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Abstract 

 
The reaction of HCl with clean, Cu(100) and (111), and Au/ Cu(100) surfaces was 

investigated using x-ray photoelectron spectroscopy (XPS) and scanning tunneling 

microscopy (STM) under ultra high vacuum (UHV) conditions. Exposure of the Cu(100) and 

(111) samples to HCl at room temperature leads to the formation of a saturated copper 

chloride monolayer. In the case of Cu(100), the saturated coverage was half monolayer 

corresponding to a c(2x2)-Cl reconstruction (half monolayer is 7.25x10
14 

 cm
-2

) while for 

Cu(111) it was one third monolayer consistent with the reconstruction of (√3x√3)R30
o
 (one 

third monolayer 5.9x10
14

 cm
-2

). 

 

The interaction of HCl with preoxidised Cu(100) and (111) showed different behaviour from 

those of clean copper surface depending on the way of interaction of oxygen with copper 

surface. Interaction of HCl with peroxidised Cu(111) at saturation oxygen coverage leads to 

the adsorption of chlorine on top of the copper surface with one third coverage. In contrast, 

presence of oxygen on Cu(100) surface at saturation coverage or less leads to adsorb chlorine 

but with an excess in chlorine concentration (more than the expected c(2x2) coverage). 

 

 Oxidized Cu(100) and (111) surface at elevated temperature leads to the formation multi 

oxide layer. The two oxide surfaces („‟44‟‟ and „‟29‟‟) observed at the Cu(111) depend on the 

temperature of the substrate at the time of oxidation. The (√2x2√2)R45
o
 structure was 

observed on the Cu(100) surface on heating which is the same structure formed at saturation 

coverage at room temperature. Interaction of HCl with Cu(100) and (111) surfaces covered 

by multilayers of oxide lead to adsorption of chlorine on top of the copper surface with a 

coverage more than more than the saturation coverage. 

 

Interaction of HCl with Au/Cu(100) showed two different behaviour depending on the gold 

coverage. Au/Cu(100) alloy formed at half monolayer of gold coverage, forming c(2x2) 

structure. Exposure of the Au/Cu(100) alloy at half monolayer of gold coverage to HCl leads 

to the formation of c(2x2)-Cl structure with saturation coverage of  half monolayer in similar 

manner of interaction of HCl with the clean cu(100) surface. Interaction of HCl with 

Au/Cu(100) surface at gold coverage more than half monolayer leads to a dealloying of the 

gold from the copper surface and forming the Au(111) surface. Cu-Cl formed underneath the 

Au(111) surface with excess of chlorine concentration. 
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1.1 Single Crystal of metal surface 

To understand the solid state interaction with gas molecules we need to have some insight 

into the structure of simple crystals. Crystal structures are usually determined by the 

technique of X-ray back –scattering which is used to determine the requested plane before 

cutting the crystal by spark erosion. The resulting surface needs to be mechanically polished 

to get the mirror surface which is a key demand to get good STM and low energy electron 

diffraction (LEED) images [1, 2].  

1.2 Miller indices 

Miller indices are used to describe the surface crystal structure derived from three main 

crystal systems depending on the arrangement of the atom inside the crystal [1]. The first 

category is face centred cubic (fcc), which has eight corner atoms and six face atoms as 

shown in Figure 1.1(a). The second category is body centred cubic (bcc), which has eight 

corner atoms and one centred atom as shown in Figure 1.1(b). The last category is hexagonal 

close-packed (hcp), which can be described as two hexagonal planes having six atoms in the 

corners of the hexagon and one centred atom; between these planes is a half hexagon 

consisting of three atoms as shown in Figure 1.1(c). Three integers (x, y, z) are used to 

describe the crystal plane for the two crystal (fcc) and (bcc), while four integers (w, x, y, z) 

describe (hcp). The surface plane produced depends on the direction of cutting the crystal, for 

example for a simple cubic crystal the three main planes produced are (100), (110), and 

(111). These numbers are the reciprocal of the fractional intercepts of the distance at which a 

plane intersects the main axis of the solid as shown in Figure 1.2.  

 

 

Figure 1.1: Three crystal structures; (a) face centred cubic (fcc), (b) body centred cubic (bcc), 

and (c) hexagonal close-packed (hcp). 
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(100) plane: This plan intersects with a, value of x axis, while as it is parallel to the y and z 

axis as shown in Figure 1.2(a). Therefore this plane has intercepted  
a

𝑎 
, 
∞

𝑏 
, 

∞

𝑐  
 . Which is 

equal to (1, ∞, ∞). The reciprocal of these values are (100). 

  

(110) Plane: This plan intersects with by a, and y values with both x, and y axis, while as it 

parallel to z axis as shown in Figure 1.2(b). Therefore this plane has intercept  
a

𝑎 
, 

b

𝑏 
, 

∞

𝑐  
 , 

which is equal to (1, 1, ∞). The corresponding reciprocal of these values are (110). 

 

Plane (111): This plane intersect with x, y, and z axes as shown in Figure 1.2(c). The 

intercept values of this plane are  
a

𝑎 
, 

b

𝑏 
, 

c

𝑐  
 . Therefore the corresponding reciprocal of 

fractional of these values are (111). 

 

Figure 1.2: Miller indices of some important cubic crystal planes: (a) (100), (b) (110), and (c) 

(111). 

1.3 Surface structures and reactivity 

In the case of copper which is a (fcc) crystal, the three simplest surface planes produced are 

Cu(100), (110), and (111) as shown in Figure 1.3. The reactivity of the surface depends on 

the coordination number of the surface atoms, since the reaction with a metal surface happens 

at the top most atomic layer. The reactivity of the surface depends on the surface free energy, 

in other words, the surface which has highest surface energy will have the highest reactivity. 

For copper the most open surface is (110) in which the surface atoms have two nearest 

neighbouring atoms, with four and six nearest neighbouring atoms in case of Cu(100), and 

(111) respectively. 
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Figure 1.3: Representation of the surface, with the unit cell in yellow for (fcc) crystal lattice 

planes. From top to bottom, (a) (100) surface, (b) (111) surface, and (c) (110) surface. 

The surface structure which is produced after cutting and polishing is not ideally smooth it 

has a number of surface features (defective structures) as shown in Figure 1.4 [3]. Terraces are 

the main surface features separated by step edges, while as the step edge itself it could have 

defects as well such as step kink. Two surface defects that could be found in the terraces are 

an adatom or missing atom (vacancy). The surface features have different reactivity 

depending on the free surface energy. So the atoms in the defect site have a lower 

coordination to the bulks atoms compared with the atoms in the flat terraces, which leads to 

an increase in the free surface energy for the atoms in the defect site. So the defect site could 

be the initial reaction site in case of adsorbing a gaseous molecule on the crystal surface. 

 

Figure 1.4: Schematic diagram shown the defective structures on the crystal surface after 

cutting and polishing [3]. 
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1.4 Atomic densities of atoms in the surface plane  

In the case of a cube of copper with edges of length 1 cm and (100) surface plane, the area of 

each unit cell which have square unit cell is given by: 

a x a = (a
2
)             1.1 

Where the copper lattice constant a = 2.55 Å [4]. So the area of Cu(100) unit cell is: 

(2.55 Å)
2
 = 6.50 Å

2
 = 6.50 x 10

-16
 cm

2
                1.2 

Since each unit cell contains one copper atom, so the total number of copper atoms in 1 cm
2
 

is given by: 

1 𝑐𝑚 2

6.50×10 −16𝑐𝑚−2 = 1.54 × 1015                          1.3 

The interlayer spacing in Cu(100) planes is: 

2.55

 2
= 1.80 Å = 1.80 × 10−8 𝑐𝑚                       1.4 

Therefore the total number of Cu(100) atomic layer in 1 cm
3
 is: 

1 𝑐𝑚

1.28×10−8  𝑐𝑚
= 5.5 × 107                                   1.5 

From equation 1.3 and 1.5, the total number of Cu(100) in 1 cm
3
 is: 

1.54 × 1015 × 5.5 × 10−7 = 8.56 × 1022       1.6 

The surface atoms in 1 cm
3
 are given by: 

Number of atoms in 1 cm
2
 x 6 = 1.54 x 10

15 
x 6 = 9.24x10

15
         1.7 

From equation 1.6 and 1.7 the ratio of surface atoms to the bulk atoms is 1:10
8
. 

 

1.5 Adsorption 

The adsorption of gaseous molecules on top of the solid surface is classified into two main 

categories physisorption and chemisorption depending on the nature of bond between the 

adsorbate and the substrate. 
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1.5.1 Physisorption 

In physisorption, there is a long range weak interaction between adsorbate and substrate due 

to van der Waals-type forces [5]. The interaction of adsorbate and substrate is reversible due 

the weak interaction between them leading to equilibrium between the adsorbate layer and 

the molecule in the gas phase. A multilayer of adsorbate could be formed at low temperature 

or at high pressure of dosing.  The heat of adsorption ∆𝐻𝐴𝐷
𝑜  is of the order of ∆𝐻𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛

𝑜   

which is less than 35 kJ mol
-1

; this small amount of energy could be lost as a thermal motion 

and a jumping of the molecule across the substrate surface until it is accommodated with the 

surface [5]. No change in the substrate is observed after physisorption occurred. Increasing 

the temperature of the substrate will increase the vibration energy of the adsorbate molecule 

higher than energy of desorption leading it to desorb from the surface. The residence time () 

is used to measure the strength of interaction between the adsorbate and the substrate 

depending on the temperature by using the Frenkel equation as given: 

 

 = o 𝑒𝑥𝑝
 
∆𝐻𝐴𝐷

𝑜

𝑅𝑇
 
          1.8 

Where: 

           0 = period of oscillation of the molecule at the surface ≈10
-13

 s 

∆𝐻𝐴𝐷
𝑜

 = desorption energy (kJ mol
-1

) 

k = Boltzmann‟s constant (1.38x10
-23

 J K
-1

) 

T = temperature (K) 

 

1.5.2 Chemisorption 

In chemisorption there is a short range of interaction of the gas molecule with substrate 

associated with strong bonding [5]. The interaction between the adsorbate and the substrate 

surface is irreversible due to the electron exchange between them. The heat of 

adsorption ∆𝐻𝐴𝐷
𝑜  is more than 35 to 1000 kJ mol

-1
, which strongly depends on the adsorbate‟s 

surface coverage due to the internal adsorbate-adsorbate interaction. Dissociation of the 

adsorbate molecule could happen due to the higher value of ∆𝐻𝐴𝐷
𝑜 , which forms the basis of 

most catalytic reactions. The formation of adsorbate layer is limited to a monolayer, which 

means a further adsorption for the adsorbate after the saturation coverage needs to disturb the 
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configuration of the adsorbate layer [5]. Since the adsorbate coverage depends on the heat of 

adsorption ∆𝐻𝐴𝐷
𝑜 , the increase of substrate temperature leads to increasing the surface 

coverage. The potential energy vs reaction coordinate diagram for chemisorption shows a 

potential well for the chemisorbed state much deeper than the one for the physisorption state 

as shown in Figure 1.5 because the chemisorbed state involves breaking of the adsorbate 

bond (often leading to dissociation), and rearrangement of the substrate atoms. When the 

energy barrier between the precursor and the chemisorbed state is below the energy zero 

reference axis as shown in Figure 1.5(a), non-activated chemisorption occurred, while the 

activated chemisorption occurred when the energy barrier is above the zero energy axis 

resulting a slower reaction as shown in Figure 1.5(b). 

 

 

Figure 1.5: Potential energy vs reaction coordinate diagrams for (a) non-activated 

chemisorption and b) activated chemisorption processes. Where Ed is the dissociation energy, 

Ep is the physisorption energy, Ec is the chemisorption energy, and Ea is the activation 

energy. 
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1.5.3 Adsorption isotherm 

Adsorption isotherm is a term used to describe the relationship between the surface coverage 

of adsorbate and the substrate as a function of pressure at a particular temperature [4, 5]. The 

Langmuir model is based on several assumptions: 

- All the adsorption sites on the surface are equal, so there are no preferred adsorption 

sites. 

- The adsorption of a molecule is not affected by the state of the adjacent site whether it 

is occupied or not. 

- Adsorption is limited to the maximum coverage (a complete monolayer). 

 

For the Langmuir isotherm, the rate of change of surface coverage due to the adsorption 

process is given by: 

 
𝑑𝜃

𝑑𝑡
 
𝑎𝑑𝑠

= 𝑘𝑎𝑑𝑠  𝑃𝑁 1 − 𝜃               1.9 

Where: 

  = surface coverage therefore 

kads = rate constant of adsorption 

p = pressure of gas (Pa) 

N = total number of sites and N(1-) is the number of vacant site 

 

The rate change of coverage  due to desorption is proportional to the number of adsorbed 

species (N) and given by: 

 

 
𝑑𝜃

𝑑𝑡
 
𝑑𝑒𝑠

= 𝑘𝑑𝑒𝑠𝑁            1.10 

Where: 

kdes = rate constant of desorption 

 

At equilibrium, adsorption and desorption rate must be equal: 

 

 
𝑑𝜃

𝑑𝑡
 
𝑎𝑑𝑠

=  
𝑑𝜃

𝑑𝑡
 
𝑑𝑒𝑠

              1.11 
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Therefore, resolving for , gives the Langmuir isotherm equation: 

𝜃 =
𝐾𝑝

1+𝐾𝑝
                              1.12 

 

Where: 

𝐾 =
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
                                 1.13 

 

For the reaction involving several multilayers several isotherm methods have been developed 

to overcome some of the Langmuir assumptions and present a model more close to reality. 

For example the Brunauer-Emmett-Teller (BET) model takes into account the possibility that 

the initial adsorbed monolayer may act as the substrate and allow for further physical 

adsorption, and the Temkin and Freundlich models account for the non-equivalence of the 

adsorption sites. The linear form of the BET equation given by: 

 

𝑃

𝑁𝑠 𝑃𝑜−𝑃 
=

1

𝑁𝐶
+

 𝐶−1 

𝑁𝐶
×

𝑃

𝑃𝑜
      1.14 

Where: 

N = total number of surface adsorption sites 

Ns = number of surface sites occupied by adsorbate 

C = BET constant ≈ 𝑒
 ∆𝐻𝑜𝑑𝑒𝑠 −∆𝐻𝑜𝑣𝑎𝑝  

𝑅𝑇  

 

Useful information about the surface area with specific coverage (θ) can be given from the 

both of the above isotherm, however no one isotherm can be use to predict the adsorption 

over all ranges of coverage.  

 

1.6 Surface science and heterogeneous catalysis 

 We are continually exposed to chemical reactions in most our live whether inside our body 

(such as food degradation or interaction of drug with our body) or surrounding us such as 

fabrication of all material used in new technologies (mobile battery memory and huge 

industrial application). Chemical reactions can be accelerated by using a substance (it is 

called catalysis) that can be introduced in a chemical process by lowering the activation 

energy level of the transition state, therefore making it a more favourable process while this 

substance is regenerated after the end of reaction [6] as shown in Figure 1.6.  
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Figure 1.6: The effect of the catalyst on the reaction progress by lowering the activation 

energy. 

 

Catalysis is classified in the two categories; homogenous and heterogeneous. The later type is 

more widely used in industrial processes. It called „‟heterogeneous‟‟ because the reaction is 

occurring at the interface between the two, or three, phases present in the system (the 

reactants are normally in gas or liquid phase), whereas the catalyst is in a solid phase. Solid 

catalysts are widely used in the pollution reduction such as oxidation of carbon monoxide by 

using precious metals as catalysts (e.g. platinum, palladium or both) [7-9]. Grain or pellet is 

the typical form of the industrial catalysis, the pellet being formed by compression of the 

powdered catalyst [3]. The surface science is important in heterogeneous catalysis, since the 

catalytic reaction is done over the solid surface. The reactivity of the catalyst depends on the 

physical properties of the surface and chemical composition [3, 4, 6]. Metal single crystals 

are used as models of catalysts which provide a uniform surface (making the follow up of the 

interaction of the reactant with solid surface easier than for polycrystalline metal) to get 

information of the catalysis reaction at the atomic scale [2, 4, 6, 10]. However applying the 

knowledge from surface science to the industrial process is a problematic because of the 

difference between the environments. The surface science study is carried out normally in an 

ultra high vacuum system (UHV), whereas the industrial process is carried out at high 

temperatures, with a mixture of crystallites, and high pressures. The requirement of the 

control of the temperature is provided in most UHV systems. The presence of a mixture of 

crystallites has an effect on the physical properties of the surface by providing a variety of 
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morphologies of the surface. Nevertheless, studying  the surface chemical and physical 

properties by surface characterisation techniques is key to understanding the nature of the 

catalytic reactions [2, 11]. 

 

1.7 Copper and gold as a catalyst 

Copper has been recognised as a superior catalyst for many years involved in many industrial 

processes [12]. Copper oxide (CuOx) is used in many industrial processes such as, oxidation 

of carbon monoxide [13-15], and alcohol synthesis [16]. Copper chlorides have been shown 

to play an important role in surface-catalyzed chlorination reactions. Polychlorinated 

dibenzo-p-dioxins (PCDD), and polychlorinated dibenzo-furans (PCDF) are produced over 

copper particle surfaces on carbon fly ash particles [17-19].  Oxychlorination of ethylene is a 

catalytic process performed over a copper based heterogeneous catalyst as it typically 

contains cupric chloride (CuCl2) as the primary active ingredient [20]. Since the 

oxychlorination reaction is a highly exothermic reaction, the high volatility of active species 

is the main problem in this reaction because the rise in temperature leads to deactivation of 

the catalyst [21]. Deactivation of catalyst and production of unwanted chlorinated products 

have a high impact on the economy of the process. Production of vinyl chloride by 

oxychlorination of ethylene is a three step process. First is direct addition of chlorine to 

ethylene. Second is producing vinyl chloride and HCl by cracking the dichloroethane which 

formed in the direct addition step. Final step is the oxychlorination reaction in which the HCl 

from step of cracking the dichloroethane react with oxygen and ethylene over CuCl2 catalyst 

to produce more of dichloroethane as shown in the following equations [12]: 

 

C2H4 + Cl2 ↓ CH2Cl-CH2Cl   (Direct addition) 

CH2Cl-CH2Cl ↓ CH2=CHCl + HCl   (Thermal reaction and HCl recycle) 

CH2=CH2 + 1/2O2 + 2HCl ↓ CH2Cl-CH2Cl + H2O   (CuCl2 catalyst) 

 

The catalyst in the final step is related to the Deacon reaction, which was introduced 1874 by 

Henry Deacon[22], HCl is oxidized in the presence of CuCl2 to molecular chlorine Cl2 as 

shown in the following equation [23]: 

4HCl + O2 Ý 2Cl2 + 2H2O 

This catalyst suffers from low stability due to formation of volatile CuCl2 species and too low 

activity so that the required reaction temperature is above 400 °C. 
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Gold was recognised as a non-reactive metal, but this assumption about gold has been 

changed [24]. Catalysis by gold (in nanometre size) has become an interesting area of 

research, since the important findings of Hutchings for the hydrochlorination of acetylene 

[25] and Haruta [26] for the oxidation of CO at low temperature. 

