 and section 5.2 we
discussed that each growth had a seeding point. The figure 3.9 shows the oxide
particles have multi crystalline form with sharp edges and boundaries. This was
beyond the resolution of the electrostatic measurements, which we were able to
conduct, however that is possible to have larger fields, locally, on these edges of the
oxide particles. At these spots the growth may seed and propagate on the surface.
5.7 Disturbing the Growth
In the previous sections, we presented the propagation of water as fractals on the
chromium oxide structures. AFM measurements that we carried out indicated the ice
like behavior of this growth. We determined the charge characteristics of the oxide
surface by electro static force microscopy and observed charged zones. We
calculated the potential difference in between two charge zones.

Figure 5.19 a) Branches of the avalanche growth (Figure 5.10.a) b) The result of reblowing the surface.
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Using the bubbler, we blew water rich vapor on an already growth water pattern. We
conducted this experiment on the avalanche growth in Figure 5.10 Here in the imagea the branches which their propagation had been ended at the chromium oxide film
edge were presented. Apparently, after the re-blowing, the branched pattern broke
down and the coverage became more like the breath figures (Figure 1.6). The
remnants of the previous pattern exist and the droplets tend to align on that pattern.
The propagated patterns in both well behaved and avalanche form gave the same
results. In addition to re-blowing experiment with moisturized vapor, we repeated the
same procedure with dry air (N2) and the result was again the same. The formation of
the water molecules seemed to be disturbed easily and loosened their form.
We wanted to get rid of the remnants of the growth in the Figure 5.19 by annealing
the sample again. The annealing was again conducted under ambient at 500 oC.
Contrary to our expectations, the remnants of the broken growth patterns remained.
Figure 5.20.b was the sample that had avalanche growth on it. The patterns still
existed after the annealing as in the Figure 5.20.a. In the image-c white stains were
the remnants of the previous growth. After the annealing we again observed the
condensation of the humidity droplets due to the ambient humidity. To compare,
Figure 5.19.b and Figure 5.20.c, the annealing seems to had any effect to the
remnants of the growth.

.
Figure 5.20 The remnants of the fractal growth of water coverage remain after doing
the heat treatment again a) Optic microscope image of the sample after
the annealing. b) the water patterns before the re blowing c) remnants in
more detail.
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In the Chapter-4 the oxidation states of the dewetted Chromium particles have been
discussed. We had the binding energy shift at 577.1 eV in the XPS data of which
corresponds to Cr+3 Hydroxide [64]. In the literature, we found a study which reports
a further analysis on the hydroxide formation on the Cr2O3 surface was conducted by
Hendersen M. and Chamber S with temperature programmed desorption, high
resolution electron energy-loss spectroscopy and XPS [70]. They contaminated the
pristine Cr2O3 (100) surface with water under UHV and reported the adsorption of
water on this surface by OH groups as in the Figure.5.21.

Figure 5.21 Schematic of the Hydroxide formation between Cr+3 and water [70].
The reason why the remnants remained still after the heat treatment may be the
hydroxide formation. According to the literature this formation can happen by the
interaction of water with chromium oxide. Besides, this may also be effective in the
formation of the water fractals.
Water may also have corroded the surface of the chromium oxide structures.
However we have not conducted a study on this possible effect.
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6. CONCLUSIONS

