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Abstract 

Adsorption and Reactions of Water on the Copper (110) Surface  

Studied by Scanning Tunneling Microscopy 

by 

Yu Shi 

Doctor of Philosophy in Engineering – Materials Science and Engineering 

University of California, Berkeley 

Professor Miquel Salmeron, Chair 

 

Copper is a metal at the borderline between molecular and dissociative adsorption 
of water. Its wettability responds sensitively to the subtle changes of crystal orientation of 
the surface. While the Cu(111) surface is hydrophobic and inert at water vapor pressures 
of up to 1Torr, the Cu(110) surface is hydrophilic and dissociates water at measurable 
rates even at cryogenic temperature. Molecular level understanding of the adsorption and 
reactions of water on the Cu(110) surface is pivotal for deciphering its peculiar wetting 
behavior, and has important implications in several technological systems such as 
electrochemistry and catalysis. The author of this work utilized scanning tunneling 
microscopy (STM) and investigated the low coverage water on Cu(110) at temperature 
range from 77K to 340K. The results of this work unveil key aspects of the water 
adsorption and dissociation mechanism on Cu(110). 

This work studies with STM the structure of one dimensional (1D) chains of 
water molecules running along [001] direction of the Cu(110) surface formed upon 
adsorption below 120K. The chains have a zigzag morphology which was reported before 
and proposed to be built from side-sharing pentagonal units. Using high resolution STM, 
this author finds that the pentagon based model does not fit the experimentally measured 
dimension of the 1D zigzag chains. Instead we propose a model that restores the 
archetypical water hexagon ring motif as the best matching structure model. Density 
functional theory (DFT) calculation shows that between the pentagon and hexagon based 
models there is less than a few tens of mini-electron-volt difference in water adsorption 
energy; we argue that such small difference does not provide justification of one model 
over another, and that only a better experimental match of the measured dimensions and 
symmetry of the STM images makes the hexagon based model a better fit than the 
pentagon model. 



	   2 

This work explores also the structural transformation of the 1D water chains 
induced by elevating the sample temperature above 120K. Small growth in lateral 
direction by around 3Å from the original 7.8Å width of the 1D zigzag chains was found 
above 120K, which changes the morphology and long range order from zigzag to 
rectangular at 130K. We also found that the  zigzag geometry is restored at 140K but the 
periodicity along [001] doubles. The observation that STM manipulation by means of 
voltage pulses applied to the tip changes the 1D zigzag chains into a rectangular 
structure, only observed above 130K, indicates that the lateral growth of the 1D chains is 
driven by energy lowering but needs to overcome certain barrier. DFT calculations find 
that when they are intact, the side molecules of the 1D zigzag chain are not bound to the 
Cu substrate atoms via O orbitals but instead have a H atom pointing to the surface, 
which makes them a bit more elevated above the surface than the O-bound molecules. 
These high-lying molecules are energetically less favorable to accept additional 
molecules to bind to them in the lateral direction. Although the lateral growth with intact 
molecules is possible, as occurs in other (111) surfaces of many metals, we believe that 
the partially dissociated layer formed by a mixture of H2O and OH is the most stable. 
This author believes that high-lying molecule dissociation induced by either elevated 
temperature or artificial energy activation such as voltage pulse provides a pathway for 
lateral growth of the width-confined 1D zigzag chains, suggesting the key role of water 
dissociation in expansion of sub-monolayer water structures on Cu(110). The 2D ice 
rules developed based on water structures on (111) type surfaces are examined and we 
conclude that they still hold true for the case of Cu(110) surface. 

This work also reports that a substrate temperature above 180K completely 
transforms the 1D water/hydroxyl chains running along [001] into another type of 1D 
water/hydroxyl chains running along [110]. More importantly, as more water dissociation 
occurs above 180K, the products of water dissociation, i.e., OH, O and H, forms a rich 
variety of surface structures. The most dramatic one is the formation of monoatomic 
copper wires along [110] formed between 180K and 220K. It is believed that H atoms 
produced by water dissociation plays a role in assisting and stabilizing the growth of the 
monoatomic copper wires. This observation reveals the strong effect of water adsorption 
and reactions on Cu(110). 

In addition to 1D water/hydroxyl structures formed by low water dosage, this 
work also touches upon the complete overlayer of water/hydroxyl structures at high water 
dosage. A c(2 × 2) overlayer is observed here for the first time on the clean Cu(110) 
surface, with a clear honeycomb structures resolved by the STM below 120K. When the 
fully covered sample was heated to 180K, superstructures with a periodicity of ~5× the 
lattice spacing along [001] were discovered. Analysis of the STM images of the 
superstructures lead to the conclusion that the repeating stripes along [110] are terminated 
by OH groups, each of which is bound through one hydrogen bond to the inner stripe that 
retains the c(2 × 2) structure. The neighboring stripes have uncoordinated OH groups 
facing each other, making the stripe interface an array of Bjerrum defects. The 
observation of Bjerrum defect arrays indicates that they might play a role in stabilizing 
the c(2 × 2) overlayer as increasing amount of OH groups are produced by water 
dissociation near 180K. 
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Chapter 1: Introduction 

 

1.1. Motivation 

Water is one of the most ubiquitous substances on earth. Liquid (e.g., salt water 
and fresh water) and solid (e.g. glaciers) water cover more than 70% of the earth’s 
surface. Water vapor in surface air takes up from 0.01% at -42°C to 4.24% at 30°C but is 
environmentally significant constituent of the atmosphere. Water consists of an average 
of 65% of human body by weight and is an indispensible element of life. 

Water—metal interface is critical in several important technological systems. For 
example, studies on the mechanism of water nucleation at surfaces assisted 
meteorologists to find out silver iodide as the best known cloud seeding material to 
improve rain precipitation; water—catalyst interface is crucial in Fischer—Tropsch 
process, a heterogeneous catalytic reaction that is the backbone technology of converting 
coal and natural gas into fuels in modern energy industry; water is also a critical 
precursor for multiple atomic layer deposition (ALD) processes critical in transistor 
scaling in semiconductor manufacturing industry. 

Finally, water—metal interaction has long been of fundamental interest to 
physical chemists and materials scientists. Key questions regarding water-metal interface 
include but not limited to: 

1) Why does water behave hydrophilic on some surfaces but hydrophobic on 
others? 

2) How does water adsorb on the surface? Does it dissociate or adsorb 
molecularly? 

3) How does water structure nucleate and grow on the surface? How does the 
substrate structure influence nucleation? 

Atomic level understanding of water-metal interface is critical for understanding 
these questions. A solid structure understanding is the basis of mastering the property, 
process and performance, the key elements of the water science and engineering in 
multiple technological systems. This motivates the scoping, objective setting and 
execution of the research of this thesis. 
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1.2. Basics of water 

1.2.1. Water molecules 

A water molecule H2O is composed of one oxygen and two hydrogen atoms. Each 
hydrogen atom is bonded with oxygen with valence bond. In a free H2O molecule, the O–
H distance is 0.957Å, and the H–O–H bond angle is 104.5° (Figure 1 (a)) [1]. 

The molecule contains ten electrons, eight of which comes from oxygen and one 
from each hydrogen atoms. Two of the ten electrons occupy the 1s states and tightly 
bound to the oxygen nucleus. The 2s and 2p states are perturbed by the hydrogen 1s 
states. Simple Lewis dot construction explains the bonding as shown in Figure 1 (b). Each 
of the two hydrogen atoms contributes one electron to form a valence bond with one of 
the four original 2s and 2p electrons, leaving the rest four to form two lone pairs.  

 

Figure 1. (a) The geometry of a free water molecule. (b) Chemical bonding of a free water molecule in 
Lewis dot construction 

 

This picture helps to understand water—metal bonding based on a simple Lewis 
acid—base theory. The two lone pairs enable the oxygen to coordinate with other 
molecules by donating electrons as Lewis base, while the metal substrate may act as 
Lewis acid by accepting electrons. Similar picture also helps to understand hydrogen 
bond, critical for water–water bonding in the next section. 

A more rigorous approach to understand the electronic structure of water 
molecule is from Hartree—Fock approximation. Theory details are not iterated here, but 
the resultant molecular orbitals (MOs) of H2O are listed in Table 1. The two equivalent 
O—H bonds can be represented by taking a linear combination of the 1b2, 2a1 and 3a1 
orbitals, while the two nonbonding lone pairs are made up of contribution from the 1b1, 
2a1 and 3a1 orbitals. The two O—H bonds are in the yz plane, whereas the two lone pairs 
are in the xz plane. The molecular orbitals are useful for describing ionization potentials 
of the molecule, e.g. ultraviolet photoelectron spectroscopy (UPS) and X-ray 
photoelectron spectroscopy (XPS), which will be discussed in the literature review in 
various chapters of this thesis. 
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Table 1. Molecular orbitals of H2O: energy in parenthesis is experimental value [1]. 

 

 

1.2.2. Hydrogen bond 

In terms of Lewis acid—base interaction, the lone pair of the highly 
electronegative O in a H2O molecule acts as Lewis base and the O—H of another H2O 
molecule as Lewis acid. The electromagnetic attractive interaction between the basic and 
acidic groups forms is the hydrogen bond. The main components of a hydrogen bond are 
electrostatic forces, charge transfer, covalent forces, dispersion forces, and exchange 
repulsion [1].  
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Figure 2. Hydrogen bond (dotted line) between two H2O molecules. 

 

The bond is diagrammatically represented as O—H…O. The H…O distance is 
much larger than the O—H covalent bond length. The strength of the hydrogen bond is 
intermediate between that of a covalent bond and the residual van der Waals interaction. 
In intermolecular bonding between H2O molecules, each H2O molecule can act as a 
donor for two hydrogen bonds and an acceptor for two others, with the acceptor sites 
located in directions tetrahedrally opposite the covalent O—H bonds, as shown in Figure 2. 
Hydrogen bond is the force that combines isolated molecules together to form liquid 
water or ice, helping to create hexagonal lattice structure of ice, which will be discussed 
next. 

 

1.2.3. Bernal—Fowler—Pauling ice rules 

The arrangement of water molecules in ice can be thought of following the 
Bernal—Fowler—Pauling (BFP) ice rules, which was formulated in 1930’s. Although it 
is a rule for bulk ice, it has important implication in the structure of water adsorption on 
surfaces. The BFP rules are stated briefly below [1]: 
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Figure 3. The structure of Ice Ih. (a) Top view. (b) Side view. Side view shows “puckered” basal plane, or 
“bilayer” structure, with a corrugation of 0.96Å. 

 

1) Each oxygen atom has two hydrogen atoms attached at 0.957Å with an H—
O—H bond angle of 104.5°. 

2) Each oxygen atom is tetrahedrally bonded to four other oxygen atoms by 
hydrogen atoms which are on the O—O axis. 

3) There is only one hydrogen atom on each O—O axis. 
4) Non-adjacent molecules do not interact sufficiently to stabilize any structural 

configurations. 
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The BFP theory well explains the naturally occurring Ice Ih structure as shown in 
Figure 3. The most notable feature of the Ice Ih lattice is that the basal plane is puckered. 
Water molecules hydrogen bonded to each other into hexagonal rings, and alternating 
water molecules are raised or lowered relative to the central plane, with the height 
difference (Δz) of 0.96Å, forming a bilayer structure. Water molecules in lower layers 
have oxygen lone pairs pointing down to bond with the bilayer beneath, and those in 
upper layers have O—H groups pointing up to bond with the bilayer above. This 
structure has become the starting hypothesis on water adsorption structure on metal 
surfaces. 

 

1.3. Water adsorption structures on metal surfaces 

1.3.1. Water—metal bond: monomer case 

The following remarks summarizes the general understanding of water adsorption 
on metal surfaces, which is irrelevant to the specific metal surface. The intention is to 
provide a starting point for the analysis of this thesis but not to overgeneralize complex 
water—metal bonds on various metal surfaces and conditions. 

The simplest approach of considering water—metal bonding is using Lewis 
acid—base chemistry [1]. As previously mentioned, oxygen lone pairs serve as electron 
donating Lewis base, and the metal is the electron acceptor or Lewis acid. As for the 
water—metal bonding site, it was believed that the on-top tilted geometry is the most 
energetically favorable adsorption site, and bridge-site perpendicular geometry is the next 
most favorable. Water—metal bonding is mainly due to overlapping of the lone pair 
orbitals with metal’s d orbitals. In the case of a monomer at on-top site, the competition 
between 3a1 and 1b1 for optimal overlap with metal’s d orbitals determines the tilting 
angle of the H—O—H plane with respect to the surface normal. As we can see from the 
water MO depiction in Table 1, 3a1 overlap with d is maximized when the H—O—H plane 
is in parallel with the surface normal, resulting in perpendicular water monomers; 1b1 
overlap with d is maximized when the H—O—H plane is perpendicular to the surface 
normal, leading to flat-lying water monomers. 

The water—metal bond strength was believed to be on the order of 40 to 65 
kJ/mol [1]. This means that the water—water hydrogen bond, which is 15 to 25 kJ/mol, is 
energetically competitive with the water—metal bond. 

In the meantime, there seems to be a fine line between sufficient water—metal 
bond strength and too strong interaction that leads to water dissociation [2]. This should 
also be taken into account when considering water adsorption on metals. 
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1.3.2. Molecular vs. dissociative adsorption pathways 

 Adsorbed water molecules under circumstances can dissociate. The simplest 
products of dissociation can be hydroxyls (OH), atomic oxygen (O) and atomic hydrogen 
(H). Hydroxyls can further dissociate into atomic oxygen and atomic hydrogen under 
certain conditions. Experimentally determining whether water takes a molecular or 
dissociative adsorption path is not straightforward. 

 Thiel and Madey proposed water adsorption models on transition metal surfaces, 
based on comparison between the theoretical enthalpy of dissociation products, i.e., 
metal—oxygen (M—O), metal—hydrogen (M—H) and metal—hydroxyl (M—OH), and 
that of molecular adsorption [1]. In this way, transition metals were categorized into 
dissociative, borderline, and molecular, descriptive of the predicted adsorption pathway 
on respective metal surfaces, as shown in Figure 4.  