 

Oxidation of CO is very important for air purification systems for industrial processes and car 

exhaust pollution For example, at start up of a car‟s engine, the catalyst placed in the exhaust 

takes a little time to become effective due to the time required for heating the catalyst. Hence 

the idea of finding a catalyst working at low temperature has emerged. Haruta et al. have 

shown that the oxidation of CO at very low temperatures and in particular at temperatures 

less than 0 
o
C is effectively catalysed by composite of gold and first row transition metals 

(Fe, Co, and Ni). Later he discovered that gold nanoparticles (2 to 4 nm diameter) supported 

different oxides (Fe, Co, and Ni) are the active species [27]. This work enhanced the 

enthusiasm of  researchers to predict the identity of the active site. Bollinger et al.  observed 

that the highest activity is for the Au particles (2 to 3 nm diameter) supported on TiO2 [28]. 

Goodman et al. have shown that gold clusters (1 to 6 nm diameter) prepared on single 

crystalline surfaces of Ti were strongly related to the structure sensitivity of the CO oxidation 

using STM and STS [29].  

 

The oxidation of alcohols and diols to acids and carboxylates, which chemical intermediates, 

represents a demanding target for many application. Platinum and palladium supported 

nanoparticles are effective catalysts for such reactions. However poor selectivity is the 

disadvantage of these catalysts. Rossi et al. have shown that gold nanoparticles can be very 

effective catalysts for the oxidation of alcohols, including diols, as shown in Figure 1.7 and 

the gold catalyst showed best stability in recycling tests [30, 31]. 

 

Using gold as a catalyst for hydrochlorination of acetylene over gold/carbon catalysts 

provides a higher activity compared with other metals as shown in ,Figure 1.8 [32]. The 

interaction of Au/C catalyst with acetylene leads to deactivation, whereas enhancement of the 

initial activity of the catalyst is observed after the pre-treatment by HCl. Au
3+

 is supposed to 

be the active species, while as the active site it could be gold cations located either on the 

surface of gold nanoparticles or in the interface of gold nanoparticles with carbon support 

[33].  
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Figure 1.7: Oxidation of alcohols by different supported metal. At [alcohol] = 0.35 M, 3 atm, 

and T=343 K [30] 

 

 

Figure 1.8: Acetylene conversion using metal chlorinated salts of (■) Au, (▾) Pd, (♦) Pt, (▴) 

Rh, (●) Ir, and (◂) Ru on carbon as catalyst under standard reaction conditions (C2H2 and HCl 

1:1 ratio; total flow rate 10 mL min
−1

; catalyst (200 mg); 180 °C). 
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On the other hand catalysis by metal alloy has attracted considerable attention recently [34]. 

AuCu alloys supported on TiO2 have shown a higher catalytic activity toward oxidation of 

CO compared with monometallics supported on TiO2 as shown in Figure 1.8 [35].  The 

catalyst formed by 1% of Au and 8% of Cu/TiO2 has  shown  considerable activity compared 

with the catalyst of 1% of Au/ TiO2, and more active than the catalyst of 8% of  Cu/TiO2. 

 

For CO oxidation at low temperature a series of catalysts containing Au precipitated on metal 

hydroxides have been used [36]. The catalytic activity of an Au(PPh3)(NO3)/Cu(OH)2 

catalyst has been compared with the catalytic activity of Au(PPh3)(NO3)/Mn(OH)2. The 

higher activity was for the latter one as it shows a 50% conversion at a temperature less than -

70 
o
C and 100% conversion at 0 

o
C, whereas the Au(PPh3)(NO3)/Cu(OH)2 catalyst achieved 

50% conversion at 61 
o
C and 100% conversion at 170 

o
C. However, the 

Au(PPh3)(NO3)/Cu(OH)2 catalyst showed a higher activity compared with similar catalysts 

based on hydroxides of V, Al or Cr. 

 

 

 

Figure 1.8: CO oxidation activity of (k) 0.5% Au/TiO2, (i) 0.1% Au/TiO2 (m) 0.1% Au–8% 

Cu/TiO2 and (n) 8% Cu/TiO2 [35]. 
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2.1 Introduction 

X-ray photoelectron spectroscopy (XPS) is a powerful technique providing qualitative and 

quantitative information in surface science analysis. It depends on the interaction between 

radiation and matter [1]. When a surface is irradiated by X-ray radiation, electrons are ejected 

from the core shell depending on the radiation energy (Figure 2.1); this ejected electron is 

referred to as a photoelectron. Other electrons are also ejected in a sequence of steps that 

results from the creation of the excited state; these are independent of the radiation energy, 

and called Auger electrons (AES). XPS and AES processes are schematically represented in 

Figure 2.2. The X-ray photon transfers its energy to a core-level electron leading to 

photoemission from the n-electron initial state (a). The atom, now in an (n − 1)-electron state, 

can reorganize by transferring an electron from a higher energy level to the vacant core hole 

(b). Since the electron in (b) come down to the lower energy state, the atom can reduce its 

excess energy by ejecting an electron from a higher energy level; this ejected electron is 

referred to as an Auger electron (c) [2].  

 

 

 

 

Figure 2.1: Schematic diagram illustrating the interaction of X-ray radiation with surface. 
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 Figure 2.2:  schematic diagram represent two processes of ejected of electron from the core 

level by X-ray radiation. (a) Ejection of a photoelectron by X-ray radiation. (b), and (c) 

Relaxation of the core-hole by filling with another electron and the ejection of an Auger 

electron or an X-ray photon (XRF) [2]. 

2.2 Binding energy 

In XPS the kinetic energy (Ek) of the ejected electron is measured. This depends on the 

energy of radiation (hν) Figure 2.3 (a and b) and the characteristic parameter for the electron, 

its “binding energy”. The relation between these parameters is given by equation 2.1.  

  

 

 

 

Figure 2.3: (a) interaction of X-ray radiation with core shell electron. (b) The relationship 

between kinetic energy and binding energy [1]. 

a b 
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EB = hν – EK – W                  (2.1) 

Where: 

EB: binding energy. 

EK: kinetic energy. 

hν: radiation energy. 

W: work function. 

As all three quantities on the right-hand side of the equation 2.1, are known or measurable, it 

is a simple matter to calculate the binding energy of the electron [1]. 

2.3 Koopmans’ Theorem 

The EB of an electron is describe simply as the difference between an initial state (atom with 

n electrons) and final state (atom with n-1 electrons) equation 2.2 [3]. 

EB = Efinal(n -1)- Einitial (n)               (2.2) 

As Koopmans‟ Theorem assumes no rearrangement of the electrons in the atom from which 

the electron was ejected or from the neighbour atoms then the EB is equal to the negative 

orbital energy, −εk for the ejected photoelectron equation 2.3. 

   EB ≈ −εk                                          (2.3) 

The –εk value can be calculated by using Hartree-Fock calculation, but this value has a 

margin of error about 10-30eV from the real EB value as seen in Figure 2.4. 

 

Figure 2.4: Comparison of experimental and calculated C 1s binding energies shows there is 

difference in about 15 eV between the two values [3]. 
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This discrepancy between the experimental and calculated values is due to relaxation 

processes in which electrons in the atom which have a core hole and the surrounding atoms 

adjust to the core-hole and minimise the overall energy. This is a final state effect which 

Koopmans‟s Theorem assumes does not take place. 

2.4 Initial state effect 

The “initial state”, is the ground state of the atom. Changing EB of the atom in the ground 

state by changing the oxidation state or the chemical environment results in a change in EB 

known as “chemical shift”. In formal state, EB increases with increasing oxidation state or by 

effect of electro negativity of the environment, because it increases the attraction between the 

positive charge in the atom and electrons [1, 2]. 

2.5 Final state effects  

Relaxation processes in the atom which contains the core hole or in the surrounding atoms 

causes a lowering of EB. Relaxation of outer shell electrons has a big effect on the EB because 

outer shell electrons have smaller EB compared with the emitted photoelectron, while the 

contribution of relaxation of inner shell electrons has a small effect on the EB because the EB 

of inner shell electrons is larger than emitted photoelectrons [1, 2]. 

2.6 Spectral features 

2.6.1 Inelastic background 

When a solid sample is exposed to X-ray radiation, three different outcomes for the 

photoelectron are observed, depending on the distance between the electron and the surface, 

Figure 2.5. Electrons “near” to the surface can escape from the sample and reach to the 

analyser without losing energy; these electrons make the main XPS peak. The second 

possibility is that the electron loses energy but, still reaches the analyser, and these electrons 

emerge as a background signal. The third possibility is that the electron does not have enough 

energy to escape from the sample; these do not contribute to the spectrum [1, 2, 4-6]. 
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Figure 2.5: Three possibilities of electron behaviour after irradiating the sample X-ray 

radiation. 

2.6.2 Spin-orbit splitting 

Due to the spin-orbit coupling between the electron spin and the angular momentum vector of 

the orbital, peaks p, d, and f appear as doublets whereas the s orbital (orbital angular 

momentum is zero) appears as a singlet. This interaction between the angular momentum 

vector (l) and the electron spin (s) can be either parallel or anti-parallel as illustrated in Figure 

2.6. In situation of anti-parallel, the interaction is favourable because it has low energy, and it 

appear at higher EB, while as in the other type of interaction has high energy and it appear at 

lower EB [6]. 

 

 

Figure 2.6: Two type of interaction between the angular momentum vector (l) and the 

electron spin (s).  
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In the case of Cu2p orbital, the electron spin quantum number (s) = ±½, and the orbital 

angular momentum quantum number l = 1, so the summation equal the total angular 

momentum j, which can be either 3/2 (lower EB) or ½ ((higher EB) as shown in Figure 2.7. 

The intensity ratio between the peaks is represented in the degeneracy g which is equal to 

2j+1, then the ratio between two peaks 4:2/2 = 2:1 as shown in table 2.1[7]. 

 

 

Figure 2.7: XPS spectra of Cu 2p orbital, shows splitting of two peaks 3/2, and ½ with ratio 

1:2. 

Subshell Total angular momentum 

J=(l+s) 

Degeneracies 

g=(2j+1) 

S 1/2  

P 1/2, 3/2 1:2 

D 3/2,5/2 2:3 

f 5/2, 7/2 3:4 

 

Table 2.1: The degeneracy g of different totals angular momentums. 
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2.6.3 X-ray Satellites 

X-ray emission in source depend on x-ray fluorescence process which is producing soft x-

rays Kα1,2 radiation (unresolved doublet) as shown in Figure 2.8. Similar transitions in doubly 

ionized Mg or Al produce Kα3,4 lines, So using  non-monochromatic source will excite the 

sample with more than one X-ray line which affected the resolution of XPS spectra by 

broadening peaks and  producing a ghost peak at low EB. For these reason an aluminium filter 

is inserted between source and sample to reduce the excess radiation [1, 2]. 

 
Figure 2.8: Kα1,2 radiation unresolved doublet 2p3/2 to 1s and 2p1/2 to 1s transitions 

produce soft x-rays. 

 

2.6.4 Auger peaks 

Auger peaks are produced in the core-hole relaxation process discussed in section 2.1. We are 

using the X-ray notation to identify Auger peaks while we use spectroscopic notation to 

identify XPS peaks. Auger peaks are generally broader and more complex structures than 

photoemission peaks. The Auger peaks have low energy which is useful for mapping the 

surface [1]. 

2.7 Instrument  

In XPS we can divide the instrument in two categories; first one is main XPS components 

(X-ray source, the analyzer, and detector) which form the main structure of the instrument 

and used in the process of generation of the X-ray radiation and collecting the electrons 

which are emitted from the sample (Figure 2.9). The second one is requirement 

environment (Ultra High Vacuum system UHV) and sample processing (such as ion gun, 

and heating and cooling system). In the present chapter we discusses the main XPS 

components and leave discussion of the second category to chapter 4. 
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Figure 2.8: Schematic diagram and actual image of the XPS main components (X-ray source, 

the analyzer, and detector). 

 

2.7.1 X-ray source 

The principle of generation of X-ray radiation is by bombarding the anode material by high 

energy electrons which are emitted from an electrically heated filament (this energy is 

converted to heat, so the anode usually cooling by water to avoid anode melting or 

degradation) to create a core hole in the atoms of anode which is following by X-ray 

fluorescence and emission of electrons. The choice of the anode material depends on the 

energy of X-ray transition generated, which has to be high enough to eject electrons from the 

core level of the elements and the natural line width of it has to be narrow to avoid the peak 

broadening[1, 2, 5]. The most popular anode materials are Al and Mg (both are offered in X-

ray dual anode); characteristic emission line of them are listed in table 2.2, this is a specific 

emission line used because it has high intensity compared with the background emission 

(Bremsstrahlung) Figure 2.9. Using 2µm thickness Al foil in front of the anode minimizes the 

effect of the background emission Figure 2.10 [1, 2, 5, 8]. 
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Table 2.2: Energy, characteristic emission line, and line widths of the Mg, and Al anode 

materials. 

 

 

 
Figure 2.9: X-ray emission spectrum. Main transitions (Kαi) are superimposed on the rising 

Bremsstrahlung background. 

 
Figure 2.10: schematic diagram and actual image of X-ray source components. 
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The advantage of using a twin anode is it provides the ability to distinguish between Auger, 

and XPS peaks, since XPS peaks will move to 233 eV higher in EK scale when switching 

between Mg anode to Al anode whereas the Auger peaks remain in the same position because 

it is not dependent on photon energy. 

2.7.2 Analyzer 

Three components form the hemispherical analyzer system (collection lenses, the energy 

analyzer, and the detector) as shown in Figure 2.11. Electrostatic lenses serve a number of 

purposes such as retarding the electrons which are ejected from the sample to a suitable pass 

energy of the analyzer, allowing the analyzer to be placed away from the sample to give other 

instrument components space to access the sample, and maximizing the collecting of 

photoelectrons from the take off angle of more than 20
o
. The energy analyzer consists of two 

electrodes, the inner side is positive while the outer side is negative, and the space between 

them is the electron pathway (pass energy) (Ro). The analyzer  allows an electron with 

particular energy to reach the detector as given by equation 2.4; electron with slightly higher 

or lower energy will not reach the outlet aperture, since the electron with high energy follows 

the big radius, and the electron with low energy follows the small radius.   

  

 

 

Figure 2.11: schematic diagram of the analyzer system components and the outside view of 

the analyzer system [9]. 
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 𝐸𝑘  =  𝑒∆𝑉  
𝑅1𝑅2

𝑅1
2−𝑅2

2                 (2.4) 

Electrons whose energy is too different from the pass energy will hit the outer side of the 

hemispherical analyzer when it is higher than pass energy and if lower will hit the inner side 

of the analyzer. Electrons which reach to the outlet aperture are counted by using 

multichannel electron detector (amplifier), because the number of photoelectrons exiting the 

analyser is too small to be detected efficiently for spectral analysis. Multichannel electron 

detector is working by multiplier the electron which is reached to the detector to be suitable 

to measure as shown in Figure 2.12. 

 

Figure 2.12: schematic diagram of the multichannel electron detector [9]. 

 

Secondary electrons are produced inside the multichannel tube due to collision of the single 

electron arriving from the analyzer with the internal surface coated with a high secondary 

electron coefficient material (lead oxide), a material that easily produces electrons when 

excited by photoelectrons. This process is repeated all through the multichannel coil in order 

to achieve an amplification magnitude of the order 10
8
. The resulting signal is recorded by 

appropriate software as function of kinetic energy.  

2.8 Quantification analysis 

Quantifying the species present involves the background removal followed by calculating the 

peak area by using CasaXPS software. The peak area is calculated by integrating the area 

above the baseline between two chosen points as shown in Figure 2.13. The quantification 

equation 2.5 which was derived by Madey et al. [9], and modified by Carley and Roberts 

[10], to include the photoemission cross section (µ), is used to convert the peak area to 

surface coverage. The equation therefore now takes into account the probability that an 
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electron is photoemitted from a particular orbital of the particular atom, the value which 

depends on the size and shape of the orbital and ionising photon energy. The cross section 

values of both X-ray source Mg Kα, and Al Kα radiation has been tabulated by Schofield 

[11], relatively to the C1s orbital cross section. 

 

 

2.13: XP spectra of Cu(2p3/2) peak showed the way of calculating the peak area by integrating 

the area under the peak between two chosen points by using CasaXPS software. 

 

 

σA=
𝐸𝐾𝐴

𝐸𝐾𝑠
×

IA

IS
×

μ
A

μ
S 

×
Nλ𝑆ρ

S
cos∅

MS
       (2.5) 

Where:  

σA= surface coverage or concentration (atoms cm
-2

) 

A= adsorbate 

S = substrate 

EK = photoelectron kinetic energy 

I = intensity of photoelectron peak 

µ =photoionisation cross section 

N = Avogadro‟s constant 

λ𝑆 = mean free path of photoelectrons within substrate 

ρ
S
 = density of substrate 

∅  = angle of collection of photoelectrons with respect to the sample normal 

MS = relative atomic mass of substrate 
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Many of the parameters in the equation 2.5 are constant for particular substrate, and 

adsorbate, and spectrometer, so the equation 2.5 is simplified to the equation 2.6: 

 

σA=
IA

IS
× 𝐾              (2.6) 

 

In most cases the coverage of adsorbate which acquired by XPS is compared to the STM 

images to obtain a greater understanding of the surface features. 
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3.1- Introduction 

Scanning tunnelling microscopy (STM) is a member of the family of scanning probe 

microscopy (SPM) techniques. Invented by Binnig and Rohrer in 1982 at IBM laboratories in 

Zürich, and earning them a Nobel prize in 1986 for the discovery of STM [1, 2]. STM is a 

powerful technique for studying the surface morphology at the atomic scale [3, 4]. It relies on 

the concept of quantum tunnelling which is observed when a very sharp conductive tip is 

brought within a few Ångstroms of a conductive sample and a bias voltage applied between 

them Figure 3.1. 

 

 

Figure 3.1: Schematic drawing of a scanning tunnelling microscope tip interacting with a 

surface [5]. 

 

3.2 Quantum Tunnelling  

Tunnelling is a phenomenon which depends on the wave property of electrons that allows 

electrons to transfer (tunnel) through the gap between two conductors or semiconductor 

objects of differing electric potentials when they are brought within a few Ångstroms of each 

other. Figure 3.2 shows the overlap between the wave function of sample and tip when they 

are brought to within a certain distance (d) of each other [5]. A measurable current can be 

achieved by applying a base voltage between tip and sample. The direction of electron flow 

(tunnel current) depends on the polarity of the electrode; if the tip is negative that means the 

electrons will flow from the filled energy state of the tip to the empty energy states of the 

sample. Figure 3-3 shows an energy level diagram of the tip and sample and the direction of 

electrons where EF is the highest occupied electron energy level and is called the Fermi level 



44 
 

and φ is the minimum energy required to eject an electron from the Fermi level to vacuum 

and is called the work function. 