The main aim of this study was understanding the reasons of the fractal growth of
water on CrxOy ultra-thin films on glass substrates. We started this study with
analyzing the surface and chemical properties of the chromium oxide structures than
continued with the water growth.
We prepared Cr thin films using thermal evaporation method with 10 nm thickness.
We observed the formation of submicron sized grains/clusters due to the thermal
process. With the help of the SEM, we imaged the polycrystalline behavior of these
chromium oxide structures. Because of the evaporation conditions, we observed a
thickness gradient. This feature altered the particle distribution of the annealed film.
We observed two surface phases with respect to the particle distribution: surface
phase-1 and surface phase-2.
Elemental analysis on these particles gave information about the valance states of the
chromium. After comparing our results with the literature we found out that the
structures were a composition of Cr+3, Cr+6 and metallic Cr0. The peak in the XPS
spectrum, which was 577.1eV, indicated the probable Cr+3 Hydroxide content on the
structure surface.
We contaminated the particulate surface with pure water in a controller fashion. The
water started to propagate on the surface by forming fractal geometries. On the two
surface phases, two different type of growth was observed. We named them as wellbehaved growth and avalanche growth. In the chapter-5 the elongation of the
branches, geometries of the patterns were discussed in detail. The fractal properties
of the patterns were studied.
Atomic force microscopy in tapping mode gave the topography of the growth water
pattern. This was an unexpected result for the tapping mode scan. If the fractal
patterns were in liquid state, AFM in tapping mode did not have a chance to get this
resolution in topography. This result indicated the ice like behavior of water patterns.
We started to investigate the factors inducing this feature of water under ambient.
We tested the stability of the patterns by blowing moisturized or dry air on an already
growth pattern. After the re-blowing, the branched pattern broke down and the
coverage became more like the breath figures. To clean the surface from the
remnants of this broken down patterns we tried to anneal the sample. However, after
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the heat treatment the remnants remained. The reason of this fact may be the
hydroxide formation with Cr+3 which we observed in the XPS study.
Electrostatic force microscopy measurements showed the existence of the differently
charged zones on the particulate CrxOy surface. We calculated the potential
difference between these charged zones, which was larger than the limit potential
value to freeze the water at room conditions.
Although there were many studies on peculiar features of water, to the best of our
knowledge, its propagation on a particulate surface under ambient conditions as we
discussed in this thesis has not been reported yet. These formations of water patterns
may be influenced by many physical factors. During this work, we think we
determined two of them:



Differently charged zones
Hydroxide formation between the water and Cr+3 .

In the Table 6.1properties of the water fractals were given as a summary.
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Table 6.1 Properties of the growth types.

Growth

Growth geometries

Surface

Well
behaved
growth

Surface Phase 1

Avalanche
growth

Surface Phase 2
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Fractal
dimension
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APPENDICES

Fractal dimension calculator
This fractal dimension module written in python can also be reached from:
https://github.com/kesat/Fractal-Dimension
# Fractal Dimension Calculator
__author__ = "Kivanc Esat"
__credits__ = ["Kivanc Esat, Mehmet Ali Anil"]
__version__ = "0.2.5"
__maintainer__ = "Kivanc Esat"
__email__ = "esat [at] itu.edu.tr"
__status__ = "Production"
import numpy as np
import matplotlib.pyplot as plt
def box_counter (image, box_size):
"""
"""
image_size = len(image)
# ONLY WORKS WITH SQUARE IMAGE
total_box_number = (image_size / box_size)
reduced = np.zeros((total_box_number, total_box_number))
print box_size
for row in range(0,image_size,box_size)[:-1]:
for col in range(0,image_size,box_size)[:-1]:
sum_m = 0
for box_row in range(row,(box_size+row)):
for box_col in range(col,(box_size+col)):
sum_m = sum_m + image[box_row, box_col]
if sum_m >= 1 :#(box_size**2) / 2.0:
reduced_row = row/box_size
reduced_col = col/box_size
reduced[reduced_row, reduced_col] = 1
reduced_box_number = np.sum(reduced)
return reduced_box_number
def box_size_iterator (image):
"""
"""
list_box_size = range(2,100,1)
list_box_number = np.zeros(len(list_box_size))
for (box_size_ctr, box_size) in enumerate(list_box_size):
list_box_number[box_size_ctr] = box_counter(image,
box_size)
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return list_box_number, list_box_size
def slope_finder (image):
"""
Hausdorff dimension : Dh = log(N) / log(1/r)
Minkowski - Bouligand dimension : Dmb = 2 +
log(Area(N)) /log(1/r) , Area(N)= Box_area*box_number
"""
list_of_all = box_size_iterator(image)
list_box_number = list_of_all[0]
list_box_size =list_of_all[1]
list_box_size_inv = np.divide(1.0, list_of_all[1])
list_box_area = np.multiply(list_box_number,
np.multiply(list_box_size,list_box_size))
# Hausdorff dimension
slope_haus = np.polyfit(np.log10(list_box_size_inv),
np.log10(list_box_number),1)
print 'haus'
print slope_haus
# Minkowski - Bouligand dimension
slope_mink = 2+np.polyfit(np.log10(list_box_size_inv),
np.log10(list_box_area),1)
print 'mink'
print slope_mink
plt.subplot(121)
plt.loglog(list_box_size_inv, list_box_number, 'r')
plt.ylabel('Box number'); plt.xlabel('1 / Box size')
plt.yscale('log'); plt.xscale('log')
plt.subplot(122)
plt.loglog(list_box_size_inv, list_box_area, 'r')
plt.ylabel('Box area'); plt.xlabel('1 / Box size')
plt.yscale('log'); plt.xscale('log')
plt.show()
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