 

 

Figure 4. Prediction of water adsorption pathway on transition metal surfaces [3]. 

 

In general there is a correlation between the substrate metal’s strong electron 
affinity and high tendency of water to dissociate, and a good match between prediction 
and experimental observation was found, except that the borderline cases apparently had 
a lot more subtleties, such as adsorption behaviors being face-specific or step-dependent, 
and controversial in experimental observation as in the case of copper. 

1.3.3. Interplay between water—water and water—metal interactions 

When there is more than a single water molecule on the substrate, the competition 
between the water—water bonds and water—metal bonds comes into play. The ability of 
water to cluster and structure into extended networks that are registered to the metal 
substrate is directly determined by the thermodynamics and kinetics of this interplay. In 
general there are three scenarios identified [2]: 

1) Water—water interactions are comparable or greater strength than water—
metal interactions (water—water ≥ water—metal) 
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2) Water—water interactions are comparable or weaker strength than water—
metal interactions (water—water ≤ water—metal) 

3) Water—water interactions are considerably weaker than water—metal 
interactions (water—water << water—metal) 

The first category favors water clustering in hydrogen bond network, such as on 
noble metals. The second category is a trade-off between intermolecular hydrogen bond 
network and the water molecule registered on substrate metal atoms. The third category 
usually leads to water dissociation. The second category apparently generates intense 
interest in water adsorption research because the dedicate balance between water—water 
and water—metal bonds leads to great multitude of adsorption structures and 
experimental observations. 

1.3.4. Modified Bernal—Fowler—Pauling rules and the classic bilayer model 

In 1982, Doering and Madey proposed surface modifications to the BFP ice rule 
for determining the structures of first adsorption layer on metal surfaces, assuming 
molecular adsorption [3]: 

1) Water is bound to the metal surface via an oxygen lone pair orbital. 
2) The tetrahedral bonding configuration is maintained for water bound to the 

surface for monolayers or sub-monolayers.  
3) Each water molecule is bound to the system by a minimum of two bonds 

(either hydrogen bond to another water molecule or oxygen lone pair bond to 
the metal substrate).  

4) All free oxygen lone pair orbitals are constrained into orientations which are 
nearly perpendicular to the substrate. 

These modified BFP rules were originally supported by a puckered bilayer model 
as shown in Figure 5, which  models the first adsorption layer of water resembling the 
basal plan of Ice Ih (Figure 3). The most outstanding feature of this model assumes a ~1Å 
corrugation of adsorption layer registered on metal surfaces. Water adsorption structures 
in early studies on Ru(0001) [3], Pt(111) [4], Ag(111) [5], and Cu(111) [6] were 
interpreted this way. However, as we will be discussing, the bilayer model needs to be 
further modified to reflect the true adsorption mechanism. 
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Figure 5. Classic bilayer model. (a) Top view. (b) Side view that shows puckered bilayer configuration. 

 

1.3.5. The fall of the classic bilayer model: the case of Ru(0001) 

 The puckered bilayer model was challenged starting from quantitative structural 
investigation of D2O adsorption on Ru(0001). By using low energy electron diffraction 
(LEED) technique to fit the p(√3×√3)R30° -2D2O/Ru(0001) structure to the 
presumed the bilayer model, Held and Menzel concluded that the vertical distance (Δz) 
between the oxygen atoms of two types of D2O molecules on the first adsorption layer 
was only 0.10 ± 0.02Å, as opposed to ~1Å predicted by the bilayer model [7]. 

 Feibelman conducted density functional theory (DFT) analysis on the 
D2O/Ru(0001) system and found that multiple models of D2O bilayer gave Δz greater 
than 0.5Å [8]. By discarding the thesis that D2O was molecularly adsorpted on Ru(0001), 
Feibelman was able to produce stabilized structures with Δz < 0.1Å that matched LEED 
results by Held and Menzel. The proposed adsorption structure had a √3×√3 unit cell, 
but D2O molecules in the original upper half bilayer were dissociated and therefore 
moved downward to make a coplanar structure. 
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 However, a couple unanswered questions remained unanswered in Feibelman’s 
analysis. Firstly, dissociation of molecular water could take significant activation barrier 
to virtually inhibit the formation of half-dissociation structure at cryogenic temperature. 
For example, Michaelides et al. calculated the activation barrier from H2O bilayer to the 
coplanar half-dissociated H2O:OH network could be ≥ 0.5eV [9]. Secondly, LEED and 
DFT studies assumed full coverage of water on Ru(0001) and could have overlooked 
different adsorption behavior at low coverage. For example, for the case of Pd(111), 
Cerda et al. observed using scanning tunneling microscopy (STM) that on the six-fold 
close packed (111) surface of Pd, water did form honeycomb structures as predicted by 
bilayer model, but the size of the structure is limited to two or three cells in at least one 
dimension. 

 Salmeron et al. presented a detailed account of the growth of low coverage, 
molecularly adsorbed water on Pd(111) and Ru(0001) at a temperature lower than 130K 
[10]. They observed commonality between these two cases. Firstly, water molecules 
bound to the metal in a flat-lying geometry and forms a honeycomb network with limited 
width. Secondly, additional water molecules attached to the edge of the honeycombs 
were weakly bonded to the metal substrate and high-lying as resolved by STM. This 
limited the expansion of the honeycomb network. The only way to expand the network 
was when certain energy barrier to dissociate was overcome to put down these high-lying 
molecules. As the samples were heated to 130K or higher and longer time, extensive 
honeycomb networks emerged on both substrates. 

 Based on these experimental observation, Salmeron et al. proposed a further 
modification, a.k.a. 2D ice rules [11], to Doering and Madey’s modified BFP rules [3] as 
detailed in the next section. 

  

1.3.6. 2D ice rules 

 Salmeron et al. summarized 2D ice rules as following[11]: 

1) Water tends to bound to the metal surface via an oxygen lone pair orbital in a 
flat-lying geometry. 

2) Water molecules form as many as three hydrogen bonds with other molecules 
if possible, being hydrogen bond donor to two and acceptor to one. 

3) Cluster growth terminates when condition 1) and 2) cannot be both satisfied. 

This set of 2D ice rules successfully explains the adsorption behavior of water on 
a number of (111) surfaces, including the aforementioned Pd(111) and Ru(0001). As 
depicted in Figure 6, while in BFP ice rules, the structure can be extended infinitely, under 
2D ice rules, this extension can only occur in small clusters or narrow stripes. When the 
cluster grows larger than a hexamer, at least one “defect” molecule of double acceptor 
nature, vertically oriented and high-lying (red molecules in the schematic) will show up. 



	   11 

Minimizing this high energy induced by “defect” molecules leads to stripe growth on 
Pd(111) and Ru(0001). 

 

Figure 6. 2D ice rules [12]. Vertical molecules are at a slightly higher elevation (~0.2A) than flat ones. In 
the text we sometimes refer to them as flat-lying and high-laying molecules 

 

1.3.7. (111) vs. (110) surfaces 

2D ice rules well explain water adsorption on (111) surfaces. However, (110) 
surfaces could be a different situation and may require further scrutiny when validating 
and applying 2D ice rules. 

(110) surface in general is more open, which means the metal atoms are 
coordinated to fewer adjacent metal atoms and therefore it is in general more reactive 
than its (111) counterpart. This is a simplistic picture, but it is supported by observations 
of higher desorption temperature of Pt, Pd, Ni and Cu (110) surfaces than (111) [1], as 
well as the adsorption path of molecular vs. dissociative being face-specific for Co, Ni 
and Cu, when stronger water—metal bonds on (110) leads to dissociation whereas not on  
(111) [1]. 
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In addition to the impact of generally stronger water—metal interaction on (110) 
than (111), (110) surfaces are two-fold symmetric and the preferentially hexagonal 
epitaxial growth of water adsorption structure could exhibit a different dynamics from 
that on (111). Due to the two-fold symmetry nature of the substrate, commensurate 
epitaxial growth of ice bilayer has to go through different stretching and/or compression 
of its hexagonal unit cells along [001] and [110] directions to accommodate the lattice 
constant mismatch. 

Another interesting characteristic of water adsorption on (110) is that while sub-
monolayer structures grow at confined width as on (111), the direction of growth is 
uniformly along either [001] or [110] directions, depending on the substrate material as 
well as the dosing and annealing temperature. For example, water forms one-dimensional 
(1D) zigzag chains along [110] [13] on Pd(110), [001] and [110] on Cu(110) [14], and 
straight chains along [110] [15], [16] on oxygen precovered Ag(110). Compared to the 
richness of literature on (111) metal surfaces such as Ru(0001), Pd(111) and Pt(111), 
although interest level of the research community has been picking up in the last decade, 
studies of water adsorption on (110) surfaces are relative scarce. 

 

1.4. Water on Copper (110) 

1.4.1. Overview 

Copper (Cu) has attracted significant interest as the substrate for water adsorption 
studies since 1980’s. Copper was identified as a borderline metal in terms of dissociation 
with controversial experimental results in the past literature [1]. Copper exhibits face-
specific adsorption behavior. While Cu(111) is hydrophobic and inert around 1 Torr of 
vapor pressure, Cu(110) is hydrophilic and dissociates water even at cryogenic 
temperatures [17]. In addition, recent STM based studies have shown significant richness 
of water adsorption structures on Cu(110) surfaces [18] at different substrate 
pretreatment, annealing temperature, water dosage amount and coverage. Contradicting 
structure models have been proposed and still under debate. Systematic understanding of 
water adsorption structures and transformation between them has the potential to 
untangle the complex mechanism and has implications to facilitate understanding of 
water clustering and structuring on two-fold, open (110) surfaces, which will complement 
the most thorough understanding of the close-packed (111) metal systems and move 
forward the overall understanding of the water—metal interface. 

This section reviews the progress of research on water—Cu(110) system and sets 
the context for the objective of the study of this thesis.  

1.4.2. Temperature programmed desorption (TDS) spectroscopy 

Water desorption from Cu(110) was investigated by temperature programmed 
desorption (TDS) technique and it was found consistently to be in the range of  160-180K 
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[19]-[22], as summarized in Table 2. Desorption temperature has been consistently found 
to be coverage dependent. When the coverage is less than 1ML, a desorption peak around 
170K increases by 5-10K as coverage increases. When multilayer ice starts to form at 
greater than monolayer (ML) coverage, a second desorption temperature at 160-165K 
shows up. 

 Table 2. Thermal programmed desorption (TPD) spectroscopy of water on Cu(110) 

 

1.4.3. Low energy electron diffraction (LEED) 

Long range order of water adsorption layer on Cu(110) was studied extensively 
with low energy electron diffraction (LEED) in the last three decades. Majority of the 
LEED studies reported a c(2 × 2) pattern, as listed in Table 3. Classic bilayer model was 
proposed to explain the LEED pattern [23], as shown in Figure 7. Half of the water 
molecules were suggested to bond on top of the copper atoms in the trough, and the other 
half to have unbounded O—H pointing towards the vacuum, preserving the geometry and 
symmetry of ice bilayer [19]. Same model was also used to interpret the c(2 × 2) pattern 
in multiple reports [20], [21]. 
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Table 3. LEED patterns of water on Cu(110) 

 

 

 

Figure 7. 2D water bilayer model on Cu(110) [19] 

 

The same c(2 × 2) pattern was interpreted as a partial dissociated H2O:OH or 
D2O:OD network, possibly a result of electron beam damage [24]-[26]. By carefully 
controlling electron beam damage, Schiros et al. observed a (7 × 8) pattern and suggested 
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that water molecules formed a monolayer not closely registered to Cu(110) substrate but 
a distorted hexagonal network [27]. 

1.4.4. Electron stimulated desorption ion angular distribution (ESDIAD) 

ESDIAD is a tool that is sensitive to the orientation of O—H bonds, and in 
principle, images in real space O—H bond orientations in water adsorption structures. 
The adsorbed layer is bombarded with electrons and generates ions. The direction of the 
ion emission is recorded, which provides information on the direction of the bonding of 
molecules on the surface. Only a couple of reports of ESDIAD on water—Cu(110) 
system could be found, as listed in Table 4.  

Table 4. ESDIAD of water on Cu(110) 

 

Three types of independent patterns were identified: 4-spot pattern, 2-spot 
pattern, and center spot pattern [21]. The 4-spot pattern appeared mostly in low-
coverage, and was associated with water dimer [21]. 2-spot pattern occurred either with 
high temperature treatment (>190K) or as a result of electron damage [21], [22]. 
Combined with STM studies of the structure at similar temperature and coverage range, 
Lee et al. concluded that the 2-spot pattern indicated 1D H2O:OH zigzag structures along 
[110], where the edge species were OH pointing along [001] directions [22]. A similar 
structure model was confirmed in a later report [28]. The center spot was interpreted as 
coming from the water molecules in the upper bilayer with OH pointing towards vacuum 
[21]. 

One noteworthy thing about ESDIAD studies is that while 2-spot pattern has been 
associated with established H2O:OH 1D chain models, the 4-spot pattern does not have a 
good match with STM studies, because dimers were not observed as the major structures 
at low coverage (see Chapter 2). 

1.4.5. Ultraviolet photoelectron spectroscopy (UPS) 

UPS has been widely used to characterize the valence band structure of water 
adsorbates on metal surfaces. Three occupied states in valence band, i.e., 1b2, 3a1, and 
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1b1 as introduced earlier in Section 1.2.1., can be associated with the three major peaks in 
UPS spectra. A summary of UPS studies on water—Cu(110) system is listed in Table 5. 

Table 5. UPS of water on Cu(110) 

 

Based on the three peak features of the UPS spectra at < 150K, Spitzer et al. 
suggested that water adsorbed molecularly on Cu(110) at this temperature range. As the 
temperature increased the, intensity of peak 1b2 decreased relatively to 3a1 and 1b1, and 
after 225K, the UPS spectra appeared in the typical OH two-peak shape, indicating the 
evolution from partial dissociation to complete dissociation in 150-225K range. Beyond 
250K, only 1b1 peak remained and was related to oxygen remaining on the surface [29]. 
Molecular adsorption was supported by other UPS results [19], [23].   