 

Figure 3.2: Schematic drawing shows the overlapping of electron wave function between tip 

and sample [5]. 

 

Figure 3.3: Schematic diagrams showing the electron direction flow depending on the base 

voltage. (a) Electrons flow from the filled energy state of tip to the empty energy state of 

sample. (b) Electrons flow from the filled energy state of sample to the empty energy state of 

tip [5]. 
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3.3 Instrumentation 

3.3.1 Overview of the Design 

The design of the scanning tunnelling microscopy can be divided into three main parts; the 

first one is the scanner which has a tip, Piezodrive and tunnelling current amplifier. Second is 

a vibration isolation system. The third part is the data acquisition and processing system. As 

shown in Figure 3.4.   

 

Figure 3.4: Schematic diagram showing the overview design of the STM system [5]. 

3.3.2 Tip 

The main advantage of STM is its ability to image the surface at atomic resolution, and there 

are different things that can affect the imaging resolution. The most important one is the 

scanning tip, which should be very sharp (ideally one atom at the top of tip) to achieve such 

resolution. Electrochemical etching is the most common method of preparation to make such 
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a tip. Tungsten (W) wire (diameter 0.38mm, and purity 99.9%) supplied by Goodfellow 

metals. The W wire is surrounded by a tungsten wire ring clamped together by a suitable tip 

holder the two wires are inserted in 2M NaOH solution and then pulled out to make a bubble 

within the tungsten ring and around the tungsten wire as shown in figure 3.5. By applying a 

base voltage between tungsten wire and tungsten rings of about 8.0V it will generate a current 

through the NaOH(aq) bubble of about 15mA, for 10 – 15min, this current etches the W, and 

in this way generates two tips at the same time [7].  

 

 

Figure 3.5: Schematic diagram and actual image of the tip etching setup. 

 

The shape of the home made tips was checked using Scanning electron microscopy (SEM) 

and we found some of the tips are distorted. We think the reason is tip crash when it falls 

down as shown in Figure 3.6. 
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Figure 3.6: SEM image of the crashed tip. 

   

After tip preparation and testing of the tips by (SEM) we made another check inside the 

spectrometer by trying to get atomic resolution of a standard material like HOPG. The image 

shown in Figure 3.7 is an example that proves the quality of tips made in this way, and we 

found the C-C bond length is 1.48Å which agreed with theory distance 1.4 Å [8].  

   

Figure 3.7: The atomic resolution of HOPG at RT, and line profile. C-C-C bond is 2.56 Å. 
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3.3.3 Piezodrive 

The scanner drive is made of a piezoelectric material, which has the ability to change its 

dimensions when a suitable voltage is applied [9, 10]. The scanner drive tube consists of 

three independent parts of piezoelectric material (x, y, and z) to give it freedom to move in 

three directions Figure 3.8.  

 

Figure 3.8: Schematic of a tube piezoelectric scanner. 

3.3.4 Type of scan 

There are classically two ways to scan the STM tip over an area of the surface: 

(a) Constant current mode  

Constant current mode works by keeping the current constant and changing the gap between 

the tip and sample surface as shown in figure 3.9. This operation mode is good for imaging a 

rough surface and gives a nice image for step edges with high accuracy. The disadvantage of 

this operation mode is in its slow speed [11]. 

 

Figure 3.9: Constant current mode [12]. 
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(b) Constant height mode 

Constant height mode is faster than the constant current mode because the tip does not have 

to change position while scanning in the x, and y direction. It is done by keeping the gap 

between the sample surface and the tip constant and changing the current as shown in figure 

3-10. This mode is good for getting good images of atomic resolution but has the limitation 

of only scanning flat surfaces to avoid tip crash [11]. 

  

Figure 3.10: Constant height mode [12]. 

Omicron software has a variable degree of feedback, so the user can change scanning mode 

depending on the area to be scanned. 

 3.3.5 Vibration isolation 

    The Omicron VT STM uses four springs to carry the base platform to isolate the 

surrounding vibration. This platform is also surrounded by copper fins centred between 

magnets, to prevent the platform motion using eddy current damping as shown in figure 3-11. 

The sample surface is pointing to the bottom when it is transferred to the STM sample stage, 

and the tip approach is from beneath 3.12. The big „‟coarse approach‟‟ up to tens of microns 

is watched by CCD-camera. After that the very „‟fine approach‟‟, to find electron tunnelling, 

choose the scanning area, and choose the voltage and current are done automatically by using 

Scala software version (4.1) software. Some data were acquired using the updated „‟Matrix‟‟ 

software. The image processing was done using WSxM software [13] to enhance the 

understanding of the surface or to represent the 3D image-display. 
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Figure 3.11: Side view of Omicron VT STM [14]. 

 

 

Figure 3.12: Side view of Omicron VT STM scanner and down face of sample plate [14]. 
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4.1 The ultra high vacuum system (UHV) systems  

4.1.1 Main overview 

All of the work described in this thesis has been done in one custom built ultra high vacuum 

systems (UHV), supplied by Omicron Nanotechnology. The system consists of two main 

chambers (XPS and STM) as shown in Figure 4.1. The XPS camber contains an ion gun (cold 

cathode), fast entry lock, gold evaporator, XPS analyzer, ion gauge leak valve, and 

manipulator for transfer of the sample between two chambers, and rotation of the sample to a 

suitable angle (for sputtering, XPS, and evaporation), and heating. The XPS chamber is 

pumped by rotary, turbo, Ion, and TSP pumps. The system is controlled by a main control 

tower as shown in Figure 4.2.  

 

Figure 4.1: Omicron multiprobe UHV system. 
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Figure 4.2: Control towers of the UHV system 

 

4.1.2 The need for UHV system 

A vacuum environment is an essential requirement for most surface science analysis 

techniques with different requirements of vacuum level [1-3] for three main reasons. First, to 

increase the mean free path of electrons and ions which are used in surface analysis. By 

decreasing the pressure of the system, the electrons or ions can travel to the analyzer without 

collision with gas molecules inside the system. A base pressure of 10
-6 

mbar is enough to give 

a mean free path of molecular gas of many meters. The mean free path of the gaseous 

molecule is given by: 

𝜆 =
𝑘 (𝑚2𝐾𝑔 𝑠−2𝐾−1)×𝑇(𝐾)

 2𝜋𝑑2(𝑚)×𝑝(𝐾𝑔 𝑚−1𝑠−2)
  

Where: 

k: Boltzmann constant 

T: Temperature in Kelvin 

d: Molecular diameter  

p: Pressure in Pascal 

 

(4.1) 
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The second reason for using a vacuum system is to reduce the rate of contamination of the 

surface during the analysis time. The frequency (Z) of gas molecules colliding with the 

surface in a time dt is given by: 

𝑍 =
𝑝(𝐾𝑔 𝑚 𝑠−2𝑐𝑚−2)

 2𝜋×𝑀(𝑘𝑔)×𝑘(𝐾𝑔 𝑚2  𝑠2 𝐾−1)×𝑇(𝐾)
    𝑐𝑚−2 𝑠−1         (4.2) 

Where: 

k: Boltzmann constant 

k: Pressure  

T: Temperature in Kelvin 

M: Molecular mass 

 

So at P =1x10
-6

 mbar and T= 300 K, the typical number of molecules colliding with the 

surface is: 

Molecule M Z/cm
-2

 s
-1 

O2 28 2.91x10
14

 

CO 32 2.71x10
14

 

CO2 44 2.31x10
14

 

 

The rate of coverage of certain surface by gas molecules is given by 

 

 Rate of coverage =
The  frequency  (𝑍) of  gas  molecules  colliding  with  the  surface

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓 𝑎𝑡𝑜𝑚𝑠  𝑖𝑛  𝑡𝑕𝑒 𝑢𝑛𝑖𝑡  𝑎𝑟𝑒𝑎   𝑐𝑚−2  𝑖𝑛  𝑜𝑛𝑒  𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟
    𝑀𝐿−1 𝑠−1   (4.3) 

 

For example in case of coverage of the surface (the atomic density of the surface ~10
15

 cm
-2

) 

with CO2 at P =1x10
-6

 mbar, and T= 300 K, assuming all the gas molecules stick on the 

surface (sticking coefficient = 1), the coverage is: 

Rate of coverage =
2.3×1014  𝑐𝑚−2  𝑠−1

1015  𝑐𝑚−2  𝑀𝐿−1 = 0.23 𝑀𝐿 𝑠−1 (3.4) 

So the time required to cover one monolayer is: 

1 𝑀𝐿

0.23 𝑀𝐿 𝑠−1 = 4.4 𝑠      (3.5) 

Which means at 1x10
-9

 mbar, and T= 300 K the surface will be fully covered by CO2 after 1.2 

hours. 
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The third reason for using a vacuum system in surface science analysis techniques is to avoid 

the glow discharge in case of using the high voltage equipment. 

Different degrees of vacuum have been classified depending on the base pressure used as 

shown in the following table [3]: 

Degree of vacuum Pressure range 

Low Vacuum atmospheric pressure to 1 mbar 

Medium Vacuum 1 mbar to 10
-3

 mbar 

High Vacuum (HV) 10
-3

 mbar to 10
-7

 mbar 

Ultra High Vacuum (UHV) 10
-7

 mbar to 10
-10

 mbar 

Extra High Vacuum (EHV) Less than 10
-10

 mbar 

 

4.2 Achieving the UHV condition 

In order to achieve UHV conditions, the system requires different types of vacuum pumps 

(mechanical pump, entrapment pump) and thermal treatment (bake the system to degas the 

vacuum equipment) depending on the degree of vacuum required [4-6]. 

4.2.1 Mechanical pump 

These pumps work by transferring the gas molecule from the system chamber (low pressure 

area) to the atmospheric side (high pressure area) either by producing the imbalance in the 

pressure by periodically increasing and decreasing the chamber volume, or by transferring the 

gas molecules from the high pressure area to the low pressure area while as the chamber 

volume is constant [3].   

4.2.1.1 Rotary pump 

The most commonly used pumps for all basic vacuum applications are classified as 

mechanical pumps [3-6]. It is used for creating a vacuum environment from atmospheric 

pressure down to 10-2 mbar, also used as backing pumps for other high-vacuum gas transfer 

pumps such as turbo-molecular and diffusion pumps. It works by periodically increasing and 

decreasing the chamber volume by inserting the gas molecules into the pump chamber from 

the inlet port and then trapping the gas molecule between the rotary vane and the pump body 

as shown in Figure 4.3. Then the trapped gas is transferred  toward the discharge port due the 

rotation of the rotary vane while  increasing the gas pressure to more than  atmospheric 
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pressure causing the exhaust valve to open and expel the gas molecules. The oil used in the 

rotary pumps works as a lubricant and sealant. The main problem of the rotary pump is 

condensation of the pumped material which has gas vapour such as H2O and other solvents 

due to the compression process inside the pump. This condensation could lead to the 

formation of an emulsion by mixing the oil with liquid vapour which decreases the pump 

efficiency. The vibration of the pump is a secondary disadvantage as well especially when 

using techniques such as scanning probe microscopy. 

 

 

 

Figure 4.3: Schematic diagram shown the components and the working principle of the rotary 

pump [3]. 

 

4.2.1.2 Turbo molecular pump 

One of the most commonly used pumps to create the UHV environment is classified under 

the mechanical pumps. It works by transferring the gas molecule from the high pressure area 

to a low pressure area while as the chamber volume is constant, producing the vacuum degree 

between 10-3 to 10-9 mbar [3-6]. The pump consists of a many very high-speed rotor vanes, 

each of these vanes has a multiple blade as shown in Figure 4.4. The blade is designed at an 

angle shaped to lead the movement of the gas molecules towards the next vane until it leaves 

the pump body and evacuated by the rotary pump. One of the advantages of the turbo pump, 

besides creating a good vacuum environment, is that the pump is oil free which means there 

is no back stream of oil into the vacuum system, in contrast to the rotary, and diffusion 

pumps. Several disadvantages of the turbo molecular pump can be summarised in the 

following two points:  

1- Expensive purchase and fixing. 
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2- Vibrations which affect the scanning probe microscopy work. 

 

Figure 4.4: Schematic diagram showing the components and the working principle of the 

turbo molecular pump [4, 6]. 

4.2.2 Entrapment pump 

These pumps work by adsorption or absorption of the gas molecules on the solid surface of 

the container which is often a part of the pumped system.  

4.2.2.1 Ion pump 

The ion pump is one of the primary pumps for UHV since it was commercialised by Varian 

in the late 1950s. It works to create a vacuum degree from 10-7 to 10
-11

 mbar by ionisation of 

the gas molecules by plasma discharge which is produced by applying a high voltage (7 kV) 

between an anode and cathode [3-6]. The gaseous molecules collide with electrons in the 

anodic tube leading to the formation of a positive gas molecule which is forced to leave the 
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anodic tube toward the cathode plate by a high magnetic field as shown in Figure 4.5. Ion 

pumps are characterised by long lives and, the most important advantage, is a vibration free 

pump which make it suitable for scanning probe microscopy work. The disadvantages of the 

ion pump can be summarised in the following two points:  

1- It has a memory effect (it can be reduced by baking the system). 

2- Does not pump inert gases such as He, and Ar. 

 

 

Figure 4.5: Schematic diagram showing the components of the ion pump [3]. 

4.2.2.2 Titanium sublimation pump TSB 

Titanium sublimation pump (TSP) is formed by filament of Ti alloy which sublimes the Ti 

atoms in the chamber by passing an electrical current through it as shown in Figure 4.6 [3-6]. 

Active gas molecules such as oxygen and nitrogen hit the Ti film leading to their burial in the 

film by making a non-volatile compound so it is classified as an entrapment pump. However 

the TSP is never used as the only type of pump in the UHV system so it is included inside the 

ion pump to enhance the pumping efficiency from 10
-10

 to 10
-12

 mbar.  
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Figure 4.6: Real image showing the components of the TSP.  

4.2.3 Bakeout and degas 

Bakeout is a necessary step to help the system to reach UHV condition after every time it is 

opened up to air or after the first installation of the vacuum equipment. The bakeout step is 

done by heating the system up to 150 
o
C for several hours depending on the system condition 

(in our case 48 hours at least). Degassing the filament (XPS source, ion gauge, and sample 

heater) is usually preformed after bakeout to improve the pressure and prevent of 

contamination the sample during analysis. 

4.3 Pressure measurements 

In order to measuring the pressure, the Omicron multiprobe UHV system which was used in 

this study contains Pirani gauge, ion gauge, and residual gas analyser depending on the 

vacuum degree. 

4.3.1 Pirani gauge 

The Pirani gauge is positioned in the back line of the turbo molecular pump, and it works on 

the principle of heat transfer [4-6]. The resistance of the W filament inside the vacuum 

system heated by used the Wheatstone bridge is used to determine the pressure. The 

temperature of the W filament decreases as a result of collisions with the gas molecules 

inside the vacuum system leading to a decrease in its resistance whereas the applied voltage 

through the Wheatstone bridge is constant. So the Pirani gauge actually is measuring the 

produced electrical current in the Wheatstone bridge as function of changing the pressure 

inside the vacuum system. The Pirani gauge works in the vacuum degree from atmospheric to 

10
-3

 mbar. 
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4.3.2 Ion gauge 

The ion gauge is used to measuring pressures less than 10
-3

 to 10
-12

 mbar and is positioned in 

the main vacuum chamber. The ion gauge consists of three main parts; the filament (cathode), 

the grid (anode), and the ion collector as shown in Figure 4.7(a). Heating the filament leads to 

emission of electrons which are accelerated toward the grid. The gas molecules inside the 

grid are ionised as a result of collision with accelerated electrons and sequentially collected at 

the collector as shown in Figure 4.7(b). The produced current at the collector is directly 

proportional to the pressure of the gas molecules in the chamber. Bakeout and degassing of 

the ion gauge before use is an important step to reduce of production of  H2, CO, and CO2 [4-

6].   

4.3.3 Residual gas analyser 

The residual gas analyser is used to measure the pressure inside the UHV system, check on 

the gas purity, and act as a leak detector. It consists of three main parts; filament (ion source), 

quadrupole mass filter (two positive, and negative bars) producing a magnetic filed, and ion 

collector as shown in Figure 4.8 [3]. The gas molecules inside the vacuum system hit the 

filament which leads to ionisation and then accelerated inside the quadrupole region. 

Interaction of gas ion with magnetic field works as an ion separation system while the ion 

collector measuring the producing current depending on the ion mass [4-6]. 

 

 

Figure 4.7: (a) Real image of ion gauge, (b) schematic diagram showing the principal of ion 

gauge [3]. 
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Figure 4.8: Schematic diagram illustrated the residual gases analyser components [3]. 

4.4 Sample processing 

Sample processing includes polishing and mounting, transfer into the UHV system, and 

cleaning inside the UHV system.  

4.4.1 Polishing the sample 

The Cu(111), and Cu(100) single-crystals were mechanically polished with diamond spray, 

with a final grade of 0.25 μm to get a final mirror surface, then the sample was glued on the 

Mo plate using a conductive adhesive and fixed in place using a Ta foil as shown in Figure 

4.9.  

 

Figure 4.9: Copper sample mounting top of the Mo plate. 
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4.4.2 Transferring the sample to UHV and in situ cleaning 

The copper sample mounted in the Mo plate is deposited in the fast entry lock chamber which 

is isolated from the main chamber by a valve. Then that fast entry lock chamber is pumped 

down by turbo molecular pump overnight (8 hour at least) while the main chamber is pumped 

down by the ion pump. The sample is transferred to the manipulator in the main chamber 

using the magnetic rod shown in Figure 4.10. Degassing the sample inside the UHV system 

was the first step of cleaning the sample. Then repeated cycles of sputtering (PAr = 5x 10
-5

 

mbar, 1.0 kV, 5 A sample current) and annealing at 500
 o

C were applied at the sample. 

Sputtering involve bombardment of the sample surface by high energy Ar
+
 to physically 

remove contaminations of the sample by breaking their bond to the substrate and then 

pumped in the UHV system. Annealing the sample up to 500
 o

C lead segregation of the 

impurities from the bulk to the surface which made removing them by sputtering easier. The 

last step after cleaning cycles (from 5 to 7 cycles) is annealing to remove the effect of 

sputtering (rough surface) and to desorb the Ar atoms which might be embedded in the 

substrate. For transferring the sample from the manipulator to either storage carousel, or STM 

stage the wobble stick was used. 

 

 

Figure 3.10: 3D model shown the sample transferring inside the UHV system.  
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4.5 Gold evaporator 

A home made gold evaporator consisting of a tungsten filament, pure gold charge attached to 

the filament, and Ta shield is shown in 4.11. The gold ball is produced by heating the rolled 

up gold wire around W filament to a pressure about 10
-6

 mbar. Subsequently the gold 

evaporator is taken off the UHV system and the Ta shield mounted. The shield is added to 

prevent the gold atoms covering the other vacuum components. The distance between the 

sample and the evaporator is a few millimetres. After bake out, the gold evaporator is 

normally degassed at a current more than the usual current used in the experiment to remove 

all the contamination. The degas procedure is also undertaken every time before using the 

gold evaporator in experiment. 

 

 

Figure 4.11: Schematic diagram showing the homemade gold evaporator parts. 

4.6 Gas line 

Normally the gas line is pumped down by using a diffusion pump assisted by a rotary pump. 

The gas line is usually baked out at 150 
o
C overnight to make sure all the gases introduced 

into the UHV system are pure. The purity of the gas is checked using the residual gas 

analyser as well. HCl gas and oxygen are introduced into the UHV system through two 

separate valves to prevent mixing.  

 



65 
 

4.7 References 

1. Brune, D., et al., Surface Characterization. 2008, Weinhemi: John Wiley & Sons 715. 

2. J. M. Walls, R.S., Surface Science Techniques. 1994 Amsterdam: Elsevier Science & 

Technology. 188. 

3. Vickerman, J.C. and I. Gilmore, Surface Analysis The Principal and Techniques. 2nd 

ed. 2009, Chichester: Wiley. 686. 

4. Hoffman, D., B. Singh, and J.H. Thomas, Handbook of Vacuum Science and 

Technology. 1997, London: Academic Press Limited. 835. 

5. O'Hanlon, J.F., A User's Guide to Vacuum Technology. 3rd ed. 2003, New York: John 

Wiley and Sons Ltd. 536. 

6. Jousten, K., Handbook of Vacuum Technology. 2008, Weinheim: Wiley-VCH Verlag 

GmbH. 1040. 

 

 

  



66 
 

Chapter 5 Interaction of HCl with Cu(100) surface 

Contents 

5.1 Introduction ..................................................................................................................................... 67 

5.1.1 Interaction of oxygen with Cu(100) ......................................................................................... 67 

5.1.2 Interaction of chlorine with Cu(100) ....................................................................................... 70 

5.2 Experimental ................................................................................................................................... 72 

5.3 Results and discussion .................................................................................................................... 73 

5.3.1 XPS and STM of the clean Cu(100) surface ............................................................................ 73 

5.3.2 Interaction of HCl with clean Cu(100) surface at room temperature ....................................... 75 

5.3.3 Interaction of oxygen with clean Cu(100) surface at room temperature .................................. 80 

5.3.4 Interaction of oxygen with clean Cu(100) surface at 100 
o
C ................................................... 83 

5.3.5 Interaction of oxygen with clean Cu(100) surface at 250 
o
C ................................................... 87 

5.3.6 Interaction of Cu(100)-O surface with HCl at room temperature ............................................ 91 

5.3.6.1 Interaction of preoxidised Cu(100) surface at room temperature with HCl. ..................... 91 

5.3.6.2 Interaction of oxygen saturated Cu(100) surface at room temperature with HCl. ............ 97 

5.3.7 Interaction of Cu(100) surface oxidised at 250 
o
C, with HCl at room temperature. .............. 107 

5.4 Conclusions ................................................................................................................................... 111 

5.5 References ..................................................................................................................................... 114 

 

  



67 
 

5.1 Introduction  

5.1.1 Interaction of oxygen with Cu(100) 

The interaction of oxygen with copper surface is an attractive area of research, because of the 

large number of industrial applications in which copper is involved as described in Chapter 

one [1-4]. Oxygen adsorption on the Cu(100) surface has been investigated over 30 years by 

several spectroscopic and microscopic techniques [5-10]. There is disagreement about what 

the structure of oxygen on top of the Cu(100) surface is, whether it forms a c(2x2)-O or 

(√2x2√2)R45
o
, the latter being a missing row structure.  

At low temperature a LEED, and an AES study of O/Cu(100) shows two arrangements, " four 

spots" and  c(2x2)-O even at full coverage[10], while at high temperature and high exposure 

the c(2x2)-O is formed, followed by forming the (√2x2√2)R45
o
 structure [6, 10]. Malcolm et 

al used LEED and XPS as well and they found three LEED diffraction patterns; an oblique 

"four spots" mesh, followed by a c(2x2)-O and finally a (√2x2√2)R45
o
 [5].  

 

STM studies suggest the (√2x2√2)R45
o
 is formed at half monolayer of oxygen coverage 

(where one monolayer is defined as the Cu atom density on the (100) plane = 1.5x10
15

cm
-2

) 

[7-9, 11]. Takaya et al. found the c(2x2)-O is formed in nanometre  size domains of oxygen 

but not large well ordered c(2x2)-O, and the phase boundaries between c(2x2)-O domains 

made a zigzag structure. They suggested as well the origin of the LEED “four spots" 

arrangement which is the structure observed before forming the (√2x2√2)R45
o
 structure at 

full coverage. The STM images of the Cu(100) surfaces with different oxygen coverage are 

shown in Figure 5.1. The dark points observed in the images (a) and (b) are the oxygen atoms 

adsorbed on the four-fold hollow sites in small c(2x2)-O domains. The surface in image (b) 

shows the four-spot LEED pattern, and the bright zigzag lines are the phase boundaries of the 

nanometre size domains of c(2x2)-O. As shown in Figures 5.2(a) and (b), these domain 

boundaries change their position with time at room temperature, which is illustrated in the 

figure as a movement of oxygen atoms from a nanometre  size c(2x2)-O domain to an 

adjacent domain with retention of  the exact size of the domain. This behaviour give an 

explanation for appearance of the "four spots" arrangement in LEED as a result of two phase 

of c(2x2) nanometre  size domain which regulated by local strain on the Cu(100) surface as 

seen in Figure 5.1[12]. The strain increases with increasing coverage of oxygen by increasing 

the size of c(2x2)-O domains. The way to reduce that stress is by ejecting Cu atoms along the 

[001] or [010] directions and forming the more stable structure (√2x2√2)R45
o
 as seen in 

Figure 5.1(c) and 5.2(c) [12, 13]. 



68 
 

 

Figure 5.1: STM images of the Cu(100) surface with different oxygen coverage from [8,9], 

(a) Clean Cu(100), (b) Four spots surface at 0.31 monolayer oxygen coverage exposed to 8 L 

of  O2. (10-7 Torr × 80 s) attained at 450 K), and (c) (2√2 × √2)R45° surface at 0.5 ML 

coverage. 

 

 

Figure 5.2: (a) STM image of a Cu(100) surface with 0.3 ML oxygen coverage, and (b) same 

area after few minutes at room temperature. (c) When the surface is relaxed by missing Cu 

atoms and forming (√2x2√2)R45
o
 structure[12, 13].  
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On the subject of coverage disagreements appear again; the saturation coverage is kinetically 

limited to half monolayer but by increasing the rate of  impingement of oxygen with Cu(100) 

surface, a new subsurface is developed at 300 to 400 K  [5, 14]. A coverage of 0.75 

monolayer is reported by Habraken et al. which they suggested that the interaction of oxygen 

with Cu(100) happened in two stages. The first stage by formation of (√2x√2)R45
o
 LEED 

pattern up to 0.5 monolayer, then formation of (√2x2√2)R45
o 
at 0.75 monolayer [15-18]. 

 

Recently STM data showing three oxygen reconstructions: (2x1)-O, c(2x2)-O, and 

(√2x2√2)R45
o
  on top of Cu(100) has been reported depending on the temperature and 

exposure time [19].  Low exposures of oxygen (about 550 L at 373 K) result in oxygen attack 

on the terraces, and make them grooved as a result of copper atoms being ejected from the  

copper terraces and collecting at the step edges. In this grooved area the oxygen atoms create 

the (√2x2√2)R45
o
 as shown in Figure 5.3. By increasing the exposures time, one layer of 

ordered island is made via continuous growth in [001], and [010] directions. At the same time 

a narrow zigzag structure was developed on the wide plan terraces which has been suggested 

to be a (2x1)-O arrangement in other studies by using a range of surface science techniques 

such as STM [11], LEED, High resolution electron energy loss spectroscopy (HREELS), and 

angle-resolved ultra-violet photoelectron spectroscopy (UPS) [20]. 

 

Figure 5.3: STM images (78.3 nm
2
) of Cu(100) oxidation at T=373 K and  pO2=7.8x10

−7
 

mbar. (a) Clean surface, and oxygen exposures of(b) 550 L, (c) 930 L, (d) 1740 L, (e) 1980 L, 

(f) 2690 L [21]. 

(2x1)-O 

(√2x2√2)R45
o 
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5.1.2 Interaction of chlorine with Cu(100)  

The copper-chlorine interaction has attracted a great deal of experiments, and has been 

investigated by several surface science characterisation techniques [22-26]. A strongly bound 

layer of chemisorbed halogen (Cl, and Br) on Cu(100) has been reported using temperature 

programmed desorption (TPD) and low energy electron diffraction (LEED) [22, 27-29]. 

Bond length of interlayer of Cu-Cl is 2.37 Å ± 0.02 Å determined by surface extended x-ray-

absorption fine structure (SEXAFS) [30].  

 

At low chlorine coverage no change happened at the step edge but at 90% of saturation 

(determined by AES) the step edges start to be more sharp and grooved (to make the 

triangular grooves), and the groove size is increased when heating the sample at 575 K as 

shown in Figure 5.4[22]. 

 

Galeotti et al. created a saturated chlorine monolayer on Cu(100) by dosing Cl2 at room 

temperature. They showed that cooling the adlayer to 160 K did not affect the Cu2p3/2, and 

Cl2p signal, but continued exposure after saturation at 160 K formed a thick Cl layer 

involving  about 20 atomic layers confirmed by the decreasing  ratio of XPS between 

Cu2p3/2, and Cl2p, and by the disappearance of all the LEED spots[31]. The chloride grows 

epitaxially to form crystallites of cubic CuC1, with the (111) plane parallel to the substrate 

surface which was confirmed using X-ray photoelectron diffraction (XPD) [32]. 

The intensity of the Cu peak in  LEIS spectra at 160 K is increased compared to the same 

peak at room temperature which is related to the different structure of the CuCl(111) topmost 

layers compared to Cu(100)c(2x2)-Cl which formed at room temperature [22, 31, 32].  

 

LEED and X-ray diffraction (XRD) studies show that the Cl atoms made a c(2x2)-Cl 

arrangement by adsorbing the Cl atom on the four-fold hollow sites [22, 33]. The atomic 

resolution of  the (2x2)-Cl arrangement can be imaged by STM at 70% of saturation, while it 

can be detected by LEED at less than 60% of saturation because of the effect of atoms 

moving on the surface under the STM tip [22, 34]. AES detected the appearance of Cl on the 

STM tip although the STM chamber was isolated at the time of dosing chlorine and the 

background pressure of chlorine in the STM chamber was about 5 x10
-12

 Torr. This was 

explained as a transfer of the Cl atom from copper surface to the STM tip [34]. At full 

coverage of Cl on the Cu(100) surface the STM atomic resolution  shows a square lattice with 

inter atomic distance  3.5Å ± 0.15Å[34]. To make a CuCl island needs over saturation (about 
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400 L) of chlorine, because the low sticking properties of chlorine on copper surface at room 

temperature which is confirmed by AES. STM confirmed that the islands which are under 

those conditions covered about 6 to 8% of the surface. These islands were removed by 

heating the sample to 480 K, and STM just showed the atomic resolution of Cu(100)c(2x2)-

Cl without any traces of CuCl island while at 820 K the STM just shows the Cu(100)-(1x1) 

phase[34].  

 

Cu(100)c(2x2)-Cl arrangement formed by the interaction of Cu(100) with 1mM HCl solution 

has been reported using LEED, AES [35], and confirmed the reconstruction by using STM 

[36, 37]. Another STM study done after immersion in 10mM HCl reported the (√2x2√2)R45
o
 

of Cl reconstruction [38], and showed that the preferred reaction sites were step edges at 

positive potential with moderated dissolution along the Cu(100) [100] direction. Order and 

disorder transition of Cl adlayers on Cu(100) causes surface reconstruction by a reversible 

mechanism of grooving and degrooving steps; the ordered c(2x2)-Cl was formed at the defect 

free step edges while disordered surface were formed at the defected step edges [36, 37].  

 

 From the above review it appears that there are disagreements which produce a lot of 

questions such as;(1) does the oxygen  (√2x2√2)R45
o
 form directly or does it follow after 

forming c(2x2)-O?. If it is a following step, at what level of coverage does the transition from 

c(2x2)-O to (√2x2√2)R45
o
 occur? (2)  Is the c(2x2)-O stable at less than 0.25 monolayer?  

 

In this chapter we will try to answer the above questions but from the view of the reactivity of 

the O/Cu(100) (which is poorly understood) toward reaction with HCl ( which is fairly well 

understood ). 
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Figure 5.4: large scale STM images describing the change of the step structure among Cl 

chemisorption at room temperature. (a) Monatomic step below 60% of saturation did not 

make a different from the clean surface, (b) Image for a Cl coverage of 95% of saturation, 

shows starting of making the groves in the step edges, (c) Image just below saturation, 

showing a number of steps are grooved along the [100] directions. (d) Image of the saturated 

surface after annealing at 575 K [22]. 

 

 

5.2 Experimental 

The instrument used in these experiments is described in Chapter 3, together with sample 

cleaning procedures. Oxygen and HCl gases were purchased from Argo international and the 

purity was checked using mass spectroscopy. 
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5.3 Results and discussion 

5.3.1 XPS and STM of the clean Cu(100) surface 

The wide scan of clean Cu(100) surface excited using an x-ray Al Kα source is shown in 

Figure 5.5 there are two types of peak in the figure photoemission peaks,  { [2s 1069 eV], 

[2p1/2 952.3 eV], [2p3/2 932.7 eV], [3s 120 eV], and [3p1/2,3/2 74 eV] }  and Auger peaks { 

[LMM d 712.7 eV], [LMM b 649.7 eV], [LMM c 639.7eV], and [LMM a 569.7eV] }. In the 

following experiment we use the Cu2p3/2 at 932.7 eV for calibration of all other elements. The 

clean sample shows no oxygen, or Cl as shown in Figure 5.6.  

STM images of clean Cu(100) revealed terraces having an monatomic height (1.84 Å ±0.04 

Å) in agreement with previous study[39] as shown in Figure 5.7.  

 

Figure 5.5: XP spectrum of wide scan of clean Cu(100) surface at room temperature excited 

by Al Kα x-ray source. 
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Figure 5.6: XP spectrum of oxygen O1s at 531 eV, and Cl2p1/2,3/2 at 200 eV regions of a clean 

Cu(100) surface at room temperature. 
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Figure 5.7: STM images of clean Cu(100) surface. a) 350 nm x 350 nm at 1V, and 1nA. b) 

120 nm x120 nm at 1V, and 1nA. c) Line profile shows the height of monatomic step is 

1.83Å. 

5.3.2 Interaction of HCl with clean Cu(100) surface at room temperature  

XPS of Cl2p of sequential exposures of the clean Cu(100) surface to HCl at 1x10
-8 

mbar are 

shown in Figure 5.8. The Cu(100) reacts very fast with HCl, and the surface keeps taking Cl 

until the full coverage at 7x10
14  

cm
-2

 corresponding to half monolayer as shown in Figure 

5.9.  

 

 

 

nm 

Å 

a 

 

b 

 

c 
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Figure 5.8: XP spectrum of Cl2p showing the increase of Cl concentration with exposure to 

HCl until the maximum coverage is achieved. 

 

Figure 5.9: Continuous exposure of clean Cu(100) surface to HCl at 1x10
-8 

mbar, the 

concentration of Cl increases until it stabilises at full coverage at 7x10
14 

cm
-2

 corresponding 

to half monolayer. 
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At about 12-27 L ( 3.52x10
14

 cm
-2

 to 4.95x10
14 

cm
-2

) the STM images of Cu(100) show a 

change in the copper steps, losing the sharpness of the step edges in the images which is due 

to the ejection of Cu atoms from the step edges as shown in Figure 5.10(a, b, c). This agrees 

with a previous study [22]; the step edge height is 1.8 Å, but there is a lot of noise between 

the two terraces indicating the atoms movement cross the surface seen in Figure 5.10 (d). 

Some Cl atomic arrangement has appeared and developed at some area on the surface as 

shown in Figure 5.10 (b). 

     

       

Figure 5.10: STM (0.2 mV, and 1 nA) during the continuous exposure of clean Cu(100) 

surface to HCl at 1x10
-8 

mbar, from 12-27 L (a) Cu(100) after 12 L. (b) Cl atoms appear at 

some area on the surface. (c) modification of the copper step edge without change the step 

height. (d) Line profile of image (c) shows the height of the step edge. 
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At about 117 L (6.73x10
14

 cm
-2

) atomically resolved Cl atoms are starting to be obvious on 

all area of the Cu(100) surface as seen in Figure 5.11. No change in the STM images 

happened after dosing more HCl and that agreed with above XPS result which shows the 

concentration of Cl on the surface is stable at 6.92x10
14

 cm
-2

 even after leaving the sample 

overnight.  

    

Figure 5.11: atomic resolution of Cl atoms on the Cu(100) surface at 6.73x10
14

 cm
-2

, 1 V, and 

0.2 nA. 

After saturation no traces of clean Cu(100) were observed in STM and all the surface were 

covered with c(2x2)-Cl adlyer structure as shown in Figure 5.12. The atomic spacing between 

Cl atoms is 5.1 Å which is double that between copper atoms 2.55 Å as seen in Figure 5.12. 
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Figure 5.12: (a) atomic resolution of Cl atoms on Cu(100) surface at 6.73x10
14

 cm
-2

, 1V, and 

0.2 nA. (b) Atomic space of c(2x2)-Cl. 
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5.3.3 Interaction of oxygen with clean Cu(100) surface at room temperature 

 In this experiment we exposed the Cu(100) surface to oxygen for different length of 

exposure until we reached saturation indicated by XPS as shown in Figure 5.13.  

 

 

Figure 5.13: Quantified O1s XP spectra shows the increase of oxygen coverage with 

increasing O2 exposure until saturated according to value in the table and graph. 
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Dosing more oxygen at room temperature after saturation doesn‟t have any effect on the 

oxygen concentration, which means that all the surface is covered with oxygen, and there are 

no more sites for occupation on the surface.  

STM of sequential exposures of clean Cu(100) to oxygen are shown below in Figure 5.14. At 

about 10 L we start to see the effect of the oxygen as small holes in the surface, these holes 

increase to make a grooved surface at about 80 L. At 160 L to 320 the grooves start to 

disappear, while small islands start to develop on the terraces and step edge. The effect of 

oxygen on the step edge begins to be clear at 400 L to 800 L when the islands contact 

together, making a new layer.  

 

 

 

 

Figure 5.14: STM images of sequential exposure of clean Cu(100) to oxygen at 1.0V, and 0.2 

nA.  
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At 1200 L to 3800 L the step edge starts to disappear while the islands start to grow and join 

together by making a bridge between them. Large islands start developing on the step edge, 

and branching and joining to the other island Figure 5.15, while smaller islands develop on 

the terraces as seen in Figure 5.16. 

 

Figure 5.15: large island start to develop at the step edge after exposure to 1200 L of O2 

(1.0V, and 0.2 nA). 