1.4.5. X-ray photoelectron spectroscopy (XPS) 

While UPS is sensitive to valence band structures, XPS is used for detecting core 
level electronic structures. Water oxygen 1s states are effectively probed by XPS and can 
yield important information about adsorbate bonding. 

Table 6. XPS of water on Cu(110) 
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Consistent with their UPS results [29], Spitzer et al. concluded that water 
molecularly adsorbed on Cu(110) at a temperature lower than 180K, partially dissociated 
in the range of 180-210K, and fully dissociated at a temperature higher than 210K [30]. 
Ammon et al. argued that partial dissociation happened at a temperature as low as 95K, 
based on their observation of a XPS O1s peak at 531.0eV assigned as OD group. 
Andersson et al. studied X-ray and electron damage and presented an XPS result with 
carefully controlled damage effect. They concluded that monolayer water was 
molecularly adsorbed below 150K, while heat induced dissociation happened above 
150K, supported by the evidence that a peak around 531eV was clearly resolved in XPS 
above 150K. XPS results were summarized in Table 6. 

1.4.5. Vibrational properties 

Nine degrees of freedom of a water molecule can be expressed as three modes of 
vibrations: three internal modes (the symmetric and asymmetric H—O—H stretches and 
“scissors” mode), three liberation modes (“rocking”, “waging”, and “twisting” modes), 
two frustrated translational modes and a substrate—H2O stretch mode [2]. Vibrational 
properties are usually measured by high resolution electron energy loss spectroscopy 
(HREELS) or reflection adsorption infrared spectroscopy (RAIRS). The results for water 
on Cu(110) are summarized in Table 7. 

 

Table 7. Vibration properties of water on Cu(110) 

 

 

Lackey et al. conducted HREEL for different coverage of water on Cu(110). At a 
coverage of <0.05ML, a peak at 3375cm-1 was assigned as O—H stretch of water 
molecules hydrogen bonded to water molecules, which means hydrogen bond clusters 
formed at low coverage. As the coverage goes higher to 0.15ML, two additional peaks 
(3600cm-1 and 3180cm-1) around 3375cm-1 were resolved. 3180cm-1 was assigned as the 
stretch mode of O—H pointing toward the substrate, and 3600cm-1 the stretch mode of 
nonhydrogen-bonded O—H [20]. Similar free OH stretch was also reported by Schiros et 
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al. in a RAIRS study, although the coverage was near monolayer and characterized as (7 
× 8) structure by LEED [27]. 

1.4.6. Scanning tunneling microscopy (STM) 

STM provides real space imaging of the short- and long-range order structures 
and complements methods mentioned above. STM is particularly powerful in imaging 
and manipulation of small clusters and sub-monolayer structures, which are difficult to 
measure with reciprocal space imaging methods such as LEED, or difficult to correlate to 
real space structures with spectroscopic tools such as UPS and XPS. 

While STM studies on small clusters, such as monomers [31], dimers [31], H2O—
OH clusters [32], [33], trimers and tetramers [34], provide insights on the initial 
clustering of water molecules before forming long range order structures, only STM 
studies on sub-monolayer or monolayer structures were summarized in Table 8. 

Table 8. STM results of water on Cu(110) 

 

There are quite a number of one-dimensional structures with long-range order that 
have been reported in the last decade [14], [18], [22], [25], [28]. These structures were 
not captured in previous LEED, UPS, XPS or ESDIAD studies. Albeit abundance of 
existing studies on 1D structures, the best match structure models are still under debate 
[35].  

Another interesting finding is that there is only one previous publication that 
reported c(2 × 2) structure [36], while c(2 × 2) was the majority of LEED results 
mentioned earlier. 

 

1.5. Objective of Research 

This thesis focuses on determining the water adsorption and reactions on Cu(110) 
surface at low coverage. Cu(110) was picked as the substrate of choice. Cu(110) is one of 
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the open, two-fold symmetry substrates for which no clear ice structure rules have been 
established. Existing studies on water—Cu(110) system are abundant but controversial. 
Quite a number of key questions are still unanswered. 

The objective of this thesis is to answer these three questions: 

1) How do water molecules nucleate and bind to each other to form one-
dimensional chains and monolayers? And as more water molecules adsorb on 
the surface, how do one-dimensional structures transform into monolayer 
structures? 

2) What are the atomic structures of low coverage water on Cu(110) at various 
growing/annealing temperatures? And how do structures transform from one 
to the other? 

3) How does the water adsorption and dissociation affect the structure of the 
Cu(110) substrate? 

4) How does water adsorption and dissociation change when the coverage is 
increased to monolayer?  

 

1.6. Organization of Thesis 

The following chapters of this thesis are organized as below: 

Chapter 2 is the central thesis of this work. It discusses the sub-monolayer water 
adsorption behaviors on clean Cu(110). This chapter dives into the STM imaging and 
manipulation of one dimensional chains, as well as in-situ anneal of the structures to 
study their evolution with increasing thermal activation. Hexagonal ring based models is 
proposed and partial dissociation is identified as the driving force of phase 
transformation. Validity of 2D ice rules on Cu(110) are discussed in terms of the impact 
of substrate on water structures. 

Chapter 3 investigates the water—metal interaction in the opposite direction: the 
impact of water adsorption on Cu(110) surface structures. STM imaging and analysis 
summarizes the key surface reconstruction as surface temperature increases. Driving 
forces of the surface reconstruction is investigated in detail. 

Chapter 4 presents STM studies on monolayer coverage water adsorption and 
evolution of structures on Cu(110) by in-situ annealing. The different observation of 
monolayer coverage water structures compared with sub-monolayer situation is 
highlighted, and structure models of monolayer phases are proposed. 

Chapter 5 summarizes the findings of the thesis, identifies unanswered questions 
and points to future research direction. 
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Appendix provides a detailed account on instrumentation of the scanning probe 
microscopy (SPM) system and the efforts on non-contact atomic force microscopy (NC-
AFM) made by the author during PhD research. 
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Chapter 2: Sub-Monolayer 

Water Adsorption on Clean 

Cu(110) Surfaces 

 

2.1. Introduction 

The first adsorption layer of water on a surface is the ideal system for atomic level 
understanding of the substrate material’s wettability, which is a critical physical property 
for a number of technological systems, such as catalysis, electrochemistry, and atomic 
layer deposition widely used in energy and semiconductor industries. Historically, the 
atomic structure of the first adsorption layer was interpreted by a puckered classic bilayer 
model mimicking the basal plane of the hexagonally closed packed (HCP) ice Ih structure 
[1], [3]. However, the finding of low energy electron diffraction (LEED) studies on the 
water adsorption layer on Ru(0001) suggested that water molecules in the hexagonal 
network were coplanar instead of puckered as predicted by the classic bilayer model [7]. 
Based on scanning tunneling microscopy (STM) imaging of sub-monolayer water 
structures on Ru(0001) and Pd(111), Salmeron et al. summarized a set of 2D ice rules 
[11] as explain in the previous chapter. 

The 2D ice rules successfully explained the coplanar nature of the majority of 
water molecules in the hexagonal network, as well as the reason for confined width of the 
stripe-style growth pattern of sub-monolayer structures observed on these two metal 
surfaces [10]. 

Confined growth pattern was also found on Cu(110) surfaces. Yamada et al. first 
reported an observation of one-dimensional (1D) zigzag chains on Cu(110) extending 
along [001] direction in 2006. A model composed of water hexamers assembled in zigzag 
chain pattern was proposed, but no details about the water molecule orientation were 
provided, and no discussion on the reason for the confined growth mechanism was 
presented [25]. Carrasco et al. also observed a similar 1D zigzag chain structure, and by 
conducting density functional theory (DFT) calculation on a number of reference 
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structure models, they claimed the lowest energy structure being a side-sharing pentagon 
model [18]. Schiros et al. studied the 1D zigzag chains with X-ray adsorption 
spectroscopy (XAS) and suggested that a structure model built by hexamers interfacing 
each other with Bjerrum defect in between best reproduced the XAS spectrum and put the 
pentagon model in question [35]. 

This chapter presented a STM study of sub-monolayer water adsorption structures 
stabilized at various annealing temperature between 77K and 170K. By setting small 
steps of temperature variation, we discovered that three types of ordered 1D chain 
structures exist with long-range order in the range of 77-140K. The three structures and 
their transformations following thermal treatment provided important local geometry 
information to attest 2D ice rules and to examine the mechanism of the confined chain 
growth on Cu(110) surfaces. 

2.2. Methods 

A home-built scanning probe microscopy (SPM) system was applied in STM 
mode for this study. For instrumentation details of the SPM system, please refer to 
Appendix A of this thesis. The Cu(110) sample was prepared by cyclic Argon ion 
bombardment cleaning and electron beam annealing in a room-temperature, ultra-high-
vacuum (UHV) sample preparation chamber with a base pressure < 5 ×10-10 Torr. The 
sample was then transferred to the SPM chamber, which is maintained at UHV at a base 
pressure < 1 × 10-10 Torr with the SPM body cooled by liquid nitrogen or liquid helium 
cryostat. The cleanliness of the Cu(110) sample was checked by immediate STM 
imaging. As shown in Figure 8, the as prepared Cu(110) surface was almost free from 
discernable impurities or defects, and the rectangular lattice of Cu(110) was clearly 
resolved. H2O of 99.99995 atom % H purity was filled in a sealed flask attached to the 
SPM chamber through a high precision leak valve. Before water was dosed onto the 
sample inside the SPM chamber, it was degassed by multiple cycles of freeze—pump—
thaw method. Water vapor from the sealed flask was directed through the leak valve and 
long tube pointing at the Cu(110) sample. Dosage was monitored by the ion gauge and 
dosing time. However, the author refrains from using Langmuir to quote the water 
dosage, because the ion gauge is located far away from the sample to prevent undesired 
water vapor ionization and might not establish an accurate and reliable Langmuir 
measurement. 
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Figure 8. STM images of as prepared Cu(110) substrate. (a) 200nm × 200nm low magnification scan 
(100mV, 30pA) (b) high magnification atomic structure imaging of Cu(110) surface (115mV, 70pA). 

The SPM is equipped with a resistive heater as well as temperature thermal 
couple right underneath the sample holder for accurate temperature control. This feature 
enables in-situ sample annealing to a wide range of temperature above the base 
temperature. To study the evolution of the first layer of water on Cu(110), the sample was 
heated in a staircase fashion as illustrated in Figure 9. A sample heating ramp of 10K/min 
was applied untila  target temperature was achieved. The sample maintained at this 
temperature for 20 min after which it was cooled down. STM imaging was carried out at 
the stabilized base temperature of the system, i.e. 77K or 4K, depending on the cryogen 
filled into the cryostat being liquid nitrogen or liquid helium. 

 

Figure 9. Schematic of typical sample thermal history. 
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2.3. Results 

2.3.1. As-grown structures at 77K 

After water was dosed onto the clean Cu(110) substrate maintained at 77K by 
liquid nitrogen cryostat and the sample temperature was stabilized, without further 
heating, the STM imaging was immediately performed to examine the as-grown 
structures. As shown in Figure 10 (a), sub-monolayer coverage was found on Cu(110) 
surface. 

Two types of molecular arrangements were found, as shown in Figure 10 (a). The 
first type consists of one-dimensional (1D) zigzag chains running along [001] direction of 
the Cu(110) substrate. Similar chains were previously reported by Yamada et al. [25] The 
chains observed here are about 1nm wide, start from the step edge region and terminate 
on the terrace. Detailed structure analysis will follow. 

 

Figure 10. As-grown structures after water dosage on Cu(110) at 77K without further annealing. (a) Low 
magnification STM image (15mV, 30pA). (b) High magnification STM image (3mV, 30pA). 

 

The second arrangement was in the form of patch-like two-dimensional (2D) 
islands. 2D islands were also reported at similar experimental conditions [25]. No long-
range order inside the 2D islands was resolved. These 2D islands tended to form either 
near the step edge area, and were decorated on their peripheries by straight, ordered 1D 
wires, indicating these ordered 1D features play a role in terminating further clustering. 
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2.3.2. Heating to 120K 

The sample with the as-grown structures was heated to 120K for 20min and 
cooled down to 77K for STM imaging. Typical images obtained after this treatment are 
shown in Figure 11.  

 

Figure 11. Structures grown after 120K annealing. (a) Low magnification STM image showing a few 2D 
islands and longer, equally spaced 1D zigzag chains (7mV, 30pA). (b) High magnification STM image 
showing the details of the parallel running, equally spaced 1D zigzag chains (-140mV, 40pA). The inset of 
(b) shows the inter-chain spacing to be ~4nm and the height of the chain around 1.6Å. (c) Magnified 2D 
islands aggregated near the step edges. While there were some features running along [001], no obvious 
long range order was found inside the 2D islands. 

The most noticeable change from 77K to 120K was that the 1D zigzag chains 
grew longer and almost extended across the entire terrace. The spacing between these 
parallel-running chains equalized to around 4nm. This observation is consistent with 
aprevious report [25], which ascribed the equal spacing to the long range dipole—dipole 
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repulsion. The 1D zigzag chains are about 1nm in width and 1.6Å in height. Inner 
structures or registry to the substrate were not resolved by our STM system at 77K. 
Higher resolution STM imaging of 1D zigzag chains at 4K was performed and will be 
detailed in the following section. In the meanwhile, the 2D islands became a much 
smaller proportion of the adsorbate structures at 120K than 77K. Small patches still 
remained near step edges but no 2D islands were found in the middle of terraces as at 
77K. 

2.3.3. Heating to 130K 

Heating the sample to 130K brought changes to the 1D zigzag chain structure 
itself. The original straight 1D zigzag chains became wavy under low magnification STM 
imaging, as seen in Figure 12 (a). A close up imaging revealed many “defects” on the 
chains that made the otherwise straight chains look wavy, and these “defect” structures 
can dominate the chains, as we can see from Figure 12 (b). 

Different from the 1D zigzag chains, these new structures exhibited a different 
symmetry in the location of the bright protrusions. The author denotes this structure as 
1D rectangular (RC) chains, due to the fact that protrusions on one side exactly mirrored 
those of the other side along the center line of the chain, making the building block a 
rectangular geometry. 

 

 

Figure 12. Structures grown after annealing at 130K. (a) Low magnification STM showing that the 
originally straight 1D chains became wavy (4mV, 30pA). (b) High magnification STM showing more 
details of the chains, the majority of which were composed of 1D rectangular chains (4mV, 30pA). 

It should be noted that a 1D rectangular chain section appeared as natural 
extension of the adjacent 1D zigzag chain section. Hence, it is a plausible assumption that 
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a 1D rectangular chain is a modification of a 1D zigzag chain. This mixed structure 
provides an ideal system to help determine the atomic arrangement of the 1D chains. 

2.3.4. Heating to 140K 

Heating to 140K converted most of the structures into 1D zigzag chains to a new 
structure, shown in Figure 13. The new structure has a periodicity twice that of the 1D 
chains formed at 120K. The author designates this new structure as 1D double zigzag 
(DZ) chains.  

 

 

Figure 13. Structures grown after annealing at 140K. (a) Low magnification (25mV, 30pA) and (b) high 
magnification (-105mV, 50pA) STM images. The structure is referred in the text as double zig-zag (DZ). 

 

While the brightest protrusions of the 1D double zigzag chains resembled those of 
the 1D zigzag chains as well as the 1D rectangular chains, secondary bright protrusions in 
between every two primary protrusions were clearly resolved in Figure 13 (b).  

In some cases the transformations between 1D zigzag to square and to double 
zigzag were not complete, and occasionally they could be seen coexisting in one image, 
as in the example of Figure 14. The three structures were labeled by short names formed by 
their initials: 1D zigzag chain as ZZ, 1D rectangular chain as RC, and 1D double zigzag 
chain as DZ. Although the zigzag and double zigzag structures are fragmented here, their 
coexistence provides a way to compare their dimensions and orientation relative to the 
substrate in one single image, which allow us to conclude that in all three 1D structures 
the relation between molecular structure and Cu substrate is the same. Detailed structural 
analysis will be discussed in the following section. 
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Figure 14. Three 1D structures, i.e. zigzag (ZZ), rectangular (RC), and double zigzag (DZ) chains,  
coexisting on Cu(110) surface. (4mV, 30pA) 

 

2.3.5. Heating beyond 150K 

The ordered 1D chains disappeared after annealing the sample to 150K, as shown 
in Figure 15 (a). The previous ordered structures gave rise to structures with a worm-like 
wiggly appearance. Scattered bright dots showed up in the formerly clean space between 
worms. Further annealing to 160K produced nuclei on the sides of the worms that grew 
into straight perpendicular chains, along the [110] direction, as shown in Figure 15 (b). The 
morphology and orientation of these side chains is the same as the one reported earlier as 
H2O:OH mixed 1D chains [22], which will be covered in detail in the next chapter. 
Annealing to 170K resulted in the growth in length and order of the lateral chains. 
Thermal evolution after 180K will be discussed in the next chapter. 
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Figure 15. Structures grown after (a) 150K (150mV, 20pA), (b) 160K (-130mV, 20pA), and (c) 170K 
(150mV, 20pA) annealing. New worm-like wiggly chains grow along the [110] direction starting at the 

original 1D chains. 

 

 

Figure 16. High resolution imaging of one-dimensional chains achieved after abrupt change in tip 
condition while scanning the top part of the image. The close packed rows of the Cu(110) were resolved, 
and the one-dimensional chains showed an improved resolution. Imaging condition: 30mV, 30pA.  
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2.3.6. Imaging one-dimensional chains at 4K 

The SPM was cooled down to 4K by replacing liquid nitrogen with liquid helium 
in the cryostat in order to decrease thermal activated motions of the adsorbates as well as 
on the tip to provide more stable imaging. 

The image in Figure 16 was obtained by annealing to 130K before cooling to 4K. 
An abrupt change in contrast and resolution occurred during scanning near the top of the 
image, which resulted in a higher resolution. This was likely due to the loss or the 
attachment of a molecule at the tip apex.  

The most significant result of the increased contrast and resolution was the 
resolution of the Cu atomic rows that run perpendicular to the chains. In this manner we 
could ascertain that the brightest protrusions in the water chain were aligned with the on-
top sites on the close packed [110] rows.  

A high-magnification STM image of the one-dimensional chain is shown in Figure 
17. Measurement of the geometry of both the zigzag (ZZ) and rectangular (RC) segments 
of the chain showed that the periodicity along the chain is 7.22Å, double of the spacing 
between Cu(001),  the same as for the ZZ chains. The width of the chains, however, was 
measured to be around 7.8Å for the ZZ segment and 11.5Å for the RC segment. This 
width is similar to that found at 77K imaging, although the resolution is lower there. 
Compared to previous geometry measurements for the 1D zigzag chain, a width of 7.8Å 
is larger by about 2.4Å than the 5.4Å measured by Carrasco et al. [18], but close to 8.1Å 
measured by Yamada et al. [25]. 

The compact rows of Cu atoms perpendicular to the water chains and resolved in 
Figure 16 and Figure 17 provide important information about the registry of the water chain. 
In contrast to previous reports on 1D zigzag chains [18], [25], we found that the bright 
maxima are not aligned with the troughs of the Cu chains along [110], but instead align 
close to the maxima. 
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Figure 17. High-magnification STM image of a connected 1D zigzag and rectangular chain. 

 

 

2.4. Discussion 

2.4.1. Building block of one-dimensional chains: pentagon or hexagon? 

In a paper published in 2009, Carrasco et al. presented a STM study on a similar 
one-dimensional zigzag chains formed by water on Cu(110) at 100-140K range [18]. The 
STM results, together with IRAIS spectroscopy data, were interpreted with the help of 
DFT calculations, as due to the formation of chains of side sharing pentagonal units of 
hydrogen bonded water molecules in alternating orientations. The unshared vertex of the 
pentagons, pointing in opposite directions in alternating units, are occupied by acceptor 
water molecules with their plane approximately perpendicular to the surface, one H 
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pointing to the surface and the other upwards to the vacuum. The oxygen atom of this 
molecule is located above the trough between close packed copper rows and lying higher 
than the rest of the flat-lying molecules. The H pointing upward in these high-lying side 
molecules were interpreted as the source of STM image protrusions and the zigzag 
pattern of the chains. 

 

Figure 18. Pentagon chain model proposed by Carrasco et al.[18] 

 

Although the STM and the IRAIS results were used to support the hypothesis, this 
pentagon chain model appears not consistent with other experimental results on sub-
monolayer water structures at the same temperature range.  
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Figure 19. (a) LEED of clean Cu(110) surface. H+ ESDIAD results of H2O on Cu(110) at 90K: (b) 0.5L 
H2O dosage; (c) 1.5L dosage; (d) 4.5L dosage. [21] 

 

One particularly important study that does not support this pentagon chain model 
is the H+ ESDIAD results on similar low coverage, low temperature water on Cu(110) 
presented by Polak et al. in 1994 [21]. Their ESDIAD results showed the presence of a 4-
spot pattern with a center spot at 0.5L dosage and 90K, which were interpreted as the 
result of isolated water dimers and c(2 × 2) islands. Our STM results as well as previous 
reports [18], [25] showed no ordered c(2 × 2) island, and no significant, or negligible 
presence of isolated dimer existing at the temperature range near 90K. In contrast, one-
dimensional zigzag chains dominate the surface coverage, and it is a safe assumption that 
1D ZZ chains are likely the source of ESDIAD signals observed by Polak et al. If the 
pentagon chain model is correct, the ESDIAD-active H sites should be the high-lying 
vertical water molecules that are assumed to give rise to the STM maxima. The 
orientation of the OH pointing upward is aligned with [110], the direction of the close 
packed copper rows as well as the trough in between, and this is supposed to contribute to 
a “2-spot pattern” along [110]. However, no such result was found in the study from 
Polak et al., or any following ESDIAD studies on water/Cu(110) system. There is another 
“2-spot pattern” along [001], which successfully supported the H2O:OH mixed chain 
running along [110], as we will discuss in the next chapter. 

A recent XAS study in 2013 by Schiros et al. [35] also called this pentagon chain 
model into question. Schiros et al. presented an XAS result on 0.3ML coverage 
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D2O/Cu(110) at 100K after 140K annealing, although it was not clear whether the 1D 
zigzag chains were produced under these conditions. The XAS result showed a strong 
peak that could not be reproduced by the pentagon chain model, which predicted no peak 
around the energy predicted by the theoretical calculations of Schiros et al.. Based on this 
discrepancy, Schiros et al. proposed a new chain model based on hexagon rings 
interfacing each other without side sharing but forming Bjerrum defects in between. 

High resolution STM imaging at 4K presented in this thesis (detailed in Section 
2.3.6.) provides further evidence to support a different structure model other than 
pentagon chain model. As previously detailed, the distance separating the lines along the 
bright spots in [001] direction bright spots along the 1D zigzag chain is 7.8Å. This value 
is 2.5Å larger than the separation reported by Carrasco et al. [18], a discrepancy that is 
beyond the experimental error, where distances were calibrated using the Cu(110) 
substrate atomic distances. Although in our 77K STM imaging results the resolution was 
not good enough to resolve the internal structure of the chains, the separation between 
two lines of bright maxima was consistently larger than the distance between two 
maxima in the same line, which is 7.2Å as commonly agreed by all the reports [18], [25]. 
If the pentagon chain model had to fit this larger separation, assuming locations of the 
water molecules inside the chain bound directly on top of copper have less flexibility to 
stretch outwards, the high-lying water molecules providing the bright contrast had to be 
moved away from the center by 1.3Å each. The estimated bond length increase of ~1Å to 
3-3.5Å is no longer compatible with the typical hydrogen bond lengths of 1.5-2.5Å.  

Another source of discrepancy revealed by our STM results from the pentagon 
chain model, perhaps even more significant than the distance, is the registry of the 
maxima relative to the copper lattice. According to Carrasco et al., the maxima are 
located aligned with the troughs between the [110] rows of copper atoms. In contrast, our 
STM images unambiguously reveal that the maxima align closely with the atomic rows 
of Cu atoms, as shown in Figure 20. 

 

Figure 20. Registry of 1D zigzag chain on Cu(110). 

To explain our results, Ruben Perez, on sabbatical in our group during 2013, 
performed DFT calculations of three structures, including the pentagon structures of 
Carrasco et al., a new structure based on hexagonal units that provides a wider chain with 
all molecules located over the copper atoms, and a third structure that modifies the 
second one by making one molecule per hexagon ring dissociated. [Reference: R. Perez 
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et al. to be published]  The results of optimization of the three structures are summarized 
in Figure 21.  

Comparison of the pentagon and intact hexagon models is discussed first. The 
result of the dissociated hexagon model will be discussed in the next section. Perez’s 
calculations revealed that the average binding energy per water molecule in the pentagon 
chain model is slightly higher, i.e., in theory more favorable, than in the hexagonal one: 
540meV compared to 520meV, respectively. Using a modified DFT approach that 
included van der Waals forces the energies were found to be higher but the difference 
between the pentagon and hexagonal models was the same. However, in the current state 
of development of DFT, it is unclear whether one can make conclusions about structures 
differing only by a few tens of mili-electron-volt. Therefore, this author claims that we 
cannot favor one model or the other solely based on DFT energetics, but testing the DFT 
models with experimental results should be the approach for structure determination. 

 

Figure 21. DFT calculations of three structure models for 1D zigzag chains on Cu(110) by Perez et al. 

 

The calculated hexagonal structure matches our STM results better. While the 
distance between water molecules on both sides of the chain in pentagon model is 
calculated as 5.14Å, close to the STM result reported by Carrasco et al. [18], the intact 
pentagon model gives a distance of 7.71Å, which matches our STM results reported 
earlier. Same as the pentagon model, the intact hexagon model predicts that the two edge 
molecules of the hexagonal ring are not covalently bound through the O to the copper 
atoms underneath. Similarly to the pentagonal model, these high-lying molecules are the 
source of protrusions in STM images, as confirmed by DFT calculations. 

The result that edge molecules are overhanging instead of bonding to the surface 
is consistent with a study of water trimers and tetramers on Cu(110) by Kumagai et al. 
[34]. Due to the geometry constraints of the quasi-1D Cu(110) surface as well as the 
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competition between hydrogen bond and water—copper bond, a third molecule in the 
trimer or the fourth in the chain tetramer has to stay high-lying and contributes the major 
intensity of the protrusion in STM images.  

The intact hexagonal model is consistent with the ESDIAD results by Polak et al. 
[21]. While the molecules inside the chain are not likely to have ESDIAD active H due to 
their flat-lying geometry, the H pointing upward vertically oriented edge molecule should 
be ESDIAD active. Different from the pentagon model where H of the edge molecule is 
pointing up along [110], the active H in the hexagon model is pointing in a direction 
closely aligned with [111]. In this way, the 4-spot pattern in Polak et al.’s study could be 
interpreted as the result of the 1D zigzag chains instead of isolated dimers. 

However, there is one remaining question concerning the justification of the intact 
hexagon model for the 1D zigzag chains. Although the simulated width of the intact 
hexagon model matches our STM measurement at both 77K and 4K, Perez et al.’s study 
does not provide an explanation on the 1D zigzag chain registry observed at 4K, as 
shown in Figure 20.  

2.4.2. Remaining question: degeneracy of intact hexagon models 

Cabrera et al. followed a similar approach as that of Perez et al. [Ref.: P. Cabrera 
et al. to be published] First the intact pentagon model was reproduced with their DFT 
algorithm as the baseline for pentagon vs. hexagon discussion. Then the energetics of the 
intact and dissociated hexagon models were studied to examine the plausibility of each 
models. In addition to energetics, Pepa Cabrera et al. simulated the STM images using 
the Tersoff-Haman approach [37]. The results are summarized in Figure 22.  