  

Figure 5.16: small island start to develop on the terraces exposed to 1200 L of O2 (1.0V, and 

0.2 nA). 
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A low magnification image of Cu(100) after dosing oxygen up to saturation shows the 

oxygen layer covering all the surface, Figure 5.17.  

 

Figure 5.17: Large scale image showing the morphology of the Cu(100) after saturation with 

oxygen at 1.0V, and 0.2 nA. 

We get two types of oxygen structure on Cu(100). First one is c(2x2)-O which appears as a 

bright zigzag area developed in two directions [001], and [010] as shown in Figure 5.18, 

while the second type is  (√2x2√2)R45
o
 which appears as a dark area, and illustrated in the 

scheme in Figure 5.18. This result is agreement with the results reported by Fujita et al., and 

Tanaka et al.[12, 40], and again the poor resolution is due to moving of the c(2x2)-O 

domains. 

5.3.4 Interaction of oxygen with clean Cu(100) surface at 100 
o
C 

By exposing the Cu(100) to 60 L of oxygen at 100 
o
C several layers of completed and non-

completed oxide layers  are created as shown in Figure 5.19 (a). Step edge of two non-

completed oxygen layer have sharp triangle shape with a height about 1.8 Å Figure 5.19 (b, 

and c). The STM images show the atomic resolved (√2x2√2)R45
o 

structure at the oxide layer 

with some  disordered structure which may be due none transforming c(2x2)-O as shown in 

Figure 5.20. The atomic space is 0.78 nm which agrees with the (√2x2√2)R45
o
. The ejected 

copper atom in the processing of making the missing row structure, we think is aggregated at 

the step edge to make a straight line as shown in the STM image Figure 5.21. 
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Figure 5.18: STM image shows the two types of oxygen structure on Cu(100) by the end of 

exposure time at1.0V, and 0.2 nA and scheme represented the missing row structure 

(√2x2√2)R45
o
. 
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Figure 5.19: (a) STM image of completed and non-completed layer of oxygen after dosing 60 

L of oxygen at 100 
o
C at Cu(100). (b, and c) the triangle shape of oxide layer and its height 

1.8 Å. 
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Figure 5.20: STM image showing the atomic resolution of the two types of oxygen 

(√2x2√2)R45
o
 with atomic space about 0.72 nm, and the c(2x2)-O on Cu(100) after exposed 

to 60 L of O2, (1.0 V, and 0.2 nA).  
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Figure 5.21: STM Image show the ejected copper atoms are aggregate at step edge top of the 

oxide layer after exposed to 60 L of O2, (1.0 V, and 0.2 nA). 

5.3.5 Interaction of oxygen with clean Cu(100) surface at 250 
o
C 

Exposure of  the Cu(100) sample to 5760 L of oxygen at 250 
o
C makes a fully oxidized 

surface , with oxygen concentration estimated from XPS data (Figure 5.22) to be         

(1.4x10
15 

cm
-2

) approximately two monolayers. STM data show several layers with very flat 

surface of oxygen, and again the end of these layers is sharp triangle at large scale image 

Figure 5.23. By looking at small scale images of the top of the flat surface we got the atomic 

resolution of oxygen (√2x2√2)R45
o
 clearly, Figure 5.24, and no evidence for c(2x2)-O except 

may be at some defects on the step edge where copper atoms diffusing during the process of 

making the missing row structure have been trapped in agreement with the result of 

Lampimaki et al. [14]. This is shown in the different images in Figure 5.25 where trapped 

copper aggregates around the ending of oxygen layer (step edge) and phase boundaries 

between two phase of (√2x2√2)R45
o
. The origin of phase boundaries was not resolved before 
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[14, 21, 41], but we think the phase boundaries has a relationship between (√2x2√2)R45
o
 

structure on the upper height terraces and one of two phase at the lower height terraces as 

shown in Figure 5.26. We assume that one of the (√2x2√2)R45
o
 at lower height terraces has 

the same direction of  upper height terraces while the other phase is different because all of 

the phase boundaries extend from the step edge. 

 

Figure 5.22: XP spectrum of O1s shows the oxygen peak before and after exposure the 

Cu(100) to 5760 L at 250 
o
C. 

 

Figure 5.23: large scale STM image shows the multi layer of oxygen by dosing 5760 L of 

oxygen at 250 
o
C on top of Cu(100). 
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Figure 5.24: STM Images showing the atomic resolution of oxygen (√2x2√2)R45
o
 with 

atomic space about 0.72 nm after exposure of the Cu(100) to 5760 L at 250 
o
C (at 1.0 V, and 

0.2 nA).  

 

 

0.72 nm  
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Figure 5.25: STM Images showing the copper atoms aggregating around the end of oxygen 

layer after exposure the Cu(100) to 5760 L at 250 
o
C (at 1.0 V, and 0.2 nA).  

. 
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Figure 5.26: STM images show the phase boundaries of two (√2x2√2)R45
o
 reconstruction at 

1.0 V, and 0.2 nA. Two phases are similar noted with A, while the second reconstruction has 

a notation B. 

5.3.6 Interaction of Cu(100)-O surface with HCl at room temperature 

5.3.6.1 Interaction of  preoxidised Cu(100) surface at room temperature with HCl. 

In this experiment we exposed the Cu(100) sample to oxygen at room temperature for 

increasing times until a coverage of about one third monolayer of Cu(100) as shown in Figure 

5.27, then we exposed the preoxidised surface to HCl at 1x10
-8

 mbar for different times at 

same conditions. Oxygen coverage is decreasing dramatically with a corresponding increase 

in Cl coverage until about 3.7x10
14

 cm
-2

 of oxygen coverage. Subsequently the decreasing of 

oxygen and increase in Cl is slow and it seem to be the reaction stop as shown in Figure 5.28. 

Leaving the sample overnight in the background of HCl at a pressure 4.5x10
-9 

mbar did not 

have a big effect, but exposure of the sample to extra 15 L of HCl at 5x10
-8

 mbar a large 

increase in coverage of Cl and the removal of all the oxygen from the surface results. We 

suppose the interaction of the preoxdised surface to HCl at 1x10
-8

 mbar was limited at some 

point, which expected to be that point shown the small change in the oxygen coverage from 

3.73x10
14

 cm
-2 

to 3.45x10
14

 cm
-2

. Small changes as well happened to the oxygen coverage 

even after exposure of the sample to HCl to 114 L, because not enough number of HCl 

molecule make the transition from “equilibrium state” to the final product, but by increasing 

the pressure of HCl to 4.5x10
-9 

mbar the molecule demand been met and all the oxygen atoms 

are replaced with Cl, as shown in the following equation 

2HCl(gas) + O(ads) Ý O-HCl 
More  HCl
        H2O(gas) + 2Cl(ads) 
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This indicates a pressure dependence of the reaction after the initial process has finished. It 

can be explain by the need for simultaneous presence of the HCl molecules. 

The final Cl coverage is about 8.67x10
14

 cm
-2

 which is more than the saturated coverage (half 

monolayer) which is illustrated in previous section 5.3.2. As described above, there are two 

types of oxygen c(2x2)-O, and the missing row structure (√2x2√2)R45
o
; a possible 

explanation of the reaction kinetics is that one of these structure reacts rapidly with HCl 

,while the other reconstruction reacts very slowly.  

 

 

 

Figure 5.27: XP spectrum of oxygen 1s showing the increase of oxygen with increasing the 

exposure. 
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Figure 5.28: XP spectrum of oxygen 1s and Cl 2p showing the decreasing of oxygen 

concentration and increasing of Cl concentration.  
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To find out which of the two types of oxygen are more reactive toward HCl we exposed the 

Cu(100) sample to oxygen, and we stop dosing oxygen before the saturation amount at 

coverage about 5x10
14

 cm
-2

 and as shown in the STM images in Figure 5.29. As described 

before in section 5.3.3 the interaction of oxygen with Cu(100) surface is started by grooving 

the surface and then we got two reconstructions of oxygen. The top area is the c(2x2)-O 

,while the grooved area is (√2x2√2)R45
o
 reconstruction.  

 

Figure 5.29: (a, b, c, d, and e) STM images of sequential exposure of clean Cu(100) to 

oxygen. (f) Large scale image show the morphology of the preoxdized surface at coverage 

about 5x10
14

 cm
-1

 at 1.0V, and 0.2 nA.  

By exposure of the preoxdized Cu(100) to HCl we found that the change happen very fast on 

the area which is covered with c(2x2)-O while no change can be detected on the grooved area 

which is covered by (√2x2√2)R45
o
 as shown in Figure 5.30. There are two proposed 

mechanisms of how HCl is attacking the c(2x2)-O area. First the Cl atoms adsorb between 

the two neighbours of c(2x2)-O forcing a change in adsorption site as shown in the schematic 

diagram in Figure 5.30(j) before the complete replacement of oxygen by Cl this would 

explain the space which is about 7.2 nm as illustrated in the line profile (h) in Figure5.30. 

This is similar to the proposed mechanism of the interaction of pyridine adsorbed at the 

preoxidised Cu(110) surface as shown in Figure 5.31[42]. Oxygen adsorbed on Cu(110) 

made the (2x1)-O reconstruction orientated toward [100] direction. The space between the 

Cu-O rows was 5.1 Å in the inter-row as shown in schematic diagram in Figure 5.32(a). 

Exposure of the preoxidised Cu(110) to pyridine at room temperature results in, the inter-row 

spacing increasing to 7.6 Å as shown in schematic diagram in Figure 5.32(b).                     



95 
 

 

 

Figure 5.30: (a) STM image of preoxidised Cu(100) surface before dosing HCl. (b, c, d, and 

e) STM images of sequent exposure of preoxidised Cu(100) surface to HCl. (f, and g) 

magnificent image showing the effect of dosing HCl on the c(2x2)-O. (h) Line profile show 

the space in area (I). (i) Line profile show the space in area (II). All images at 1.0V, and 0.2 

nA.(j) schematic diagram show the effect of the Cl atoms on the atomic space before the 

replacement of oxygen atoms. 

j 
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The XPS result showed the ratio of interaction of pyridine and oxygen on top of preoxdized 

Cu(110) surface was close to 1:1, suggesting pyridine was adsorbed at the oxygen site on the 

Cu-O chains while inter-row spacing was a result of laying of pyridine ring which has 5 Å 

diameter oriented in [110] direction lead to forming the (3x1)-O(ads)/pyridine reconstruction 

because the steric effect of adsorption of pyridine in two adjacent row[42].  

The second mechanism which we think is more likely is actually full replacement of c(2x2)-

O by Cl and what we see in STM image is two diagonal side of c(2x2)-Cl unit cell, and that 

explain the 1.2 nm space in line profile (i). The angle between these two sides of diagonal 

and horizontal is 45
o
 as shown in the schematic diagram 5.33. After dosing more HCl, STM 

imaging of the surface became more difficult because 0f the significant movement of the 

surface atoms. 

 

Figure 5.31: The effect of pyridine on preoxdized Cu(110) surface. (a) Cu(110) surface after 

exposure to  5 L O2, (b) after exposure to pyridine at room temperature [42]. 

 

 Figure 5.32: (a) Structure of the (2 x1)-O (a) added row reconstruction on Cu(110);(b) 

proposed structure for pyridine adsorbed at the preoxidised Cu(110) surface[42]. 
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Figure 5.33: schematic diagram showing the two sides of diagonal and horizontal unit cell of 

c(2x2)-Cl. Oxygen is the red atom, and copper is the blue atom.  

5.3.6.2 Interaction of oxygen saturated Cu(100) surface at room temperature with HCl. 

In this experiment we exposed the Cu(100) sample to oxygen up to saturation coverage 

(7.22x10
14

 cm
-2

) at room temperature confirmed by XPS as shown in Figure 5.34. STM 

images during exposure were recorded, and it shows the build-up of the oxide layer. Two 

types of oxygen were found c(2x2)-O, and (√2x2√2)R45
o
 as shown in Figure 5.35. The 

sample picks up some Cl from the background of system about 8.15x10
13 

cm
-2

, but that 

doesn‟t make any change in the STM. Exposure of  the oxygen saturated Cu(100) to HCl 

from 1 to 7 L at room temperature, makes a large decrease in the oxygen coverage and 

increase of Cl with ratio close to 2:1. Further dose of HCl from 13 to 262 L lead to slight 

decrease of oxygen coverage and increase of Cl as well but with ratio close to 1:1. The total 
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of oxygen and Cl coverage is 1.24x10
15

cm
-2 

which is close to one monolayer of Cu(100) 

(1.5x10
15

cm
-2

) as described in scheme in Figure 5.37.  

STM images of the reaction of HCl with Cu(100) with oxygen present shows poor resolution 

and is difficult to image. The surface is difficult to image because the huge movement of 

atoms which happened at the beginning of the reaction, but after leaving the reaction to settle 

down, three structures were found in the surface as shown in Figure 5.38, two structures in 

the terraces A, B and one at the step edge C. We think that, structure A is the missing row 

reconstruction (√2x2√2)R45
o
 of oxygen as shown in the Figure 5.39 which did not react yet 

with HCl. Structure B is assigned to the c(2x2)-Cl which is formed by replacement of c(2x2)-

O and confirmed by the measuring the atomic space which is equal 5.2 Å as shown in the 

Figure 5.40. Structure C is assigned to copper chloride island on top of Cl/Cu surface.  

We assume that, at the beginning of reaction of saturated Cu(100) with oxygen, with HCl the 

Cl atoms replace the oxygen atoms which have c(2x2) reconstruction and make the exact 

reconstruction as a quick step. Every two HCl molecules replace one atom of oxygen as 

illustrated in the following equation: 

 O + 2HCl ↓ 2Cl + H2O   

That agrees very clearly with XPS data of dosing HCl from 1 to 7 L which shows a ratio of 

increase of Cl coverage vs. decrease of oxygen coverage of 2:1. 
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Figure 5.34: XP spectrum of oxygen 1s shows the increase of oxygen coverage with 

increasing the exposure. 
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Figure 5.35: STM images of Cu(100) exposure to oxygen up to saturation coverage. (a) STM 

image of Cu(100) 700 L. (b) STM image at saturation coverage, shown the two types of 

oxygen reconstruction. (c) Large scale image of saturate Cu(100) surface. All images at 1.0V, 

and 0.2 nA. 

 

The second reconstruction (√2x2√2)R45
o
 of oxygen which is thermodynamically favourable 

and has a low surface energy reacts with HCl by a different mechanism. By dosing HCl(gas) at  

(√2x2√2)R45
o
 we got HCl(ads), oxygen and OH at the Cu(100) as shown in the following 

equations. 

 HCl(gas) ↓ HCl(ads)    (1) 

 O(ads) + HCl(ads) ↓ Cl(ads) + OH(ads)   (2) 

The product in equation (2) is not stable and by further dose of HCl, the OH molecule 

produced H2O(gas) and the oxygen atoms go into the surface and made subsurface oxygen as 

shown in the following equation:  

OH(ads)  + O(ads) 

 HCl
    Cl(ads) + H2O(gas) + O(subsurface)       (3) 

 The presence of O(ads), OH(ads), and H2O(ads) have been reported by Roberts et al. using XPS 

of interaction of HCl with the preoxidised Cu(111) at low temperature [43]. The overall ratio 

of interaction of HCl and oxygen in equations 2, and 3 is 2:1, and this agrees with the XPS 

data which shows a decrease of oxygen coverage during the dose of HCl. These data are 

similar to the previous study done by Suleiman et al. in 2010 using density functional theory 

calculations [25]. They found that, the presence of chlorine on the Cu(100) surface leads to 

subsurface diffusion of oxygen by reducing the energy barrier for diffusion of oxygen into the 
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lattice and they reported the formation of  chlorine mono oxide (ClO), as shown in Figure 

5.41. Similar observations were found with Ag(111) [44].  

 

 

Figure 5.36: XP spectrum of oxygen 1s and Cl 2p shows the decreasing of oxygen 

concentration and increasing of Cl concentration.  
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Figure 5.37: schematic diagram show the increase of Cl coverage vs. the oxygen coverage top 

of saturation Cu(100) with oxygen. 

 

 

Figure 5.38: STM image of the saturated Cu(100) with oxygen reacted with HCl at room 

temperature. A represents the missing row reconstruction, B represents the c(2x2)-Cl, and C 

is copper chloride island top of Cl/Cu surface. Image at 1.0V, and 0.2 nA. 
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Figure 5.39: STM image of the missing row reconstruction (√2x2√2)R45
o
 at terraces. Image 

at 1.0V, and 0.2 nA. 

 

 

Figure 5.40: STM image of c(2x2)-Cl at terraces. Image at 1.0V, and 0.2 nA. 

 



104 
 

 

Figure 5.41: Energy diagram of side views for the diffusion of an oxygen atom (shown in 

blue) (a) on the clean Cu(100) surface, and (b) Cu(100) at presence of chlorine. Red atoms 

with a symbol X are the front copper atoms while the unmarked red (copper) atoms lie 

behind, oxygen blue atom, chlorine black atom, and  TS denotes the transition state [25]. 

 

The STM image in Figure 5.42 may give an explanation of how HCl reacts with the oxygen 

on top Cu(100), but with (√2x2√2)R45
o
 oxygen unlike work of Suleiman et al. [25] who 

made their calculations on c(2x2)-O. STM image 5.42(a) shows the oxygen (√2x2√2)R45
o
 

reconstruction when start react with HCl. A black arrow in Figure 5.42(a) assigned to new 

feature has been observed on the surface before formation of the new surface in Figure 

5.42(b). Line profile of the new reconstruction in Figure 5.42(c, and d) shows 1.2 nm spaces. 

The new reconstruction has two possibilities.  

 

First is the formation of an instantaneous c(4x4) complex of HCl molecules, and oxygen 

before making the c(2x2)-Cl. A similar model has been suggested by Suleiman et al.[25], and 

Jia et al.[44] of making a complex p(2x2) reconstruction of oxygen molecules and chlorine 

atoms. In this case the motivation behind making the instantaneous c(4x4) reconstruction was 

to reduce the change which happened to the surface energy of (√2x2√2)R45
o
 oxygen which 

have more stability than c(2x2)-O top of Cu(100) [12, 45]. But in our case this suggestion is 

not acceptable because the formation of c(2x2)-Cl from c(4x4) reconstruction requires a lot 

of change in the surface energy.  
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The second is the most likely suggestion since it involves a low amount of energy and is this 

is that, the reconstruction in Figure 5.42(b) is simply the c(2x2)-Cl, which form after reaction 

of HCl with (√2x2√2)R45
o
 of oxygen reconstruction which lead to adsorbed HCl in the 

molecular form before removing the oxygen and some of that oxygen being subsurface as 

shown in the following equation: 

2HCl + 2O(ads) ↓ {ClH-O-HCl}(ads) + O(ads) ↓ H2O(gas) + O(subsurface)→ + 2Cl(ads) 

 

 The line profiles in Figure 5.42 (c, and d) represents the diagonal space of the c(2x2)-Cl not 

the instantaneous c(4x4) in agreement with the previous result in section 5.3.6. The marked 

features in Figure 5.42(a, and b) have a lot of possibility. They could be one of the following 

features; HCl, OH, Cu, and H2O. Presence of OH and H2O is acceptable at low temperature 

but is not likely at room temperature according to the previous work [43]. So these features 

could be HCl adsorbed in the molecular form in agreement with the previous work which 

suggested the presence of oxygen on the Cu(100) surface leads to adsorbed chlorine in the 

molecular form [25], alternatively they could be due to Cu atoms moving on the surface 

which are released from the surface as a result of reduction of the missing row structure of 

oxygen by HCl. 

 

Figure 5.42: (a) STM images show the (√2x2√2)R45
o
 of oxygen after exposure to HCl. (b) 

New surface of chlorine atoms and after remove the oxygen. (c, and d) are the line profile of 

two directions of atoms A, and B respectively, the space between atoms in two direction are 

1.2+0.2 nm. 
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STM images in Figure 5.43 show the formation of the island of Cu-Cl on top of what we 

suggest to be a c(2x2)-Cl, surface. These results are in agreement with results of interaction 

of HCl with oxygen on top of Cu(110) [46, 47] which they show that the presence of oxygen 

plays an important role in the formation CuCl2 island on Cu(110) surface, but these islands 

were not stable at room temperature and they disintegrated to c(2x2)Cl, as shown in Figure 

5.44. In our case there is no direct evidence in XPS of formation of CuCl2 which would be 

shown bty the satellite patterns of Cu
2+

. 

 

Figure 5.43: (a, b, c, d, and f) STM images show the final stage of chlorine atomic movement 

on top of Cu(100)/Cl surface. (f) Shows the island border before forming the Cu-Cl islands.  
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Figure 5.44: (a) STM image of copper chloride formed at step edge. (b) Magnified image 

shows the boundary between two islands.  

5.3.7 Interaction of Cu(100) surface oxidised at 250 
o
C, with HCl at room 

temperature. 

In this experiment, the Cu(100) surface was oxidised at 250 
o
C (as described above in section 

5.3.3) and after cooling down to room temperature was exposed to 270 L HCl. XP spectra 

show a decrease of oxygen coverage from 1.25x10
15

 cm
-2

 to 5.27x10
14

 cm
-2

 while increase of 

Cl coverage to 1.24x10
15

 cm
-2

 as shown in Figure 5.45. STM of effect of dosing HCl at room 

temperature shows the grooves are developed in the oxygen layer. These grooves are 

attributed to Cl atoms setting in the missing row structure of oxygen as shown in Figure 5.46. 

Width of these grooves in the surface is 1.4 nm which is equal to double of the space of 

missing row structure as describe in the line profile in Figure 5.47. By dosing more HCl, the 

ordered structure of oxygen is destroyed and small islands are developed as shown in Figure 

5.48. These islands assigned to Cu-Cl islands forming as a result of interaction HCl with 

mobile atomic copper produced from ejecting the copper atom when the oxygen missing row 

structure devolved. These islands are sticking around step edges and on top of terraces of 

c(2x2)-Cl surface as shown in Figure 5.49. The residual concentration of oxygen which is 

shown in the XPS data in Figure 5.45 is assigned to the subsurface oxygen. This system can 

be described in two parts; first part is Cu–Cl surface coming as a result of interaction of HCl 

atoms with top oxide layer which may not bond as strongly as much as the underneath oxide 

layer which is bonding directly to the copper surface. We think the top oxide layer is reacting 

with HCl in 2:1 ratio which agrees with XPS data as illustrated in the following equation: 

 O + 2HCl ↓ 2Cl + H2O   

Second are small Cu-Cl islands which explain the excess in the Cl concentration as shown in 

scheme in Figure 5.50. 
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Figure 5.45: XP spectrum of oxygen 1s and Cl 2p shows the decreasing of oxygen 

concentration and increasing of Cl concentration. 

 

Figure 5.46: STM image of grooved oxygen after dosing HCl. 
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Figure 5.47: (a) STM image of grooved oxygen after dosing HCl. (b) line profile shows the 

wide of groove 1.4 nm. 

 

Figure 5.48: Series of STM images of Cu(100)/O after dosing HCl. 
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Figure 5.49: STM images shows the different size of Cu-Cl islands are sticking around step 

edge and on top of terraces 

  

Figure 5.50: schematic diagram of Cu(100)/Cl and Cu-Cl islands. 
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5.4 Conclusions 

A combination of  the techniques of XPS and STM techniques at room temperature and under 

UHV condition has been used to investigate the interaction of HCl and oxygen on top of the 

Cu(100) sample. 

 

The room temperature interaction of gaseous HCl with a clean Cu(100) sample has shown the 

dissociation of HCl molecules to give c(2x2)-Cl adlayer confirmed by both above techniques. 

The XPS data shows the chlorine concentration reaches a maximum 7.x10
14

 cm
-2

 which 

represents a half monolayer of chlorine atoms on the Cu(100) surface, and STM images give 

a space between the chlorine atoms of 5.1 Å. In the terms of STM atomic resolution of Cl 

atoms on top of Cu(100), the resolution was limited to about 90% of coverage up to 

saturation coverage as a result of atomic movement of Cl on the copper sample, and from the 

sample toward the STM tip in agreement with previous studies. STM images of the Cu(100) 

sample show a reduction in the image clarity at the copper step edges during exposure to HCl 

before saturation coverage is reached, this can be attributed to the extraction of copper atoms 

from the step edges by the HCl.  

 

 

XPS, and STM of the clean Cu(100) exposed to oxygen at different temperatures were a part 

of study. The XPS of a series experiments of interaction of oxygen with Cu(100) for range 

between 30 to 1700 L at room temperature show an increase of oxygen concentration up to 

saturation coverage, and dosing more oxygen did not have any effect at this stage further 

oxygen adsorption is kinetically prohibited. STM images of the the Cu(100) surface correlate 

well with the XP data. Dosing 10 L of oxygen leads to the formation of holes in the surface, 

which is followed by groves at 80 L. Small islands have been seen at step edges, and terraces 

while the grooves disappear between 160 to 320 L. Exposing the sample to more oxygen up 

to 3800 L leads to the formation of large branched islands, these islands represent the c(2x2)-

O, while the oxygen (√2x2√2)R45
o
 (missing row structure) was formed in the grooved area. 

These results confirm that, the two types of oxygen reconstruction are found at dosing 

oxygen at room temperature. To reduce the amount of c(2x2)-O reconstruction and increase 

the amount of (√2x2√2)R45
o
 reconstruction,   a temperature of 100 

o
C was used for dosing 

oxygen up to 60 L. Under these conditions most of the surface is covered with (√2x2√2)R45
o
 

with only small areas of c(2x2)-O remaining.  The effect of ejection of copper atom during 

making of (√2x2√2)R45
o
 reconstruction was clear, the copper atoms being trapped at step 
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edges. By increasing the temperature up to 250 
o
C while exposing the Cu(100) sample to 

5760 L oxygen, all the surface was covered with (√2x2√2)R45
o
 oxygen without any trace of 

c(2x2)-O.  

 

Interaction of HCl with oxygen which was dosed at room temperature studied at two different 

coverages, first one was interaction of HCl at about one third of oxygen coverage of Cu(100) 

surface and showed the decrease of oxygen coverage and increase of chlorine coverage, and 

showed the limitation of reaction at certain  pressure, but by increasing the pressure of dosing 

HCl all the oxygen was removed. When the surface is covered by a mixture of Cl(ads) and 

O(ads) the interaction of HCl with O(ads) is limited by the lack of clean sites. A kinetically 

slower reaction is now available that may involve more HCl molecules. Our model is that the 

reaction change from two separate steps: 

 

(1)    HCl + O(ads) Ý OH(ads) + Cl(ads)       (Rate determining step) 

                        (2)    HCl + OH(ads) ↓ H2O(gas) + Cl(ads) 

To an overall process:  

                            2HCl + O(ads) ↓ H2O(gas) + 2Cl(ads) 

 

STM data of the beginning of the reaction showed the change happen just on the area which 

we suggested to be c(2x2)-O while no change was recognised on the area of (√2x2√2)R45
o
 of 

oxygen reconstruction. STM imaging of the c(2x2)-Cl on the Cu(100) surface shows two 

features, the angle between them was 45
o
. The space between the horizontal features was 1.2 

nm, and 7.2 Å for the features which have 45
o
 angle with respect to the horizontal one. This 

difference in the spacing is suggested to be due to the STM tip showing the diagonal direction 

for the c(2x2)-Cl unit cell for the 7.2 Å, while it shows the space 1.2 nm for the space 

between the centred Cl atoms. 

 

The interaction of HCl with saturated Cu(100)/O showed different behaviour of the two 

oxygen reconstructions. Replacement of oxygen with chlorine supposed to be done by ratio 

2:1 which is explained as two molecules of HCl are replacing one atom of oxygen. The 

replacement process was fast at the beginning (at exposure to HCl from 1 to 13 L) of the 

reaction, but it is reduced after that (at exposure to HCl from 28 to 262 L). We attribute this 

behaviour to the rapid consumption of the c(2x2)-O reconstruction whereas reaction of HCl 



113 
 

with the (√2x2√2)R45
o
 reconstruction is much slower because of its greater stability Islands 

of Cu-Cl have been seen at step edges as a result of the interaction of mobile copper atoms 

produced from ejection of copper atoms in the operation of formation (√2x2√2)R45
o
 of 

oxygen reconstruction.  

 

XPS data of the interaction of HCl with the oxidized Cu(100) surface formed by exposing the 

copper sample to 5700 L of oxygen at 250 
o
C shows that the decrease of oxygen and increase 

of chlorine concentration was 2:1, but not all the oxygen atoms left the surface, these 

remaining are not visible in the STM and there are may be formed subsurface oxygen. STM 

images show grooves formed on the oxide layer, suggested to be chlorine atoms sitting at the 

missing row structure before the replacement of all oxygen top layer with chlorine. Small Cu-

Cl island were found at the step edges, suggested to be formed by interaction of copper atoms 

which are ejected in the processes of formation (√2x2√2)R45
o
 of oxygen  with HCl. The XPS 

data of Cu-Cl islands show it is CuCl not CuCl2.   
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6.1 Introduction  

6.1.1 Interaction of oxygen with Cu(111) 

The structure and interaction mechanism of oxygen with Cu(111) have been studied for 

several years, but not as much as Cu(100), and Cu(110) because of the relatively low 

reactivity of the (111) surface [1]. Exposure of Cu(111) to less than 10
5
 L of  oxygen at room 

temperature leads to the formation of a disordered oxygen layer [2] with High-resolution 

electron energy loss spectroscopy (HREELS) suggesting that the oxygen atoms are 

chemisorbed at or below the top most Cu(111) layer. Cu2O islands form after exposures of 

10
6
 L at about 180 

o
C by the transformation of chemisorbed oxygen atoms to bulk oxide in 

the defect site. By combined auger electron spectroscopy (AES), low energy ion scattering 

(LEIS), and low energy electron diffraction (LEED), Niehus [3] suggested that, the surface 

Cu(111)/oxygen is reconstructed by  the lateral displacement of the top most layer of  copper 

atoms by 0.3 Å and the formation of a rough and disordered oxygen over-layer, at room 

temperature. Surface extended X-ray absorption fine structure (SEXAFS), and surface 

extended electron energy loss fine structure (SEEELFS) used by Haase et al. and Luo et al. 

respectively, showed the oxygen atoms are chemisorbed at the  threefold hollow site of the 

top most Cu(111) atoms, and partially penetrated to the second surface layer causing the 

lateral  expansion [4, 5] causing roughening of the surface. Density functional theory (DFT) 

study of dissociation of oxygen on top of Cu(111) showed that, threefold hollow site is a 

favourable position of oxygen adsorbed on the surface [6]. Photoelectron diffraction (PhD) 

study suggested that, the oxygen atoms are adsorbed on the fourfold hollow site making a 

reconstruction to the top most layer of copper and making a contact to the unreconstructed 

under layer of copper(111), causing a disordered reconstruction like oxygen/Cu(100) [7]. 

STM investigation of the interaction of oxygen with Cu(111) showed that, the oxygen 

molecules are dissociated on the terraces to make isolated oxygen atoms sitting on threefold 

hollow sites of the unreconstructed terraces, while the two dimensional disordered oxygen 

layer formed as a result of the nucleation of the oxygen atoms at step edge. Consumption of 

the upper copper atoms in the terraces by oxygen leads to the formation of  triangular islands 

[8]. At high temperatures, exposure of the Cu(111) to oxygen leads to formation of two 

ordered oxygen reconstructions (√13 R46.1
o
 x 7 R21.8

o
), and (√73 R5.8 x √21 R-10.9

o
) 

which they labelled „‟29‟‟, and „‟44‟‟ structure respectively [7, 9-11]. Exposing the Cu(111) 

sample to oxygen at room temperature, and then annealing the sample at 450 
o
C leads to the 

formation of the „‟44‟‟ oxygen reconstruction, which  can be transformed to „‟29‟‟ 
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reconstruction by annealing at 500 
o
C [9, 10]. A complex model of „‟29‟‟ oxygen 

reconstruction suggested by Jensen et al. based on interaction of three oxygen atoms with two 

layers of copper, give the final structure a combination of Cu(1x1), and hexagonal 

substructure related with the (111) plane of Cu2O as shown in Figure 6.1 [10]. A model of the 

„‟44‟‟ reconstruction suggested by Matsumoto et al. [1] is shown in Figure 6.2. LEED, and 

STM studies, have reported the formation of „‟44‟‟ at about 350 
o
C which is lower than 

previously suggested [9-11].  

 

 

Figure 6.1: a model of „‟29‟‟ structure of oxygen on top of Cu(111) surface, the black circles 

indicate oxygen atoms, while the white one are for copper. (a) top view, oxygen induced the 

reconstruction of the Cu(111) sample for the five layer, the top most three layer are indicated 

by solid line. (b) side view of Cu2O layer [10]. 
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Figure 6.2: (a) STM image taken at room temperature of ‟44‟. (b) Model of „‟44‟‟, the open 

and filled circles indicate the Cu and O atoms in the model, respectively [1]. 

 

 

XPS, STM, and DFT of interaction „‟44‟‟of Cu2O/Cu(111) with carbon monoxide [12, 13] 

have shown that, the reduction of Cu2O/Cu(111) by carbon monoxide occurs via two stage, a 

slow, and fast reaction Figure 6.3. The slow reaction involves the “O-deficient Cu2O” phase, 

which is produced by a transformation of the „‟44‟‟ structure to a honeycomb structure by 

removing the central oxygen atoms. This leads to an increased reaction barrier for the 

removal of lattice oxygen in Cu2O because of the low sticking coefficient of carbon 

monoxide on the well-ordered Cu2O layer. Subsequently, a disordered Cu2O layer (heptagon 

structure) is formed as a result of the reconstruction of the Cu2O honeycomb. This provides a 

suitable place for the adsorption of the carbon monoxide molecule increasing the overall rate. 

The fast reaction is the interaction of carbon monoxide with the heptagon Cu2O layer which 

has a low energy barrier for the removal of lattice oxygen from Cu2O layer by carbon 

monoxide. 
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Figure 6.3: XPS of reduction of the “44” Cu2O surface oxide by carbon monoxide at 6 × 10
-8

 

Torr , and STM images of oxygen layer before and upon exposure to carbon monoxide [12, 

13].  

 

6.1.2 Interaction of Cu(111) with chlorine. 

The first study of interaction of chlorine with Cu(111) has been done by Goddard and 

Lambert in 1977, using low energy electron diffraction (LEED), and Auger electron 

spectroscopy (AES). They found, at one third of chlorine coverage a long range ordered 

(√3x√3)R30
o
 reconstruction [14]. Surface extended X-ray absorption fine structure 

(SEXAFS), and Photoelectron diffraction (PhD) have been use to predict the distances 

between the chlorine and copper layer [15, 16]. The suggested adsorption sites were face 

centred cubic (fcc) hollow Figure 6.4, where the Cl atom sits on top of the copper atoms in 

the third layer, with distance 2.39 Å between Cu-Cl neighbours. The inter layer spacing 

between Cl and the bulk copper atoms has been shown to be 1.88 ± 0.05 Å by SEXAFS and 

normal incidence x-ray standing wave field absorption (NIXSW) [17, 18].A density 

functional theory study showed that the (fcc) hollow site was slightly preferred to the (hcp) 

hollow site[19]. STM of interaction of chlorine, and sulphur have been studied by Motai et al. 

and shown the effect of coverage and temperature on the reconstruction [20]. At room 

temperature and a coverage about one third monolayer confirmed by LEED and AES, the 

(√3x√3)R30
o
 reconstruction was formed, but by exposing the sample to chlorine at 100 

o
C 

two reconstructions were formed (6√3x6√3)R30
o
, and (4√7x4√7)R19.1

o
. Interaction of 

Cu(111) with dilute HCl was studied with in-situ STM, the adsorption structure of adsorbed 

Cl was (√3x√3)R30
o
 [21, 22]. XPS of the interaction of HCl with preoxidised Cu(111) 
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surface at 80 K have been studied by Roberts et al.[23] who identified three oxygen peaks, 

the first one at 529.8 eV which was assigned to the original oxygen peak. The second peak at 

531.5 eV referred to surface hydroxyl species. The third one at 533eV was assigned to 

adsorbed H2O. One broad oxygen peak at 533 eV was observed after exposing the sample to 

an additional 40 L of HCl. By warming the sample to 189 K all the oxygen peaks 

disappeared. The following equations illustrate the proposed mechanism [23]. 

HCl(g) + O(a) 
80 K
     OH(a) + Cl(a) 

OH(a) + OH(a) 
80 K
   H2O(a) + O(a) 

H2O(a) 

189 K
      H2O(g) 

 

Figure 6.4: The (√3x√3)R30
o
 reconstruction of Cl atom sit at threefold hollow site, where I is 

first copper layer, II second copper layer, and III the third copper layer[19]. 

6.2 Experimental 

The instrument used in these experiments is “UHV” which is described in chapter 3, together 

with the sample cleaning procedures. Oxygen and HCl gases were purchased from Argo 

international and, the purity was checked by using mass spectroscopy. In all of our STM 

images in this chapter, the height of the features is less than the actual height by about 0.6 Å, 

due to a technical problem in the STM calibration. So in all the line profile schemes the 

expected height is written but instead of the z axis values. The x, and y axis have already 

been calibrated which is consistent with the expected O-O distances on Cu(111) surface, so 

they represent the actual reading. This deviation of the Z axis value appears at measuring the 
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feature with highest greater than 1.0 Å while it disappears when measuring the smaller 

features. Step edge of Cu(111) with monatomic, two atomic, and three atomic layers showed 

the same deviation in the Z axis, while small oxygen ring with height about 40 pm, showed 

the right value.  
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6.3 Results and discussions 

6.3.1 XPS and STM of clean Cu(111) surface 

The Mg anode was used in the experiments described in this chapter. As a result the Auger 

peak appears shifted, as shown in the following wide scan Figure 6.5. The peaks observed in 

the spectra are (2s 1069 eV), (2p1/2 952 eV), (2p3/2 932.7 eV), (LMM d 489.2 eV), (LMM b 

419.9 eV), (LMM c 411.7 eV), (LMM a 338.4 eV), (3s 120 eV), and (3p1/2,3/2 74 eV). The 

oxygen 1s and chlorine 2p peaks are calibrated to the Cu2p3/2 peak, which is also used for the 

quantification of the spectra. The clean Cu(111) sample showed no oxygen, and carbon 

which are the most common contaminations of copper. 