 

Figure 22. DFT calculations of four structure models and corresponding simulated STM images for 1D 
zigzag chains on Cu(110) by Cabrera et al. 
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Similar to the results by Perez et al., without water dissociation, the pentagon 
model (Figure 22 (a)) was calculated to be energetically more favorable than the hexagon 
models (Figure 22 (b)-(c)) by around 27meV, and dissociated hexagon model energetically 
more favorable than intact hexagon model. Again, this author believes that energy 
difference by a few mili-eV between intact pentagon and hexagon models alone does not 
justify pentagon model as the conclusive structure model for the 1D chains. 

Similar as Ruben et al.’s results, in Cabrera et al.’s study, there are two side 
molecules in each hexagonal ring. However, it was found that two intact hexagon models 
were giving the same adsorption energy, and the only difference was the orientation of 
side dimers, as exhibited in Figure 22. In Figure 22 (b), the vertical side molecules, whose 
H—O—H plane are almost vertical to the substrate and highlighted in green circles, are 
positioned in alternating matter. The simulated STM image shows a zigzag pattern of 
maxima that reflects this symmetry. In Figure 22 (c), the vertical side molecules are more 
symmetric and are actually positioned on the same row of copper [110] rows. The 
simulated STM image shows a “distorted” zigzag pattern.  

The main problem of the two intact hexagon models come from the fact that in 
DFT calculation employed by Cabrera et al., both models are energetically degenerate, 
and there is no constraint that fixes the configuration of the side molecule orientation.  

 

 

 

Figure 23. Experimental STM images of 1D water chains on Cu(110) by Carrasco et al [18]. 
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2.4.3. Molecular vs. dissociative adsorption paths 

As reviewed in Chapter 1, whether water adsorbs on Cu(110) molecularly or 
dissociatively at temperatures < 150K is controversial. While previous UPS results 
suggested that water does not dissociate [19], [23], [29], XPS observations show 
conflicting conclusions. Ammon et al. observed an XPS peak characteristic of OH at 
temperature as low as 95K in sub-monolayer coverage range, and argued that water 
dissociation happens at a temperature lower than previously suggested 150-180K 
threshold [24]. It was later suggested by Andersson et al. that this observation of low 
temperature dissociation could be the result of radiation damage [38], which is known to 
be a weakness of XPS methods in detecting water dissociation. 

As the DFT calculation suggested in Figure 21, the partially dissociated hexagon 
chain model, in which one molecule in each hexagon ring is dissociated, gives the highest 
adsorption energy of 590meV, compared to 520eV of the intact hexagon model. However, 
water dissociation requires overcoming a significant activation barrier, which could 
prevent the molecules from dissociating at low temperature. Because of this, metastable 
phases could dominate the adsorption structure. This was proven to be the case for water 
adsorption on Ru(0001). Theory suggested partially dissociated structure is the most 
stable one in terms of energetics [8] but STM results suggested that water still adsorb 
molecularly [10]. 

Virtually no reported base exists for differentiating H2O from OH based on image 
or tunneling bias [2]. But in light of the history of understanding water on Ru(0001), 
STM is able to provide the best indirect information about dissociation by local geometry 
imaging. 

The DFT optimized structure of the dissociated hexagon model has different 
H2O/OH orientation from that of the intact hexagon model. Dissociation of one edge 
molecule makes it possible to pin down both of the edge molecules as seen in Figure 21 (c). 
The calculation shows that in this case, the edge of the hexagonal rings do not have a 
height difference from the inside part of the chain, which might lead to the removal of the 
bright protrusion in STM images. 
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Figure 24. STM manipulation of 1D zigzag chains. (a) STM image of the chains before voltage pulse 
(95mV, 50pA). (b) STM image of the chains after voltage pulse of 1V for 10sec. (95mV, 50pA). (c)-(d) 
Profiles along line c and d in (b). 

 

To validate this hypothesis, artificially introducing energy via voltage pulses with 
the STM tip can was considered a direct and simple approach to assist the dissociation or 
removal of edge molecules. In Figure 24 (a), a region of the surface containing parallel-
running 1D zigzag chains free of defects was selected. After application of a voltage 
pulse of 1.0V for 10 seconds in a location on the right side of the image, noticeable 
changes were brought to the chains, as shown in Figure 24 (b). The chain in the middle of 
the image showed three missing protrusions compared to the perfect chain. While the 
height of the normal protrusions were measured as 1.6Å, consistent with our results 
presented earlier, the three defect areas were 25pm lower than the protrusion. Following 
scanning at varying voltages was not able to recover the defects, indicating the 
irreversible nature of the reaction. This height difference between the “defect” and the 
alternating maximum dots matches the height difference between the edge molecules and 
the center molecules in DFT calculation of the intact hexagonal model, indicating 
dissociation might have been activated to pull down both high-lying edge molecules so 
that they O-bound to the substrate. The need for a high pulse voltage to dissociate or 
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modify the water structure indicates that a significant activation barrier exits, and to the 
conclusion that the 1D zigzag chains are metastable structures. 

Another important change occurred after the pulse is that on the chain next to the 
one being discussed, a short segment of the 1D zigzag chain was transformed into 
rectangular (RC) pattern, indicating that the pulse energy activated also transformations 
leading to the widening of the chains to form RC pattern.  

 

Figure 25. Model for the formation of RC pattern defect. 

 

A model for the formation of the RC pattern defect is illustrated in Figure 25. The 
voltage pulse provides energy for one of the high-lying molecule pairs at the edge to 
dissociate, bringing both molecules down to bond with copper atoms. If the neighboring 
high-lying molecule pair does not go through the same process, the defect remains on the 
surface, as shown in Figure 24 (b). If two neighboring high-lying pairs partially dissociate, 
the site in between becomes available for additional molecules to cluster with the chain, 
since a new pair of high-lying molecules can attach to the flat-lying H2O—OH group. As 
illustrated in Figure 25, three neighboring high-lying pairs dissociated, therefore two new 
pairs of high-lying molecules attach to the chain, showing up as a small section of 
rectangular chain as in Figure 24 (b). This proposed mechanism has important implication 
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in the structure models of rectangular and double-zigzag chains, as well as the 
transformation from one to the other as temperature increases. 

2.4.4. Structure models for one-dimensional chains 

Structure models based on the understanding above for one-dimensional zigzag 
(ZZ), rectangular (RC) and double-zigzag (DZ) chains are proposed by this author and 
summarized in Figure 26.  

 

Figure 26. Structure models of one-dimensional chains. 

 

Transformation from ZZ to RC chains can be understood as in the mechanism 
suggested in the previous section. Edge water molecules dissociate, transforming the 
high-lying pair at the edge, which could not accept additional molecules, into a flat-lying 
pair to which additional molecules can now attach. Since certain activation barrier needs 
to be overcome, this process does not occur at a temperature lower than 130K. When the 
sample is annealed at 130K, this process is activated, the 1D ZZ chain is widened by 
accepting additional molecules, and possible molecule orientation optimization inside the 
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chain may happen. As proposed by the model in Figure 26 (b), for symmetry 
considerations, OH groups are proposed to be located in the middle of the chain for 
energy optimization, through a possible proton transfer between molecules from a state 
when OH groups are located near the newly expanded side of the chain, as shown in the 
final state of Figure 25. In fact, in a separate study of water dissociation on Ru(0001), it 
has been proven that OH groups tend to stay in the middle of the structures [39], [40]. 
The newly formed high-lying molecule pairs are now aligned with the existing pairs on 
the other side of the chain, making the STM image a rectangular pattern. 

When temperature goes even higher to 140K, more water molecules are able to 
cross the dissociation barrier. Edge molecule pairs of the RC chains start to dissociate and 
be pinned down to the substrate. A structure model is suggested in Figure 26 (c) that 
satisfies the symmetry and topographical distances of the STM images. Dissociation of 
the high-lying molecule pairs occurs in an alternating fashion. Since no neighboring high-
lying molecule pairs are dissociated no active sites for new molecule accommodation are 
formed, and therefore the width of the chain does not change.  

 

2.4.4. Testing 2D ice rules for Cu(110) 

Based on the discussion above, lets examine anew the 2D ice rules for Cu(110) : 

1) Water tends to bind to the metal surface via an oxygen lone pair orbital in a 
flat-lying geometry. In the case of Cu(110), this holds true and hexagonal 
motif remains the building block, as on the close packed (111) surfaces. 

2) Water molecules forms as many as three hydrogen bonds with other 
molecules if possible, being hydrogen bond donor to two and acceptor to one. 
In the case of Cu(110), this also holds true. Different from (111) surfaces, two 
neighboring molecules in each hexagonal ring form only two hydrogen bonds 
with other water molecules and are thus high-lying, which stops further 
growth in the perpendicular direction. Due to the geometry constrain from the 
two-fold symmetry of Cu(110) surface, growth of molecular ice structures is 
restricted on [001] direction only. 

3) Cluster growth terminates when condition 1) and 2) cannot be both satisfied. 
In the case of Cu(110), this holds true. In the case of 1D zigzag chain, growth 
in [110] direction is limited and the chain remains only one hexagon ring wide 
in a zigzag manner. The only way to break this rule is when partial 
dissociation happens for the “defect” molecules to make them capable of 
making three hydrogen bonds with other molecules. 
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2.5. Conclusion 

In this chapter, we explored the atomic structures and the origin of three distinct 
types of one-dimensional chains, i.e., zigzag (ZZ), rectangular (RC) and double-zigzag 
(DZ), formed on Cu(110) surface after water dosing and annealing at low temperature 
regime (77-170K). We have learned: 

1) Based on the STM results and comparison with previous literature, the best 
match models for ZZ, RC and DZ are based on hexagonal building blocks, 
instead of the previously reported pentagonal ones.  

2) Transitions from ZZ to RC or RC to DZ structures are mediated by partial 
dissociation of edge molecules, which drives the lateral growth of a chain by 
making addition of water molecules to its sides possible. Significant activation 
energy for water dissociation is accounted as the reason for the stability of 
these structures at cryogenic temperature.  

3) The 2D ice rules of water adsorption on close packed (111) or (0001) surfaces 
are still a valid to explain the confined, unidirectional growth of 1D chains on 
Cu(110) surfaces. 

Further theoretical calculation will enhance the conclusions made in this chapter.  
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Chapter 3: Water Adsorption 

Induced Monoatomic Copper 

Wire Growth on Cu(110) 

 

3.1. Introduction 

In the previous chapter, water adsorption in the temperature range of 77-170K 
was investigated at every 10K steps. Three types of one-dimensional (1D) chain 
extending in [001] directions, i.e., zigzag, rectangular and double zigzag chains, were 
formed below 140K as a result of water—water and water—substrate interactions. From 
150K to 170K, one-dimensional structures running along [110], perpendicular to the 
aforementioned zigzag, rectangular or double zigzag chains, starts to nucleate and grow. 
As the temperature increases above 180K, in addition to the growth of the new 1D 
structures, another new and important change was observed in the form of a 
reconstruction of the Cu(110) substrate that causes the growth of monoatomic copper 
wires, as presented in this chapter. 

It is well known that adsorbates can induce surface reconstructions, particularly 
the steps. Notable studies on step modification by adsorbates include step bunching [41]-
[43], microfacet formation [41], and breaking up terraces into smaller clusters [44]. The 
phenomenon that surface can be restructured by adsorbates indicates substantial effects of 
adsorption on the substrate, and has important implications in numerous technological 
processes as mentioned above. For example, for atomic layer deposition (ALD) process 
in semiconductor processing, smoothness of the interface between functional layers in 
transistors is critical for device performance; hence, precursor adsorption induced 
substrate modification will need to be included in process integration considerations.  

As detailed in previous chapters, STM studies have discovered the richness of the 
water—copper interaction; one case in point is the multiple stable/metastable one-
dimensional structures identified when water covers sub-monolayer on Cu(110) in 
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various STM studies [18], [22], [25], [36]. This suggests a strong role played by the 
Cu(110) substrate in the structuring of water/hydroxyl species. However, water/hydroxyl 
impact on Cu(110) restructuring was less explored in comparison, although it has been 
reported that other species, such as atomic H [45], alkali metal atoms [46], and organic 
molecules C90H98 [47], can have dramatic effects on the Cu(110) surface structure. 

While extending the water adsorption structure on Cu(110) to >170K range from 
the previous chapter, the author will present a study more focusing on how water 
adsorption and dissociation induce the formation of one-dimensional monoatomic copper 
wires. 

3.2. Methods 

Experimental method for the study addressed in this chapter is similar to that in 
the previous chapter, as detailed in Section 2.2., except that the annealing temperature 
range applied in this chapter is 180-340K, and all the STM imaging was done at 77K LN2 
temperature. 

3.3. Results 

3.3.1. Heating to 180K 

STM imaging after heating the sample to 180K showed that the previously 
observed wiggling wires along [001] formed at 170K completely disappeared, and the 1D 
chains along [110] that used to be a fraction of the surface adsorption structures now 
dominated the surface, as shown in Figure 27. High resolution STM images (Figure 27 (a)) 
revealed that there exist two types of 1D chains. The first type is a zigzag chain, denoted 
as Z type chain, with a periodicity of 5.1Å, twice the inter-atomic distance along the close 
packed [110] row. This new zigzag (Z) chain is different from the zigzag (ZZ) chains 
studied in the previous chapter, which runs in a different direction, i.e. [001], and has a 
different actual atomic arrangement. The second type of the 1D chain in Figure 27 (b) 
resembled alternating pinches placed in a row, and is denoted as 1D pinch (P) chain. The 
periodicity of the P type chain is 10.2Å, double that of the Z type chain. The findings of 
the 1D chains along [110] are consistent with previous studies at similar temperature and 
coverage range [22], [28]. Forster et al. concluded that both structures comprise of 
molecular water H2O and hydroxyl OH with a ratio of 1:1. 
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Figure 27. (a) Low magnification STM image showing 1D chains along [110] on Cu(110) after heating the 
water covered sample at 180K. (-129mV, 20pA) (b) High resolution STM image showing the coexisting 
zigzag (Z) type and pinch (P) type one-dimensional H2O:OH chains with atomic models overlaid. (100mV, 
25pA) 

Near the step edges, a third type of one-dimensional structure was discovered 
running in parallel with the 1D H2O:OH chains. These wires are straight, emanating out 
of the step edges and extending a few nanometers into the lower terraces in parallel to 
other 1D water/hydroxyl chains coexisting on the substrate. 