STM of freshly clean Cu(111) sample at room temperature show the clean surface without 

any traces of contaminations Figure 6.6. The height of mono atomic step is 2.0 Å in 

agreement with previous study [8] 

 

Figure 6.5: XP spectrum of wide scan of clean Cu(111) surface at room temperature excited 

by x-ray Mg Kα source. 
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Figure 6.6: STM images of clean Cu(111) surface at room temperature. Tunnelling 

conditions: 1V, and 1nA. (a) A large scan image 90 nm x 90 nm size. (b, and c) Image of 

mono atomic step and the line profile.  

6.3.2 Interaction of oxygen with clean Cu(111) at room temperature. 

There was no evidence in XP spectrum of finding oxygen by exposing the clean Cu(111) 

sample to about 5 L of oxygen at room temperature, but STM image show  traces of small 

rings with diameter about 1.8 nm, with depth about 0.4 Å appearing on the terraces and step 

edge, Figure 6.7. This result is in agreement with Wiame et al. of low coverage oxygen 

results [8] which they found small rings formed on the step edge and terraces, and the ring 

suggested to be one adatom of oxygen adsorbed on the threefold hollow site of Cu(111) 

surface. The oxygen peak was not observed in the XP spectrum because this coverage of 

oxygen is under the detection limit. STM after exposing the low coverage O/Cu(111) sample 

to about 150 L of oxygen at room temperature show that the oxygen atoms interact with 

Cu(111) surface by attack at the step edge and the defect site on the terraces as shown in the 

Figure 6.8. The feature indicated with arrows at the base of the step edge in Figure 6.8(c) is 

assigned to formation of chemisorbed oxygen adlayer. The sample was exposed to 1400 L of 

oxygen and studied with STM while no change was recognized in the terraces marked 

changes occur at the defect site as shown in the STM series images in Figure 6.9, making a 

triangle structure. The step edges become angular upon exposure to oxygen while the growths 
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of oxygen islands occurs at the defect site. The new surface formed between the terraces at 

the step edge joins these angular structures. The new surface is assigned to an oxide covered 

surface with a terrace to terrace step height of about 0.7 Å where the lower copper terrace 

was covered with oxygen layer while the top terraces was not, Figure 6.10 (a). Where both 

terraces are covered in oxygen the step height was measured to be 1.8 Å similar to the mono 

atomic copper step height Figure 6.10 (b).  

 

 

 

 

 

Figure 6.7: The STM images of low coverage oxygen after about 5 L at room temperature. 

Tunnelling conditions: 1V, and 1nA. (a, and b) oxygen rings shown on the terraces. (c, and d) 

line profile showing the diameter and depth of the ring. 
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Figure 6.8: (a, b, c, and d) STM images of the effect of a dose of 150 L of oxygen on the 

O/Cu(111) formed at low coverage at room temperature. Tunnelling conditions: 1V, and 

1nA. 
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Figure 6.9: the sequence of STM images of exposing the Cu(111) sample to oxygen at room 

temperature. Tunnelling conditions: 1V, and 1nA. 
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STM images in Figure 6.11 show how the oxide layer forms at the step edge and then extends 

over the terraces. At the beginning the resolution was not good at the oxide layer but after a 

while atomic resolution can be reached as shown in Figure 6.12. A hexagonal arrangement of 

dots have been recognized inside the triangle structure and in the added oxygen at the top of 

the terraces with distance about 6.4 Å which is consistent with the (√3x√3)R30
o
. The add 

oxide is suggested to be the Cu2O which make hexagonal structure, in  agreement with 

previous result [1]. The saturation coverage of Cu(111) by oxygen was confirmed by XPS to 

be 8.1x 10
14

 cm
-2

  which is slightly more than the saturation coverage of Cu(111) when it 

covered by (√3x√3)R30
o 

reconstruction (one third monolayer) as shown in Figure 6.13 (the 

atomic density of Cu(111) is 1.772 x 10
15

 cm
-2

). 

 

Figure 6.10: (a) STM image and line profile of the oxide step edge before the top and bottom 

terraces covered with oxygen. (b) STM image and line profile of the all terraces were covered 

with oxygen. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.11: STM image shown the direction of extend the oxide layer over the terraces. 

Tunnelling conditions: 1V, and 1nA. 

 

 

Figure 6.12: (a) STM image of the add oxide layer on top the terraces. (b) STM image of the 

oxide inside the triangle structure. (c, and d) STM image of with the atomic resolution and 

model of the oxide show the (√3x√3)R30
o
 reconstruction of the oxygen on top the Cu(111) 

surface oxygen represented as a black sphere while the blue one for copper. Tunnelling 

conditions: 1V, and 1nA. 
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Figure 6.13: Quantified O1s XP spectra shows the increase of oxygen coverage with 

increasing O2 exposure until saturated according to value in the table and graph. 
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6.3.3 Interaction of oxygen with Cu(111) sample at 380 
o
C 

Exposing the clean Cu(111) sample to 600 L of  oxygen at 380 
o
C leads to formation of sharp 

step edge in contrast to the angular and serrated step edge observed by exposing the Cu(111) 

sample to oxygen at room temperature. The absence of satellite features in the XPS of Cu(2p) 

rule out the presence of Cu
2+ 

and hence CuO, so Cu2O is suggested to be formed. Striped 

terraces covered with Cu2O layer are shown in the wide area image of the surface 6.14 (a). 

This is assigned to an ordered Cu2O layer with 44 time unit cell bigger than the unit cell (1x1) 

of the substrate called oxygen „‟44‟‟ structure as shown in Figure 6.14. The height of the step 

edge between two terraces is equal to the height of step edge of clean Cu(111) surface 

indicating that, the Cu2O was form on both terraces Figure 6.15. Some of these striped lines 

are in one direction, and some of them in different directions as shown in Figure 6.16 

depending on the orientation of the step edge of Cu(111) surface. Atomic resolution of the 

Cu2O area confirmed the „‟44‟‟ structure which has unit cell with two factor (2.2 nm, and 

1.18 nm) in agreement with previous works [1,8-10, 12,13] as shown in Figure 6.17. 
 

 

 

Figure 6.14: STM images at room temperature of Cu2O layer on the Cu(111) surface. (a) 

STM images shown the sharp step edge. (b) Striped terraces covered with Cu2O layer. 

Tunnelling conditions: 1V, and 1nA. 

 

A disordered structure appears in a very rare percentage of some areas on the terraces with 

some ordered structure but with different domain Figure 6.18. A similar result has been found 

by  Matsumoto et al by exposing the clean Cu(111) sample to oxygen at 100 
o
C and attributed 

to diffusion of copper atoms while heating the sample [1]. In our case the temperature is 

higher and all the surface was covered with ordered Cu2O layer but this area could be result 

of non-complete transformation of disordered structure to the ordered one, or due the 

instability of the „44‟‟ structure which is shown in the following section. XP spectrum shown 
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in Figure 6.19 assigned to formation of Cu2O at concentration 1.1x10
15

 cm
-2

, while as the 

excess of the oxygen concentration it could be back to formation of subsurface oxygen due 

annealing temperature during exposed the sample to oxygen.   

 

 

Figure 6.15: STM image and line profile showing the height of the step edge between two 

terraces covered by Cu2O at room temperature. Tunnelling conditions: 1V, and 1nA. 

 

 

  

 

Figure 6.16: STM image of Cu2O layer top Cu(111) at room temperature. (a) STM image 

show the striped lines are in one direction and taken the orientation of step edge. (b) STM 

image shows two directions of the striped lines in area A, and B with 154
o
 angle between 

them. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.17: STM image showing the atomic resolution of the Cu2O „‟44‟‟ structure room 

temperature. Line profile (b, and c) show the unit cell vectors (2.2 nm, and 1.18 nm) of line 

A, and B respectively. Tunnelling conditions: 1V, and 1nA. 

 

 

Figure 6.18 STM image of ordered and disordered Cu2O on top of terraces of Cu(111) 

surface. 
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Figure 6.19: XP spectra of oxygen 1s after fresh formation of „‟44‟; oxygen structure top of 

Cu(111) surface. The oxygen concentration is 1.1x10
15

 cm
-2

. 

 

After leaving the sample overnight, wide scan images show the loss of some areas of 

„‟44‟‟oxygen structure with the formation triangle holes on the terraces together with small 

changes at the step edge, as shown in Figure 6.20. By zooming in, three types of structure are 

observed on the surface, one as a protrusion, the second as a hole, and third an ordered 

structure as shown in Figure 6.21.  
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Figure 6.20: STM images of Cu(111) surface covered with „‟44‟‟ after leave it overnight. (a) 

Wide scan image shown the holes formed at terraces. (b) Wide scan image shown the hole on 

the surface and ordered structure still on the terraces. Tunnelling conditions: 1V, and 1nA. 

 

 

Figure 6.21: STM images of Cu(111) surface covered with „‟44‟‟ after leave it overnight. (a, 

and b) STM image shows the two new (hole, and the add structure) formed on the Cu(111) 

surface. Tunnelling conditions: 1V, and 1nA. 

 

The holes surrounding areas have ordered structure of the distorted honeycomb of „‟44‟‟ 

suggested to form heptagonal rings as shown in Figure 6.22 (a, and b), while inside the holes 

a clearly (√3x√3)R30
o
 of oxygen reconstruction are observed Figure (c, and d) which is 

identical to the unit cell of oxygen (√3x√3)R30
o
 which was explained in section 6.3.2. The 

three structures found on „‟44‟‟ oxygen/Cu(111) surface after leave the sample overnight 

could be explained as the „‟44‟‟ oxygen structure broken back to the add oxide layer (Cu2O-

Like layer) on the terraces and oxide layer adsorbed on the Cu(111) surface. This is the 
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reverse of the formation of the „‟44‟‟ oxygen structure which was suggested by Jensen et al 

and Matsumoto et al. to be formed by distorted (Cu2O-like layer) [1, 9, 10]. Heptagonal rings 

have been suggested by Yang et al.[12] as a result of interaction carbon monoxide with „‟44‟‟ 

oxygen structure on top of Cu(111) surface in which the central oxygen atom in the 

honeycomb of „‟44‟‟ structure was the preferred attack site for CO molecules. In our case it 

could be that, the central oxygen atoms of the „‟44‟‟ oxygen structure are the weakest link in 

the structure, and are ejected from the ring resulting to make the distortion in the honeycomb 

structure. The ejected oxygen reacts with step copper atoms to form Cu2O-like layer on top of 

the ordered structure of Cu2O (the islands are circled in Figure 6.21) 

 

 

Figure 6.22: STM images of Cu(111) surface covered with „‟44‟‟ structure after leave it 

overnight. (a, and b) STM images showed the ordered structure around holes. (c) The atomic 

resolution inside the hole, and (d) the atomic resolution and the unit cell of oxygen 

(√3x√3)R30
o
. Tunnelling conditions: 1V, and 1nA. 
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6.3.4 Interaction of oxygen with Cu(111) sample at 450 
o
C 

The clean Cu(111) sample exposed to 1350 L of oxygen at 380 
o
C for 20 min, and then 

increase the annealing temperature to 450 
o
C for 10 min whilst in the presence of oxygen, 

leads to formation of „‟29‟‟ oxygen structure with agreement with previous result [9, 10], 

while another study has shown that the „‟29‟‟ structure possible to form at about 400 
o
C [1]. 

The oxygen concentration is 1.1x10
15

 cm
-2

. STM images of the wide scan of the surface at 

room temperature shown again the striped line covering the terraces the height of step edge is 

2.0 Å similar to the height of clean Cu(111) assigned to the two terraces were covered with 

oxygen Figure 6.23.  

 

 

Figure 6.23: (a) STM image of „‟29‟‟ oxygen structure top of Cu(111) surface. (b) Line 

profile shown the height of step edge. Tunnelling conditions: 1V, and 1nA. 

 

Atomic resolution of the surface „‟29‟‟ oxygen on top of Cu(111) surface shows a unit cell 

with vectors 1.7 nm, and 0.9 nm as shown in Figure 6.24, with agreement with previous 

result[1, 8-10].  Small difference between the total of atomic density in„‟29 oxygen (16/29 = 

0.552, and „‟44‟‟ oxygen structure (24/44 =0.545) [1] is assigned to little overall change in 

the structures when it transforms from the „‟44‟‟ to „‟29‟‟ which was suggested to be met by 

the annealing of the sample. Leaving the „‟29‟‟ oxygen structure overnight no change 

observed which indicates higher stability of „‟29‟‟ compared with the „‟44‟‟ oxygen structure. 

The stability of „‟29‟‟ oxygen structure it could be due to the arrangement of the centred 

atomic oxygen of the honeycomb structure. In „‟29‟‟ structure all the centred atomic oxygen 

sit at threefold sites, while in the „‟44‟‟ oxygen structure all centred atomic oxygen sit at 

threefold sites except one of them which sits at bridge-site [1]  
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Figure 6.24: (a) STM images of atomic resolution of „‟29‟‟ oxygen top of Cu(111) surface, 

and shown the unit cell. (b) Line profile of line A, and (c) line profile of line B. Tunnelling 

conditions: 1V, and 1nA. 

6.3.5 Interaction of HCl with clean Cu(111) surface at room temperature 

Exposure of the clean Cu(111) surface at room temperature to 180 L of HCl gas in UHV 

conditions leads to coverage of the copper surface by Cl as confirmed by XPS ( the saturated 

concentration is 5.9x10
14

 cm
-2

 which is one third of the Cu(111) surface concentration 

1.77x10
15

 cm
-2

) as shown in Figure 6.25 in agreement with Motai et al. [20]. This 

concentration supports the suggestion of formation of (√3x√3)R30
o
 of Cl structure. STM 

images after exposing the clean Cu(111) surface to HCl show similar behaviour as reported in 

section 5.3.2 in previous chapter for Cu(100). After exposure to 50 L HCl, the step edges of 

Cu(111) surface lose their sharpness indicating extraction of copper atoms from the step edge 

as shown in Figure 6.26, in agreement with previous result of work on Cu(100) [24].  
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Figure 6.25: XP spectra of Cl 2p of Cu(111) surface saturated with Cl by exposing the clean 

Cu(111) surface to 180 L of HCl. 

 

 

Figure 6.26: (a, and b) STM images of two different place at the Cu(111) surface showing the 

effect of exposing the sample to about 50 L of HCl on the step edges. Tunnelling conditions: 

1V, and 1nA. 
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The extraction of copper atoms by reacting the Cu(111) surface with HCl can also be 

recognised in the effect HCl has on a hexagonal island shown in Figure 6.27. On the clean 

surface this island has the exact Cu(111) step edge properties (have the same height) except 

that, this island is open to interact with HCl from all directions. A sequence of STM images 

of this island exposed to 180 L of HCl are shown in Figure 6.28. At the beginning of the 

reaction after a dose about 25 of HCl no change recognised, but at 50 L small change happen 

to the copper island as a decrease in the island size indicate the extraction of copper atoms 

from the edge of it, and the same thing happens at the step edges. From 75 L to 125 there is a 

continuous decrease in copper island size. The increased noise in the image is probably due to 

the atomic movement of ejected copper atoms, and Cl atoms on the surface and tip due to 

mobility of the Cl atoms before saturation coverage is reached in agreement with previous 

result [25]. From 150 to 175 L of HCl the copper island disappears while the copper step 

edge is still not sharply resolved.  

 

 

Figure 6.27: (a) STM image of Copper island top of Cu(111) surface. (b, and c) Line profile 

of copper island and Cu(111) step edge shown the same height. Tunnelling conditions: 1V, 

and 1nA. 
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The atomic resolution of Cl atoms on top of Cu(111) surface appeared at about 180 L of HCl 

as shown in Figure 6.29. The (√3x√3)R30
o
 structure of Cl was clearly recognised consistent 

with previous work suggesting that at one third coverage a long rang ordered (√3x√3)R30
o 

of 

Cl formed [14, 26] and no other reconstruction recognised in contrast to the Motai et al. work 

which reported (6√3x6√3)R30
o
, and (4√7x4√7)R19.1

o
 reconstruction by STM, and LEED at 

coverage about 7.96 x 10
14

 cm
-2

. The step edge height of Cu(111) covered with (√3x√3)R30
o
 

of Cl was similar to the height of the clean Cu(111) surface assigned to the chlorine atoms 

covered all the terraces. 

 

 

Figure 6.28: Sequence of STM images recorded during exposure of clean Cu(111) surface to 

180 L of HCl. and showing the effect of HCl on the copper island. Tunnelling conditions: 1V, 

and 1nA. 
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Figure 6.29: STM images of (√3x√3)R30
o
 Cl structure covered Cu(111) surface. (a, and b) 

The wide terraces of Cu(111) surface show a long range of ordered structure of chlorine. (c) 

Line profile showing the height of step edge in (a). (d) Atomic resolution of (√3x√3)R30
o
 

structure of Cl. (e) Line profile showing the distance between two Cl atoms in (d). 

6.3.6 Interaction of HCl with O/Cu(111) surface at room temperature 

In this experiment the clean Cu(111) surface was exposed to 1500 L of oxygen at room 

temperature, then exposed to 200 L of HCl gas, and then an extra 50 L of HCl. The XP 

spectra showed the increase of the chlorine concentration to be 6.0x10
14

 cm
-2

 at 200 L and no 

big changed happened by adding an extra 50 L (6.1x10
14

 cm
-2

) indicating the sample is 

saturated by chlorine, while all the oxygen was removed from the surface (the oxygen 

concentration before the reaction was 8.1x10
14

 cm
-2

) as shown in Figure 6.30.  

 

The STM experiments studying the interaction of the O/Cu(111) surface formed at room 

temperature with HCl is divided into two parts: the oxide islands layer formed at step edges 

and the triangle islands in the terraces. For interaction of HCl with step edge oxygen layer, 

the clean Cu(111) exposed to 550 L of oxygen was enough to form the step edge oxide layer. 

The sequence of STM images after exposing clean Cu(111) surface to 550 L of oxygen at 
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room temperature are shown in Figure 6.31. At 20 L the effect of exposing the sample to 

oxygen is evident in the STM images with the appearance of small angular structures at the 

step edges. The sizes of the angular structure increase as we increase the exposure. At 550 L 

the step edge oxide layer was clearly formed. The O/Cu(111) sample was then exposed to 

115 L of HCl at room temperature. The sequence of STM images in Figure 6.32 show no 

change happened in the angular step edges and oxide layer by dosing HCl from 10 to 30 L. 