The step edge area was imaged in higher magnification in Figure 28. The wire 
structures were accompanied by P type water/hydroxyl chains on one side or both sides 
of the wires, and the center line of the wire was in between the neighboring copper atom 
rows on the lower terrace, indicating that the wire grows over the troughs on Cu(110) 
surface. The wire was measured to be 80pm high, which is about 70% of the Cu (110) 
step height (125pm), but much higher than the P or Z types of water/hydroxyl chains. 
Based on the registry and the height of the wire structures, the possibility that the wire is 
made of water species could be ruled out. The author therefore assigns the wires to be 
composed of copper atoms. The lower apparent height compared to step height may be 
due to electronic effect or to the fact that the wires chemically bond with neighboring 
water/hydroxyls chains decorating one side or both sides of the wires. 
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Figure 28. (a) STM image of the step edge area. Monoatomic copper wires are seen rooted at the edge of 
the upper terrace. H2O:OH chains were found on one or both sides of the monoatomic wires. The close 
packed copper [110] rows on the lower terrace surface were marked with white lines. The monoatomic 
copper wire was found growing on top of the channel between two neighboring copper [110] rows. (b) The 
profile of the blue line across the lower terrace, monoatomic wire, and the upper terrace. The profile shows 
that the monoatomic wire is about 40pm lower than the upper terrace. (-129mV, 19pA) 
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3.3.2. Heating to 200K 

After the sample was heated to 200K, most of the P and Z type H2O:OH chain 
structures on the terraces disappeared, as shown in Figure 29 (a). New dark linear features 
running along [001] direction were formed as shown in Figure 29 (b). These linear dark 
features correspond to the Cu(110)-p(2×1)O structure to be discussed in the next section. 
Surface oxidization indicates that full dissociation of water and hydroxyls into oxygen 
and hydrogen atoms occurs at measurable rates at 200K. Interestingly some H2O:OH 
structures are still found but only attached to the 1D copper wires. 

Annealing at 200K also brought significant changes to the copper wires. Some 
copper wires appeared isolated on the terrace areas, i.e., not connected to the steps. Many 
more wires appeared near the step edges now and grew from a few nanometers to 10-
15nm. They also become spaced more regularly from each other.  

 

 

Figure 29. (a) Low magnification STM image of the sample after heating to 200K for 10min. (-150mV, 
20pA) (b) High magnification STM image of the terrace area showing a few 1D monoatomic wires and 
dark p(2×1)O stripes. (-150mV, 24pA) 
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Figure 30. (a) 1D monoatomic wires at step edge that are separated from each other by 17.5Å, or 5 times 
the spacing between copper [110] rows. (-200mV, 21pA) (b) Profile across the red line in (a). (c) 1D 
monoatomic wires at step edge that are separated from each other by 7.2Å, or twice the spacing between 
copper [110] rows. (-150mV, 20pA) (d) Profile across the blue line in (c). 

Two typical spacing arrangements of the copper wires were found. Figure 30 (a) 
shows the first type, where copper wires were separated by 17.5Å, or 5 times of the close 
packed copper [110] row distance. This distance coincides with the width of the P-type 
H2O:OH chains as seen in Figure 28 (a), and actually P-type H2O:OH chains were seen 
intercalated between the copper wires. Figure 30 (c) shows the second type of 
arrangements, where no intercalated water/hydroxyl chains were resolved in the STM 
images. Here the wires are spaced from each other by gaps as small as 7.2Å, or twice the 
copper [110] row distance. The STM height profile in Figure 30 (d) shows lower height of 
the inner wires than the two outer wires, which might be the result of the electronic effect 
of STM imaging. The four wires spaced by 7.2Å made a small patch of copper structure 
that is effectively a domain of (1 × 2) reconstruction of the Cu(110) surface.  

3.3.3. Heating to 220K and above 

The copper wires as well as the water/hydroxyl chains disappeared after heating 
the sample to 220K, as shown in Figure 31 (a), indicating that water and hydroxyl groups 
dissociated and/or desorbed from the surface. Remaining oxygen atoms continued to 
form more p(2 × 1)O stripes. The stripes have a low contrast in the STM images at low 
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sample bias, except at the ends. Heating the sample to 340K grew longer and wider p(2 × 
1)O stripes, as shown in Figure 31 (b). A magnified stripe image in Figure 31 (c) shows the 
resolved p(2 × 1)O structure. 

 

 

Figure 31. STM images of the sample after heating at (a) 220K (-150mV, 30pA) and (b) 340K (-103mV, 
35pA). A close-up image of the p(2×1)O stripes after sample heating to 340K was shown in (c) (44mV, 
39pA). 

 

3.4. Discussion 

The formation of 1D monoatomic copper wires is an unexpected finding of this 
thesis work, which mainly focuses on the water/hydroxyl structures on Cu(110) surface 
and the effect of the substrate to the adsorbates. This discovery highlights the strong 
impact of adsorbates to the substrate reconstruction, when normally the substrate is 
considered rigid and served as stable boundary conditions for adsorbate discussion. 

The fact that no monoatomic copper wires were found by heating the Cu(110) 
sample in ultra high vacuum to the same 180-220K range, or when there were only 
molecular water and/or smaller amount of water partial dissociation at lower temperature, 
or when water completely desorbs or dissociates at higher temperature, strongly suggests 
that the interaction between copper atoms and the products of water partial dissociation 
plays a key role in the growth mechanism of 1D monoatomic copper wires. As we have 
observed with STM, the temperature between 180K and 220K seems to be the optimal 
range that gives high rate of water dissociation, which produces OH, H and O. This 
temperature, compared to lower temperature when OH, H and O were also produced, also 
mobilizes copper atom diffusion in and out of step edges. When the temperature increases 
above 220K the monoatomic wires disappear, in parallel to the water depletetion from the 
surface.  

Since the amount of surface oxygen, as indicated by the size of the p(2×1)O 
domains, monotonically increases to become dominant above 220K, while the amount 
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copper wires peaks at 200K, we can conclude that there is no correlation between the 
formation of O and copper wires and that the reaction with O atoms is not the mechanism 
that drives Cu-wire growth. 

The formation of patches of Cu (1×2) reconstruction is the first report of such 
structure induced by water/hydroxyl, and provides important indication about the growth 
mechanism of the copper wires.  

The (1×2) reconstruction is a very common in other fcc metals, such as Ir, Pt or 
Au, while clean Cu(110) does not undergo such reconstruction. However, with the help 
of high pressure H2 (>1mbar), Cu (1×2) was observed to form, indicating that H is the 
necessary for this reconstruction. It very likely then that  the H produced by 
water/hydroxyl dissociation is responsible by for the formation of the the Cu wires.   

On a separate note, the 1D P-type H2O:OH chains might also assist the growth of 
1D monoatomic copper wires, in a way as the template for its growth and stabilization. 
The H produced by the formation of H2O:OH chains might directly catalyze the growth 
of the 1D copper wires, and the H termination of the H2O:OH chains might also stabilizes 
the 1D copper wires that are rarely found standing alone on the substrate. 

 

3.5. Conclusion 

In this chapter, we focused on sub-monolayer water adsorption behavior on 
Cu(110) above 180K. We have learned: 

1) Monoatomic chains of Cu atoms form along the [110] direction on the 
Cu(110) surface when the surface is covered by water/hydroxyl chains in the 
temperature range from 180K to 220K. While many studies showed that the 
Cu(110) substrate has an influence on the structure and dissociation of the 
water/hydroxyl adsorption layer, this study shows that the latter also has a 
strong effect on the structure of the former by assisting the formation of 1D 
monoatomic wire arrays.  

2) The amount of 1D copper monoatomic wires peaks at a temperature when the 
water/hydroxyl coverage is at a maximum. When the temperature increases 
further to fully dissociate the chains into oxygen atoms the Cu wires disappear 
as well. Observations indicate that the H atoms produced by the 
water/hydroxyl dissociation may help stabilize Cu wires in a (1x2) 
configuration. It is possible too that the H2O:OH chains act nucleate and 
stabilize the copper 1D monoatomic wires, with the Cu atoms attaching to 
them, first from the step edges which are the major source of Cu atoms, and at 
higher temperature from Cu atoms diffusing in the terraces.  
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Chapter 4: Monolayer Water 

Adsorption on Cu(110) Surfaces 

 

4.1. Introduction 

In Chapter 2, using extensive STM studies on sub-monolayer coverage water 
adsorption on Cu(110), the author discussed about the confined growth mechanism and 
examined 2D ice rules when the water molecule covers less than a complete monolayer. 
This chapter focuses on water coverage close to a monolayer and the unique behavior of 
structural transformation induced by the similar in-situ heating approach as in Chapter 2. 

The first theoretical model of water adsorption structure on Cu(110) was built 
with the assumption that water forms a continuous monolayer on the substrate. Bange et 
al. proposed in 1984 that water follows the classic puckered bilayer model and forms a 
honeycomb network that gives a c(2 × 2) LEED pattern [19]. This theory seems to be 
well supported by a number of LEED studies which also observed c(2 × 2) LEED pattern 
at a monolayer coverage and a temperature between 90-190K [20], [21], [24], [29]. 

LEED observations deviating from the c(2 × 2) pattern were also reported. Spitzer 
et al. reported that when the sample was heated to a temperature higher than 190K, ½ and 
¼ order streaks in [001] appeared in 190-210K range, and explained that as the result of 
water partial dissociation; when the sample was heated above 250K, a p(2 × 1) pattern 
replaced the c(2 × 2) one, and streaks in [110] were observed [29]. Schiros et al. reported 
a (7 × 8) LEED pattern at 140K when the electron beam energy was considered low, and 
the (7 × 8) pattern was replaced by c(2 × 2) when higher electron exposure was applied to 
the sample [27]. Schiros et al. explained the (7 × 8) as the indication that the water 
network was not pinned in close registry to the Cu(110) substrate but was distorted to 
optimize water—substrate interaction. They ascribed the transition from  (7 × 8) to c(2 × 
2) as a result of the OH produced by water partial dissociation induced by electron 
damage, which pinned the network down to the Cu(110) substrate [27]. 

On the pure theory side, Ren et al. claimed in their DFT studies that when water 
adsorbs on clean Cu(110), an intact bilayer structure with H-down could be stabilized 
when the temperature was <160K [48]. They also explored the possibility of partial 
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dissociation and concluded that the H2O-OH c(2 × 2) network with 1:1 stoichiometry was 
the most stable one [49]. 

There are numerous STM studies on water/Cu(110) system, but only one report 
has addressed the c(2 × 2) adsorption structures. Forster et al. reported the 2D islands of 
honeycomb structures formed after introducing water onto an oxygen pre-covered 
Cu(110) surface at 100-140K. By utilizing DFT calculations, Forster et al. concluded that 
the c(2 × 2) structure was a mixed H2O-OH layer with excess water over hydroxyl, which 
stabilized the structure by forming a distorted network containing Bjerrum defects [36]. 
This conclusion on the non-stoichiometry of the c(2 × 2) network contradicted the study 
by Ren et al [49]. 

This chapter employs a similar approach as in Chapter 2 that utilizes an in-situ 
annealing technique inside the STM to capture the thermal evolution of the STM images, 
in order to uncover the atomic level structures for monolayer water adsorption. 

4.2. Methods 

Experimental method for the study addressed in this chapter is similar to that in 
Chapter 2, as detailed in Section 2.2. Water was dosed at higher pressure gauge reading 
and extended period of time to ensure full coverage of the surface. All the STM imaging 
was done at 77K LN2 temperature. 

4.3. Results 

4.3.1. Heating to 90K 

After water was dosed onto the clean Cu(110) substrate, the sample was 
immediately heated to 90K for 10min. When the sample was cooled down to 77K, STM 
imaging was carried out. Good resolution was difficult to obtain at the beginning of the 
imaging, as lots of disordered and apparently mobile clusters were present on the surface. 
Eventually, good lattice images were acquired, as shown in Figure 32. While high 
brightness features and dark dents without detectable order were visible on the images, a 
lattice structure resembling the c(2 × 2) lattice was clearly resolved. The resolution was 
poor, and there was no good reference to calibrate the lateral resolution, but the c(2 × 2) 
lattice was measured to have periodicities of ~4-5Å along [110] and about ~5-7Å along 
[001], close to twice of the atomic distances of 2.5Å along [110] and about 3.6Å along 
[001] of the Cu (110) substrate, indicating that the lattice observed is very likely the c(2 × 
2) structure.  
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Figure 32. STM image of the Cu(110) surface fully covered with water after annealing at 90K. (-112mV, 
10pA) 

 

4.3.2. Heating to 120K 

Heating the sample to 120K slightly sharpened the STM lattice resolution, as 
shown in Figure 33. While the brightness was still uneven, the hexagonal lattice structures 
were clearly resolved, and the periodicities were measured as ~5Å along [110] and ~7Å 
along [001], consistent with those measured after the 90K anneal, indicating again that 
the monolayer structure is very likely the c(2 × 2). The FFT image in Figure 33 (a) inset 
confirms the c(2 × 2) pattern as well. 

Multiple domains were also identified from the STM image, as marked by yellow 
lines along the boundaries in Figure 33 (b). Neighboring domains are offset from each 
other in [110] direction by the spacing of (110) planes of the substrate, i.e. ~2.5Å, which 
will be discussed later. 
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Figure 33. STM image of the Cu(110) surface fully covered with water after annealing at 120K. (a) 
Original STM image. The insert shows the FFT of the STM image, showing the c(2 × 2) pattern. (b) Same 
image with the domain boundaries marked in yellow, and the offset between two neighboring domains 
identified. (-100mV, 35pA) 

	  

4.3.3. Heating to 180K 

When the sample was heated to 180K significant changes occurred to the 
adsorption structures. Figure 34 shows the STM image taken after 180K anneal. The lattice 
structures at the first glance looked sharper than 120K image in Figure 33. However, a 
closer look reveals that the changes are far more profound than they appear at first sight. 
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Figure 34. STM image of the Cu(110) surface fully covered with water after annealing at 180K. (a) 
Original STM image. The insert shows the FFT of the STM image, showing the c(2 × 2) pattern with 
streaks along [001]. (b) Same image with elongated domains that are different from the rest of the 
honeycomb network marked in yellow dashed boxes. The registry of the features in the boxes with respect 
to the rest of the honeycomb network is marked with black dashed/solid lines. (-145mV, 8pA) 

First, multiple stripes with different geometry and higher contrast running along 
[110] can be identified. These stripes are spaced regularly, although not exactly 
identically from each other. This makes a superstructure on the surface that was reflected 
in the [001] streaks in the c(2 × 2) FFT pattern in Figure 34 (a). The streaks were measured 
to be 1/5 order, which is the result of the repeating length of the stripes along [001] is 5 
times the (001) spacing. Similar observation was published in 1982 by Spitzer et al., who 
reported that ½ and ¼ order streaks in [001] direction on the c(2 × 2) pattern between 
190K and 210K [29].  

In addition, the protrusions in the yellow boxes are aligned with the central line of 
the zig-zag edges of the two adjacent rows of “intact” hexagons along [110], as shown by 
black dotted lines in Figure 34 (b). This central line marks the close packed copper [110] 
rows, which will be discussed later. This indicates that the bright protrusions are aligned 
with the underlying copper rows. With the help of another set of assisting lines in [001] 
direction, we also found that the bright protrusions were not aligned with the vertices of 
the hexagonal network. As we will discuss later, these protrusions are OH groups that sit 
on top of the short bridge sites of the Cu(110) substrate, instead of the on-top sites. 
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Figure 35. STM image of the Cu(110) surface fully covered with water after annealing at 200K. There are 
five types of key features: (a) droplet shaped dimers; (b) oval shaped dimers; (c) added row of Cu-O on the 
upper terrace; (d) p(2 × 1)O structure on lower terrace; (e) c(6 × 2)O structure on lower terrace. 

4.3.4. Heating to 200K 

The honeycomb structures found at temperatures lower than 180K disappeared 
after heating the sample to 200K. Figure 35 shows no hexagonal network but a number of 
new features. By closely analyzing multiple STM images, five types of distinct features 
were found that are labeled in Figure 35: on the top terrace, droplet shape cluster, oval 
shaped cluster, and Cu-O chains were found; the darker areas are associated with the 
lower terrace, with p(2 × 1)O and c(6 × 2)O structures commonly found on Cu(110) 
identified. 

The droplet and oval shaped clusters are distinguished by their brightness 
symmetry along [001]: droplet shaped clusters are brighter on one end and dimmer on the 
other, while the oval shaped clusters are equally bright on both ends, and both features 
are about 7Å long along [001], or approximately the twice of the Cu (001) spacing. 
Similar droplet and oval shaped features were found in earlier STM studies on Cu(110) 
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by Kumagai et al., although not in a monolayer but as standalone OH dimers [32], [33]. 
The orientation of both OH groups determined whether the STM image appearance was 
that of a droplet or an oval shape. Linear chains of droplet shaped features were also 
reported by Forster et al. on oxygen pre-covered Cu(110) and was modeled as OH dimer 
chain [28].  

Besides the dominant droplet and oval shaped clusters, the feature labeled in 
Figure 35 (c) is considered by this author as an single added row of Cu-O chain based on 
the periodicity and the alignment of the protrusions with the dashed dark lines that 
represents the Cu [110] rows, as those in Cu(110)-p(2 × 1)O structures [50]. Some dark 
areas were also resolved. The feature labeled in Figure 35 (d) matches the Cu(110)-p(2 × 
1)O, and that labeled in (e) matches the Cu(110)-c(6 × 2)O structures [51]. The presence 
of Cu-O chains, patches of Cu(110)-p(2 × 1)O and Cu(110)-c(6 × 2)O indicates that full 
dissociation of water molecules occurred at 200K in the monolayer coverage case. 

4.3.5. Heating above 260K 

Heating the sample to 260K fully oxidized the surface. As shown in Figure 36 (a), 
the entire surface was covered by Cu(110)-p(2 × 1)O structure. It is noteworthy that the 
sample terrace was no longer smooth but had many dents that are basically one step 
height lower, indicating that copper atoms originally occupying the dented area were 
moved to other areas of the surface. Considering the growth mechanism of Cu(110)-p(2 × 
1)O being “added row” model indicates that the copper atoms in the added Cu-O chains 
come from elsewhere [50], the author concludes that the surface undergoes massive 
copper atom diffusion when the monolayer water gradually dissociates as the annealing 
temperature increases. Compared to the discussion in Chapter 3, where water dissociation 
induces step edge area modification, the impact of water dissociation on surface 
reconstruction is much more extensive. 

Heating the sample to 300K made a lot more Cu(110)-c(6 × 2)O patterns 
compared to 260K. This might be the result of more surface diffusion at higher 
temperature, which makes the formation of highly ordered structures like Cu(110)-c(6 × 
2)O easier. 
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Figure 36. STM images of the Cu(110) sample originally fully covered with water and annealed at (a) 
260K and (b) 300K. 

 

4.4. Discussion 

4.4.1. The honeycomb network at ≤120K: complete c(2 × 2) overlayer 

As shown above, water forms a honeycomb network on clean Cu(110) at a 
temperature as low as 90K (Figure 32), and the STM contrast of the network increases 
without changing the honeycomb symmetry when the sample is heated to 120K. 

To study the dimension and registry of the honeycomb network formed between 
90K and 120K, a reference sample substrate that was partially covered by p(2 × 1)O 
reconstructions was used for calibrating the geometry of the honeycomb network, as 
shown in  Figure 37 (a). The partially oxidized Cu(110) sample was prepared by dosing O2 
and annealing at >300°C. The “added row” p(2 × 1)O structure provides an ideal 
template with high resolution for calibrating the geometry of the honeycomb network. 

Water was dosed in the STM chamber onto the partially oxidized sample and 
annealed to 100K. The p(2 × 1)O area appears as more hydrophobic and did not adsorb 
water. The clean Cu(110) areas on the other hand were fully covered and honeycomb 
water structures, as shown in  Figure 37 (b). By comparing  Figure 37 (b) with Figure 32 and 
Figure 33, we can assume that the honeycomb networks are the same structures formed at 
similar temperature range (90-120K), although the starting substrates are different. 
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 Figure 37. Formation of c(2 × 2) water domains on a partially oxidized Cu(110) surface. (a) A partially 
oxidized Cu(110) surface is imaged before dosing water. The bright area correspond toclean Cu(110), and 
the dark area to the p(2 × 1)O reconstruction (-19mV, 29pA). (b) Honeycomb water structure formed on the 
originally clean Cu(110) areas, after dosing water and annealing at 100K (100mV, 19pA). (c) Structural 
model for the c(2 × 2) lattice. 
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It is widely accepted that on clean Cu(110) surface, water does not dissociate and 
adsorbs molecularly when the temperature is lower than 150K [29], [38]. However, it 
should also be noted that earlier studies have shown that the presence of pre-covered 
oxygen on the Cu(110) reduces the dissociation temperature. For example, Forster et al. 
claims that the c(2 × 2) network formed after annealing at 140K on oxygen pre-covered 
Cu(110) is already partially dissociated [36]. Since it is difficult to differentiate molecular 
H2O and OH by their STM image contrast, the assumption that the honeycomb network 
formed on the reference substrate of Cu(110)-p(2 × 1)O in  Figure 37 (b) is equivalent to 
those in Figure 32 and Figure 33 requires validation with more experimental and theoretical 
work. 

Based on the assumption that the honeycomb network is molecular and no 
dissociation happens at 100K on the reference substrate, it can be concluded from STM 
image analysis in  Figure 37 (b) that the water molecules reside on top of the copper atoms 
to form a c(2 × 2) network. A model is shown in  Figure 37 (c). Half of the water 
molecules might have to take an H-up or H-down configuration (not marked in Figure 37 
(c)). According to Ren et al., the most stable intact honeycomb network has half of the 
molecules being H-down [48]. However, STM imaging alone cannot rule out the 
possibility that the network might be partially dissociated [36], [49]. 

4.4.2. The “superstructure” at 180K stabilized by Bjerrum defects 

Figure 34 (b) shows that outside of the boxed area, the structure of water preserves 
the c(2 × 2) lattice network as found in Figure 32 and Figure 33 at <120K. To establish the 
structure model for the boxed area features, the registry of the protrusions provides 
important information. As discussed in Section 4.3.3., the protrusions are located on the 
short bridge sites, i.e. the bridge sites in between two neighboring copper atoms along 
[110] direction. In the sub-monolayer case, when the sample was annealed to 180K, 1D 
Z- or P-type chains were formed, with the side “wings” identified as OH groups (Figure 38 
(a)-(b)), which are proposed to be located at short bridge sites on Cu(110) [1], [22], [28], 
[31], [33]. There are only two rows of protrusions in the boxed area, and the upper and 
lower rows do not seem to connect with each other but only connect with the c(2 × 2) 
network, indicating that the protrusions, if they are OH, are terminating the c(2 × 2) 
network in a similar fashion as in the 1D Z-type chains in Figure 38 (a)-(b). 

Based on these observations, the author proposes a structure model as that shown 
in Figure 38 (d). In order for the c(2 × 2) network to accommodate the side OH groups, the 
c(2 × 2) network itself is assumed to be a mix of H2O and OH, instead of purely 
molecular. Compared with Figure 38 (b), the repeating stripes of the superstructure in 
Figure 38 (d) can be viewed as the lateral expansion of the 1D Z-type chain along [001] by 
adding H2O:OH dimers to both sides of the chain. Further theoretical work is required to 
validate this model. 
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Figure 38. (a) STM image of the Z-type H2O:OH chain found on sub-monolayer water coverage Cu(110) 
after annealing at 180K. (b) Structure model of the Z-type H2O:OH chain. (c) STM image of the 
“superstructures” found on monolayer water coverage Cu(110) after annealing at 180K. (d) Structure 
model of two adjacent stripes. Yellow circles indicate the Bjerrum defects at the interface of two adjacent 
stripes. 

 

This structure model indicates that a side OH group is bound to the inner c(2 × 2) 
network by only one hydrogen bond, and points to the other OH group that is bound to 
the other c(2 × 2) network in the adjacent stripe, suggesting that Bjerrum defects might be 
formed between these OH groups, as indicated by yellow ellipse in Figure 38 (d). While 
Bjerrum defect was suggested to exist within c(2 × 2) network stabilizing the structure 
[36], this work would be the first direct observation of extensive and periodically 
arranged Bjerrum defects. 
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4.4.3. Features at 200K 

The features in Figure 34 (a), (b) and (c) on the sample annealed at 200K are 
modeled in Figure 39. The structure of Figure 34 (a), i.e. the droplet shaped clusters, are 
considered as OH dimers, with the H-up OH giving higher STM contrast than the other 
one. Swapping the OH dimer orientation can flip the droplet orientation. Similar droplet 
shaped images have been reported by Forster et al. [28]. The structure of Figure 34 (b), i.e. 
the oval shaped clusters, are proposed to be OH—O clusters with symmetric hydrogen 
bonds, as reported by Kumagai et al. [33]. The structure of Figure 34 (c) is determined to 
be Cu—O chain as in Cu(110)-p(2 × 1)O structures. 

 

 

Figure 39. Structure models of features at 200K. 

 



	   65 

4.5. Conclusion 

In this chapter, we extended the STM study of the sub-monolayer water 
adsorption on Cu(110) to the monolayer regime. Increasing the coverage to monolayer 
brought along significant change to the adsorption structures and their transformations. 
We have learned: 

1) Water can continuously cover the clean Cu(110) surface with c(2 × 2) 
structure at a temperature between 77K and 120K. While a previous study 
reported c(2 × 2) islands at similar temperature range on oxygen-precovered 
Cu(110) [36], this study shows that c(2 × 2) structure can be formed by 
monolayer coverage water on clean Cu(110) surface. 

2) At a temperature around 180K, water dissociation leads to formation of 
“superstructures” of c(2 × 2) stripes that are separated by OH terminations. 
The OH groups that terminate the c(2 × 2) stripes form lines of Bjerrum 
defects at the stripe interfaces. This may explain earlier LEED studies that 
showed stripes in the otherwise perfect c(2 × 2) patterns. 

3) At 200K, water dissociation becomes more extensive. The c(2 × 2) structure 
disappears, and is replaced by several structures, including oval shaped, 
droplet shaped, forming arrays of hydroxyl groups. 

4) Above 260K, full dissociation of water produces a surface reconstruction in 
the form of p(2 × 1)O and c(6 × 2)O structures that are readily observed by 
STM. 
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Chapter 5: Conclusion 

 

5.1. Summary of the thesis 

This thesis utilizes the superior resolving power of scanning tunneling microscopy 
(STM), together with the in-situ annealing and cooling capabilities built into the in-house 
instrumentation of the scanning probe microscope (SPM) system, to investigate the 
water/hydroxyl structures formed at sub-monolayer coverage, as well as the two 
dimensional water/hydroxyl structures at monolayer coverage. While conventional 
surface science methods, e.g., ultra-violet photoemission spectroscopy (UPS), X-ray 
photoemission spectroscopy (XPS), and low energy electron diffraction (LEED), 
provided abundant data and inspired surface scientists to construct structural models, the 
lack of local geometric information particularly at low coverage has left several 
unanswered questions in terms of the water adsorption behavior on copper (110) surface. 
This thesis fills in the gap with comprehensive STM studies, makes connections between 
STM imaging and previous results by conventional methods, and explores the mechanism 
of confined growth at sub-monolayer coverage as well as the continuous structure at full 
coverage. 

STM results of the one-dimensional zigzag chains confirm that low dosage water 
adsorbs molecularly on Cu(110) below 120K. This author believes that intact one-
dimensional zigzag water chains are metastable states, and the high activation barrier 
between intact chains and the more energetically favorable dissociated chains, e.g., 
rectangular and double zigzag chains, is the reason for the scarcity of observed 
dissociated structures. Only when external energy is applied, such as voltage pulsing to 
locally dissociate some side molecules, or elevating temperature above 130K, the more 
energetically favorable partially dissociated chain structures form. STM results show that 
partially dissociated rectangular and double zigzag chains form at 130K and 140K, 
respectively. 

The water structural evolution induced by elevated temperature from 120K to 
140K also reveals the mechanism of the confined growth of the one-dimensional chains 
below 140K. When no dissociation occurs, water molecules on the side of the chains tend 
to be high-lying, which makes addition of more molecules to extend the width of the 
chains less favorable energetically. When side molecules dissociate and become flat-
lying, extra molecules can more easily be accepted and the chains expand lateral, 
although the expansion is limited by the same mechanism. This leads to important 
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implication that 2D ice rules developed on (111) surfaces still holds true on Cu(110) 
surface. 

Partial dissociation of water plays a vital role in terms of the formation of many 
water/hydroxyl structures. But in the meantime, it can also impact the substrate structure 
and induce significant surface reconstruction. Monoatomic copper wire formed between 
180K and 220K exemplifies this effect. The dissociation of water/hydroxyl groups 
accompanies the formation of monoatomic copper chains, and this author believes that 
the byproducts of the partial dissociation assist the growth of the rarely found 
monoatomic copper chains on Cu(110) surface. 

When more water is dosed to Cu(110) surface, the adsorption structures become 
quite different from when water covers part of the surface. Water forms a continuous 
honeycomb structure between 77-120K, and this author believes that the honeycomb 
structure observed is the c(2 × 2) structure referred to by several authors. Increasing the 
temperature leads to more dissociation, as well as modification, i.e., the superstructure 
terminated by OH groups to the c(2 × 2) structures at 180K. The OH groups form arrays 
of Bjerrum defects between adjacent c(2 × 2) stripes, which might stabilize the c(2 × 2) 
structure at elevated temperature with more water dissociation. Increasing the 
temperature to 200K and above basically makes c(2 × 2) structures unstable, and several 
combinations of OH and O groups appear forming arrays of features.  

Compared to sub-monolayer coverage, at similar temperature range, water and its 
dissociation products form quite different structures, indicating that the adsorption 
structures are results of subtle balances between interactions between Cu(110) substrate, 
molecular water, hydroxyl, oxygen and hydrogen.  

 

5.2. Future directions 

While our STM studies have provided important data to investigate the 
underlying mechanism of water clustering and transformation on Cu(110), there are still 
unanswered questions that are worthwhile pursuing for future research. 

First of all, the atomic structure model of the one-dimensional zigzag chain is not 
fully settled yet. While pentagon model has been analyzed and concluded as not 
compatible with STM experimental results of this thesis and hexagon model is believed 
to be a better match, two energetically degenerate configurations of the hexagon model 
predicted by density functional theory calculations suggests that further experimental and 
theoretical work is still needed. One possible course might be to investigate the inner 
structure of the chain with better local resolving power than current STM technology, like 
non-contact AFM with functionized tips. 

Secondly, the partial dissociation of water molecules needs direct experimental 
evidence that also requires advanced microscopy. In this study, the STM is not able to 
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differentiate H2O and OH in a straightforward way. Chemical identification by other 
scanning probe microscopy (SPM) methods such as non-contact atomic force microscopy 
(NC-AFM) has demonstrated its power in resolving chemical state.  

Last but not the least, theoretical methods such as combining DFT with SPM has 
demonstrated the synergy in certain breakthrough publications. Structural models of this 
thesis need further theoretical work to be validated. 

In summary, the author believes that it is critical to develop better microscopic 
technology to extract more details in local geometry as well as chemical states of the 
water adsorption structures, and it is still indispensible to have theoretical work to 
complement and even overcome the limitation of the current experimental techniques. 
After all, there is still plenty of room at the bottom. And more importantly… 

 

… the devils are in the details. 
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Appendix: Scanning Probe 

Microscope (SPM) 

Instrumentation 

 

A.1. Introduction 

Since its invention in 1986 [52], atomic force microscopy (AFM) has achieved 
many outstanding results from microscale to even atomic and molecular resolutions by 
simple contact mode measurements. However, true atomic resolution cannon be obtained 
by contact AFM in a stable manner because of the destructive contact between tip and 
sample. In 1995 Giessibl et al. successfully obtained a noncontact AFM (NC-AFM) 
image of the Si(111) 7 × 7 surface with atomic resolution [53] using a frequent 
modulation (FM) detection method [54]. After an effort to optimize the force detection by 
using a quartz tuning fork, even subatomic resolution on the Si(111) 7 × 7 was obtained 
in 2000 [55]. Now tuning fork based NC-AFM has achieved spatial resolution beyond 
scanning tunneling microscopy (STM); one of the most striking example is the imaging 
of the chemical structure of a pentacene molecule in 2009 [56]. Given its most obvious 
advantage of imaging with true atomic resolution on insilators over STM, NC-AFM 
provides the prospect of exploring surface science issues with molecular level 
information that could not be acquired due to the limitation of conventional tools. 

The Appendix 1 briefly summarizes the principle of NC-AFM, and the 
instrumentation development of the STM/NC-AFM dual system as well as the testing 
results done by the author and coworkers during the author’s PhD study. 
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A.2. Principle of scanning tunneling microscope (STM) and 
noncontact atomic force microscopy (NC-AFM) 

STM measures the tunneling current, which is exponentially dependent on the 
distance between tip and sample. A feedback loop regulates tunneling current with 
respect to a setpoint by controlling the tip-sample distance d (z-movement). At the same 
time, a raster scan in x and y direction is carried out. The z is recorded pixel by pixel by a 
computer. This mapped z-movement reveals the topographic information of a surface. 

 

Figure 40. Principle of a SPM. The detection signal can be tunneling current (STM) or atomic force (AFM). 

 

 

Figure 41. Forces between tip and sample. 
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AFM works in a similar fashion. The difference is the imaging signal utilized as 
well as the signal processing (Figure 40). AFM makes use of the force between tip and 
sample (Fts) as the sensing signal. Fts has long range and short range contributions. In 
vacuum, there are van der Waals, electrostatic and magnetic forces with a long range up 
to 100nm and chemical bond forces with a short range of fractions of nm (Figure 41). 
Effective detection of the short range forces is essential for achieving true atomic 
resolution. 

Cantilevers are used as sensors for force detection. In NC-AFM, the cantilever is 
resonantly excited and approached to the proximity of a surface. The tip—sample 
interaction potential Vts that generates Fts perturbs the elastic potential of the cantilever 
and changes the eigenfrequency (f0) of  the cantilever.  Theory characters the frequency 
shift Δf to be: 
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where q represents the motion of the cantilever with respect to its original equilibrium 
position, k the spring constant of the cantilever, and A the resonance amplitude. At small 
amplitude, a further approximation gives: 
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From this equation, we see that small deflection amplitudes on the order of Å can 
significantly increase the cantilever sensitivity to short range forces. The capability of 
tuning fork to achieve small amplitude makes it an ideal candidate as a short range force 
sensor. 

The deflection q of the cantilever is normally acquired by optical (such as 
interferometer or beam-bounce) or electrical methods (such as peizoresistive and 
piezoelectric) methods. An FM demodulator is used to retrieve the eigenfrequency shift 
Δf from the collected deflection signal. Similarly to STM, a feedback loop compares Δf 
and an externally chosen setpoint and modulates dts to maintain Δf equivalent to the 
setpoint while the surface is scanned. 
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A.3. Instrumentation 

A.3.1. SPM system overview 

The system built is shown in Figure 42. The entire system is an ultra high vacuum 
(UHV) that allows preserving the surface clean for extended period of time. The pressure 
in the chamber is maintained on the order of 10-10 Torr or lower for regular operation. 
Low temperature provides the benefits such as less thermal excitation and slower 
diffusion of adsorbed molecules, less thermal drift of the sample with respect to the tip, 
and easier implementation of site-specific spectroscopy. The thermal noise of the 
feedback resistor is suppressed, and the quality factor of the tuning fork is increased at 
low temperature. 

The microscope is shown in Figure 43. A resistive heater and a temperature 
sensor are attached right under the sample holder for in situ annealing and temperature 
control. The sensor is mounted above the sample holder and is electrically connected to 
the preamplifier above the microscope. 

 

Figure 42. Overview of the SPM system. 



	   75 

 

 

Figure 43. Design of the microscope (OneSpace Designer). 

 

A.3.2. Tuning fork sensor 

Tuning fork has merits for high resolution NC-AFM. The high quality factor (up 
to several tens of thousands) gives high signal-to-noise ratio. The large spring constant 
(around 2000N/m) makes stable small amplitude on the order of Å possible, which helps 
the detection of short range chemical bond forces, and resolution improvement of the 
NC-AFM. The tuning forks used in this study (Swatch MS1V-T1K and CMR-200T) have 
an eigenfrequency of 212 Hz, or 32768 Hz. A small and sharp tip was attached to the 
tuning fork. 

There are two types of tuning folk force sensor design. One is the famous qPlus 
(Figure 44 (e)), and the other one is also studied by the author, named as “Free TF”. The 
qPlus type is excited by mechanical vibration of a neaby piezoelectric plate. The Free TF 
type is excited electrically by alternating voltage input to one of the two electrodes. The 
current output of the tuning fork is amplified and collected by electronic controllers. Both 
types of sensor configurations were tested in this study. 
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Figure 44. (a) Schematic of tuning fork sensor and the piezoelectric effect used for sensor excitation. (b) CMR-200T 
and MS1V-T1K tuning forks used for this study when they are with and without capsules. (c) Electrochemically etched 
tungsten tip attached to a tuning fork. (d) Free tuning fork type sensor. (e) “qPlus” type sensor. 
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Figure 45. (a) The amplitude and (b) phase response of a tuning fork sensor to AC frequency sweep near its 
eigenfreqncy in SPM chamber. (c) Change of eigenfrequency (blue) and quality factor (red) with respect to five state of 
a tuning fork: when it was brand new encapsulate in vacuum, when capsule was  opened, when a tip was attached to the 
tuning fork, when the tuning fork was glued onto the SPM tip holder, and when the SPM tip holder was installed in 
SMP chamber in UHV and low temperature (77K) condition. 

 

The eigenfrequency f0 and quality factor Q of a tuning fork depend on several 
experimental parameters, such as temperature, pressure, and the presence of any 
additional mass on the fork, such as a tip. Figure 45 (c) shows the change of f0 and Q in 
every step of preparing and installing a Free TF type sensor. The Q of the tuning fork 
sensor was measured to be around 20,000. 

Sensitivity of a tuning fork sensor, which is defined to be the ratio of the output 
current to the tuning fork vibration amplitude, was measured by an scanning electron 
microscope (SEM). Experimental images of a tuning fork and its resonance is shown in 
Figure 46. The tuning fork was excited and the vibration amplitude was measured by 
SEM, while the signal output was monitored by an oscilloscope. The experimental results 
shows that the sensitivity of a tuning fork is around 3nA/nm. 
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Figure 46. Measurement of the sensitivity of a tuning fork sensor using scanning electron microscope. (a) SEM image 
of a tuning fork to be tested. (b) A tuning fork in resonance. (c) The amplitude vs. output voltage (amplified by 108) 
curve showed that the sensitivity is about 3nA/nm. 

 

A.3.3. Electronic setup 

For high resolution imaging, the deflection amplitude of the tuning fork was 
suggested to be several Å, which corresponds to output current on the order of some 
nanoamps. The gain of the amplification circuit was designed to be around × 108 to 
achieve a convenient level of output signal for SMP controller use. The bandwidth was 
designed to be around 100kHz, a value larger than the eigenfrequency of the tuning fork 
(around 30kHz). It is advantageous to amplify the signal in close proximity to the tuning 
fork to avoice degradation by parasitic capacitance. A two-stage preamplifier (Figure 47) 
was designed, including a source follower consisted of two GaAs transistors 
(SGM2006M, Sony) that is functional at 4K [57] and ~1cm away from the tuning fork 
inside the LHe shield, and a I-V converter made by an op-amp placed right on the LN2 
shield. The reason for this two-stage design is to prevent the op-amp from heating up the 
SPM inside the LHe shield. Testing of the two-stage preamp showed <0.5K temperature 
increase when the preamp power supply was turned on. Due to the bandwidth and the 
gain limit of the preamplifier, a second amplifier outside of the SPM chamber is used to 
achieve a high enough signal level for the SPM controllers to use. 
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Figure 47. Amplification circuit schematic. 

 

 

 

The overall electronic setup for the system is shown in Figure 48. For excitation, 
deflection amplitude and frequency control, RHK PLLPro™ controller was used. For 
raster scanning, z control and data acquisition, RHK SPM100™ was used. This setup 
allows us to record topography, frequency shift, oscillation amplitude, driving signal as 
well as tunneling currently simultaneously. STM and AFM was combined in one system. 
If the feedback on tunneling current is turned on, the topography is a standard STM 
image while frequency shift information can still be recorded. If the feedback on 
frequency shift as well as oscillation amplitude are turned on, the topography is a 
standard NC-AFM image. 
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Figure 48. The overall electronic setup. 

 

A.4. NC-AFM test results 

NC-AFM imaging was collected on Cu(110) and Cu(110)-p(2 × 1)O surfaces. 
Preliminary results were shown in Figure 49. Only the resolution of [110] rows on 
Cu(110) surface was achieved; on Cu(110)-p(2 × 1)O, clear p(2 × 1) pattern was 
resolved. 

 

Figure 49. NC-AFM on (a) Cu(110) and (b) Cu(110)-p(2 × 1)O. 
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The one-dimensional zigzag water chains formed between 77-120K was also 
attempted to image with NC-AFM. The best result is shown in Figure 50. To achieve 
better resolution, more improvement on the NC-AFM might be needed. 

 

Figure 50.  NC-AFM image of 1D zigzag water chain. 
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