At 40 L the resolution of STM image is affected as a result of moving atoms on top of the 

copper surface. The oxide layer at angular step edge marked by black dotted line in some 

images (the non marked image was left to facilitate the monitoring and follow up the change 

in the terrace size). From 50 to 60 L shows a small change in the angular structures as they 

start losing sharpness, which is clearly noted by comparing the image of 60 L with the 10 L 

one. By exposing the sample to HCl from 70 to 100 L the decrease of oxide layer size was 

clearly noted, and combined by losing the angular structure at the step edges, until it 

disappeared at 110 L. Atomic resolution of chlorine atoms appeared at 115 L assigned to 

saturation coverage of the copper surface by chlorine was reached. The atomic resolution of 

chlorine atoms in Figure 6.33 showed consistent data with the data illustrated in section 6.3.4 

of interaction HCl with clean Cu(111) sample with slightly different unit cell size (decrease 

by about 0.04 nm).  

 

Figure 6.30: XP spectra showed the decrease of oxygen in (a), increase of chlorine 

concentration in (b). Oxygen concentration before the exposed to HCl was 8.1x10
14

 cm
-2

 

while as the chlorine concentration after exposure to 250 L of HCl is 6.1x10
14

 cm
-2

. 
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Figure 6.31: Sequence of STM images of clean Cu(111) surface exposed to 550 L of oxygen 

at room temperature to make the step edge oxide layer. The dotted square assigned to the 

zoomed in area. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.32: Sequence of STM images of O/Cu(111) surface exposed to 115 L of HCl at 

room temperature. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.33: STM images of (√3x√3)R30
o
 Cl structure covering the Cu(111) surface, (a) and 

(b) line profiles of line A, and B respectively. Tunnelling conditions: 1V, and 1nA. 

 

To study the effect of interaction of HCl with triangular oxygen islands, the clean Cu(111) 

sample was exposed to 675 L of oxygen at room temperature. Again the consistent result 

obtained with above result. Figure 6.34 shows the angular step edges structure and the 

triangle oxygen islands formed at the terraces. The O/Cu(111) surface was then exposed to 

about 150 L of HCl at room temperature. 

 

Figure 6.34: STM images of Cu(111) surface after exposure to 675 L of oxygen at room 

temperature showing the angular structure at the step edge and the triangle islands of oxygen. 

Tunnelling conditions: 1V, and 1nA. 
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The sequence of STM images in Figure 6.35 of the O/Cu(111) surface exposed to HCl show 

the effect of the dose of HCl on oxygen island. The island size decreased from outward to 

inward indicating that the chlorine atoms prefer to adsorb on top of the terraces rather than in 

the oxygen island. Atomic resolution of chlorine atoms is observed after removing all the 

oxygen atoms indicated to saturation coverage have been met.  

 

 

 

Figure 6.35: Sequence of STM images of O/Cu(111) surface exposed to 150 L of HCl at 

room temperature. Tunnelling conditions: 1V, and 1nA. 

 

The third experiment is for studying the interaction of HCl with oxygen layer at the step 

edge, and the oxygen triangle island, after the preferred path of interaction of each of them 

separately with HCl are observed above. In this experiment the clean Cu(111) surface was 
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exposed to 1350 L of oxygen at room temperature to form the oxide layer at the step edge, 

and the oxide triangle layer as shown in Figure 6.36, then the O/Cu(111) surface was exposed 

to 170 L of HCl at room temperature. The triangle oxygen  and the step edge oxide layer are 

attacked by HCl after the clean copper surface is covered with chlorine, but the triangle 

oxygen island are attacked by HCl faster than step edge of oxygen layer, that observed from 

image of dosing HCl from 100 to 140 L, which shows the decrease of triangle oxygen island 

size. The step edge oxygen layer is attacked by HCl from the terrace side rather than the step 

edge, as shown in the images of HCl exposure from 120 to 140 L.  Consumption of triangle 

oxygen island is faster than the step edge oxygen layer due to multiple attack directions of 

HCl while as one direction was found for the step edge oxygen layer. At 160 L of HCl the 

atomic resolution of chlorine atoms appears referring to the saturation coverage shown in 

Figure 6.37. 
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Figure 6.36: STM image of Cu(111) surface after exposure to 800 L of oxygen, then a 

sequence STM images of O/Cu(111) surface exposed to 170 L of HCl at room temperature 

while the dotted square in the first image assigned to zoomed in area. Tunnelling conditions: 

1V, and 1nA. 

 

Figure 6.37: STM images of (√3x√3)R30
o
 Cl structure covering the Cu(111) surface. 

Tunnelling conditions: 1V, and 1nA. 
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6.3.7 Interaction of HCl with ‘’44’’ structure of oxygen at a Cu(111) 

surface at room temperature 

Oxygen „‟44‟‟ structure formed on top of Cu(111) surface as illustrated in section 6.3.2, leads 

to the formation of striped lines of Cu2O covering all the surface. Exposure of „‟44‟‟ structure 

to 210 L of HCl leads to decrease of oxygen coverage Figure 6.38(a) from 1.10x10
15

 cm
-2

 to 

5.10x10
14 

cm
-2

 whereas the chlorine coverage increase to 1.15x10
15

 cm
-2

 Figure 6.38(b) 

which assigned to 2:1 ratio as shown in the following equation: 

2HCl + O ↓ 2Cl + H2O 

 The residual oxygen concentration could be due to the subsurface oxygen which formed as a 

result of annealing while exposing the sample to oxygen. These result have an agreement 

with work of interaction of HCl with oxygen on top of Cu(110) which they suggested the 

existence of oxygen top of Cu(110) surface is facilitating the formation of CuCl2 [27]. The 

absence of satellite features in the XPS of Cu(2p) rule out the presence of Cu
2+ 

and hence 

CuCl2, so Cu-Cl island are suggested to be formed on top of chlorine layer as the result of 

interaction of HCl with the released copper atoms of the Cu2O. 

 

Figure 6.38: XP spectra showed the decrease of oxygen in (a), increase of chlorine 

concentration in (b). Oxygen coverage decreased from 1.10x10
15

 cm
-2

 to 5.10x10
14 

cm
-2

 while 

the chlorine coverage increased to 1.15x10
15

 cm
-2

. 
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STM image of the „‟44‟‟ structure of oxygen exposed to about 15 L of HCl leads to adsorbed 

species at the centred of honeycomb structure of oxygen as shown in Figure 6.39. The 

substitution of oxygen we suggest to be started by the centred oxygen atoms of honeycomb 

structure in agreement with previous result of interaction of carbon monoxide with „‟44‟‟ 

structure [12, 13], then extend over the surface. After exposing the sample to about 25 L of 

HCl the imaging by STM was difficult, possibly because of the huge movement of atoms on 

surface until the exposure about 150 L STM image was back. The STM image of the surface 

after exposure to the 150 L of HCl is shown in Figure 6.40(a). All the Cu(111) surface is 

covered with disordered islands and with different size as shown in Figure 6.40(b, and c). 

Most of the small islands were trapped at the step edge whereas the large islands were 

dispersed over the terraces. These islands could be Cu-Cl over the Cl/Cu(111) surface which 

explain the excess of the chlorine concentration. Ease of imaging the surface at 15 L of HCl 

could be due to the slow reaction of HCl with centred atoms of honeycomb of „‟44‟‟ structure 

and then the fast reaction, done after all the centred atoms were substituted, leading to large 

movement of the atoms causing the difficulty of imaging. Similar suggestion [12, 13] 

recognised the substitution of centred oxygen atoms as a slow step, and removing all the 

other oxygen atoms as fast step after all the centred place were covered by carbon monoxide. 

 

 

 

Figure 6.39: (a) STM images of „‟44‟‟ oxygen structure exposed to 15 L of HCl at room 

temperature. (b) The magnified image of black square in (a) shows the adsorbate species at 

the centred of honeycomb structure of oxygen. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.40: STM images of „‟44‟‟ oxygen structure on top of Cu(111) after exposure to 150 

L of HCl. (a, and b) showing the different size of Cu-Cl islands covering the surface. (c) STM 

image showing the small islands trapped at step edges. Tunnelling conditions: 1V, and 1nA. 
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6.3.8 Interaction of HCl with ‘’29’’ structure of oxygen on top of the 

Cu(111) surface at room temperature  

Formation of „‟29‟‟ oxygen structure on top of Cu(111) surface illustrated in previous section 

6.3.4, as a transformation of „‟44‟‟ structure to „‟29‟‟ structure by increase of annealing 

temperature after the „‟44‟‟ structure formed to 450 
o
C. After exposing the „‟29‟‟ oxygen 

structure to 200 L of HCl, the oxygen concentration decreases from 1.1x10
15

 cm
-2

 to 4.8x10
14

  

cm
-2

 while the chlorine concentration increases to 1.12x10
15

 cm
-2

 as shown in Figure 6.41 

small amount of Cl adsorbed from the background). The ratio is about 2:1, consistent with 

previous result in section 6.3.7, which showed that two HCl molecules were required to eject 

one oxygen atom and leave the surface as H2O.  

 

 

 

Figure 6.41: XP spectra showing the decrease of oxygen in (a), increase of chlorine 

concentration in (b). Oxygen concentration decreased from 1.1x10
15

 cm
-2

 to 4.8x10
14

 cm
-2

 

while as the chlorine concentration increased to 1.12x10
15

 cm
-2

. 
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The sequences of STM images of atomic resolution of „‟29‟‟ structure after exposure to about 

35 L of HCl are shown in Figure 6.42. As the exposure increases the small dot appeared on 

the surface which it could be HCl molecules adsorbed on the surface (at the centre of 

honeycomb structure). The oxygen unit cell size is not changed but the structure is slightly 

changed by comparison of the image of 15 L to the one of 20 L. The atomic resolution 

decreases until it disappears at 35 L suggesting that, the slow reaction was finished and the 

fast reaction started. Figure 6.43 shows the change in the structure of the unit cell unit 

between the image of 20 L of HCl and the image of „‟29‟‟ structure before dosing HCl. The 

change could be because the HCl molecules are filling the honeycomb structure of oxygen or 

it could be because the change happened to the STM tip. 

 

 

Figure 6.42: Sequence of STM images of atomic resolution of „‟29‟‟ structure after exposure 

to 35 L of HCl. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.43: (a) STM image of the „‟29‟‟ unit cell before exposure to HCl. (b) Change 

happened to „‟29‟‟ unite cell after exposed to 20 L of HCl. (c, and d) are the line profile of 

image a, and b, showing no change happens to the unit cell size. Tunnelling conditions: 1V, 

and 1nA. 

 

After leaving the sample to settle down and, by continued exposure of the sample to about 90 

L HCl , the surface covered with small circle island concentrated in the step edge, similar to 

the island form after exposed the „‟44‟‟ structure to HCl in section 6.3.7, which is suggested 

to be CuCl2 islands as shown in Figure 6.44. The transformation of CuCl islands to a larger 

CuCl layer occurs after exposure of the sample to an extra 30 L of HCl as shown in Figure 

6.45. Small islands are observed on top of the CuCl layer which may explain the excess in 

concentration of chlorine on the surface as shown in Figure 6.46. 
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Figure 6.44: (a. and b) large and small scan respectively of STM image of small CuCl island 

concentrated at the step edges after exposure to 90 L of HCl. Tunnelling conditions: 1V, and 

1nA. 

 

 

Figure 6.45: STM images showing the effect of exposing the sample to extra 30 L of HCl, 

leading to form CuCl layer in (b) from the small CuCl island in (a). Total exposures are 100, 

and 120 L in (a, and b) respectively. Tunnelling conditions: 1V, and 1nA. 
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Figure 6.46: (a, and b) STM images shown the small islands are sitting at top of CuCl layer. 

(c, and d) are the magnified images of images a, and b respectively. 
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6.4 Conclusion 

Room temperature interaction of HCl gas with clean and preoxidised Cu(111) at 25, 380, and 

450 
o
C, have been studied in UHV system using STM and XPS techniques. XPS showed that 

interaction of HCl with clean Cu(111) surface at room temperature leads to a chlorine 

saturated surface by exposing the sample to about 180 L HCl. The saturated coverage was 

about 6.0x10
14

 cm
-2

, which represents one third monolayer of copper in agreement with the 

observation of Motai et al. s‟ observations [20]. STM studied the interaction behaviour of 

HCl with clean Cu(111) surface and shows that, at low coverage the copper step edge lost its 

sharpness indicating the extraction of copper atoms from the step edges. At saturation 

coverage the atomic resolution of (√3x√3)R30
o
 of Cl structure is obtained at terraces. The 

poor resolution before saturation coverage is attributed to the movement and mobility of the 

chlorine atoms on the surface and from the surface toward the STM tip as well consistent 

with our previous observations of interaction of HCl with clean Cu(100) surface. 

  

STM of interaction of oxygen with clean Cu(111) surface  at room temperature showed that, 

the step edge is the preferred position of interaction of oxygen with copper leading to the 

formation of serrated step edges and oxide islands at terraces. The angular step edges refer to 

the extraction of copper atoms from the step edge while the oxide layer formed and extend 

over the lower terraces. The triangle oxygen islands indicated the atoms of oxygen were 

adsorbed on the threefold site consistent with previous results [1, 8]. XPS of interaction of 

clean Cu(111) with oxygen  at room temperature showed the coverage about 8.1x10
14

 cm
-2

 by 

exposing the sample to about 1400 L which is more than saturated coverage (one third 

monolayer) indicates the formation of  Cu2O layer.  

 

STM of HCl interaction with preoxidised Cu(111) surface of the step edge oxide layer and 

the triangle island showed that, the HCl prefers to interact and dissociated over the terraces 

rather than interact with the oxide island. After all the terraces were covered with chlorine the 

reaction of HCl with step edge adlayer area started by losing the angular step edge which is 

the distinct form of oxide layer at the step edge. The area of the oxide layer decreases 

indicating the attack of HCl was coming from the terraces until it disappeared. By comparing 

the behaviour of HCl with the oxide layer at the step edge and the oxide islands on the 

terraces we observe that, the oxide islands react faster than step edge oxide layer because the 

triangular oxide islands are open to the clean copper surface from three directions while the 

step edge oxide layer can only be attacked from the terrace.  The atomic resolution of 
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chlorine atoms was achieved after the surface saturated with chlorine represented the 

(√3x√3)R30
o
 of Cl structure. XPS after exposure the sample to 200 L showed the surface was 

saturated by chlorine at (6.1x10
14

 cm
-2

). 

 

Exposure of the clean Cu(111) sample to 600 L of oxygen at 380 
o
C leads to the formation of 

the „‟44‟‟ oxygen structure, imaged as a series of striped lines covering the Cu(111) surface. 

STM atomic resolution image confirmed the „‟44‟‟ oxygen structure from the unit cell 

dimension (2.2 nm, and 1.8 nm). Two different orientations of the „‟44‟‟ oxygen structure 

were observed in same area depending on the step edge direction. A disordered oxide layer 

was observed in one area as well which may indicate some instability of the „‟44‟‟ oxygen 

layer at room temperature. Leaving the „‟44‟‟ oxygen structure overnight led to the formation 

of heptagonal rings surrounding the Cu2O like layer confirmed by measuring the atomic 

distance. Matsumoto et al. suggested the „‟44‟‟ oxygen structure formed as a result of 

distorted Cu2O(111)-like structure. The instability of „‟44‟‟ oxygen structure could be due to 

an equilibrium between the Cu2O(111)-like structure and the „‟44‟‟ oxygen structure.  

 

By reacting the freshly formed ‟‟44‟‟ oxygen structure with HCl at room temperature, two 

reaction steps were observed. First, is slow step which represents a reaction of HCl with 

centred atomic oxygen of the honeycomb structure represented in STM as small dot adsorbed 

on the „‟44‟‟ oxygen structure. Then the fast reaction substituted all the other oxygen atoms. 

Small Cu-Cl islands are trapped at the step edge over the Cl/Cu(111) surface which explain 

the excess of the chlorine concentration in XPS result. These result have an agreement with 

work of interaction of carbon monoxide with „‟44‟‟ oxygen structure/Cu(111) at room 

temperature [12, 13]. 

 

The „‟29‟‟ oxygen structure over the Cu(111) surface was formed by annealing the Cu(111) 

sample at 380 
o
C for 20 min while exposing to oxygen, then increase the temperature to 450 

o
C for 10 min while keep exposed to oxygen. The „‟29‟‟ structure was confirmed by STM, 

which showed an atomic cell size of (1.7 nm, and 0.9 nm). XPS showed the excess of oxygen 

concentration which is explained as the result of formation of Cu2O layer. The „‟29‟‟ oxygen 

structure showed high stability compared with „‟44‟ oxygen, which could be because all the 

centred atomic oxygen in the honeycombed structure were adsorbed on the (fcc) site of the 

Cu(111) surface in contrast to the „‟44‟‟ structure which has three centred oxygen atoms 

adsorbed at (fcc), and one at the bridge site.  



162 
 

 

The interaction of HCl with „‟29‟‟ oxygen structure on the Cu(111) surface showed in STM 

similar behaviour to the interaction of HCl with the‟‟44‟‟ structure. Two reaction steps were 

found as well, slow and fast interaction. The slow interaction was due to the adsorbed HCl 

molecules on the centred atomic oxygen at honeycombed structure and the fast reaction done 

by substituting the other oxygen atoms. Small islands of Cu-Cl were found at the step edge, 

and by exposed to extra HCl , the small islands joined together to form the CuCl layer. 
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7.1 Introduction  

Alloying and intermixing of metals surfaces especially copper with transition metals plays an 

important role in many chemical reactions and understanding the new chemical and physical 

properties of the alloy surface is important as reported in chapter one. The interaction of gold 

with Cu(100) surface has received a great deal of interest in previous studies. At half a 

monolayer of gold deposited on clean Cu(100) surface at room temperature, low energy 

electron diffraction (LEED) showed an ordered structure is formed with a c(2x2) 

reconstruction referred to as a Cu3Au alloy [1]. LEED of clean Cu(100) surface covered with 

two monolayers of gold deposited at room temperature (confirmed by Auger electron 

spectroscopy (AES)) shows a reconstruction attributed to a hexagonal gold layer on the 

c(2x2) structure [2]. A c(2x2) structure was also created by heating the sample with two 

monolayer of gold to 573 K, the excess gold diffusing into the copper [2]. The deposition of 

half monolayer of gold on top of clean Cu(100) at 233 K leads to formation of a close packed 

hexagonal layer of gold with out alloying with copper surface. A complete alloying c(2x2) 

surface was formed by warming this surface to room temperature with the first c(2x2) 

structure appearing in LEED at 248 K [1]. A hexagonal gold structure was formed as result of 

dealloying processes by increase the gold coverage from 0.6 to 1.2 ML have been observed 

by using LEED and Photoelectron diffraction (PhD) with a measurable gold concentration 

was detected in the second and third layer of copper as well [3]. Similar result have been seen 

by Shen et al. for depositing 1.2 ML of gold top of Cu(100) at room temperature which 

showed the top surface layer was totally covered with unmixed gold while finding no 

evidence for gold in the second or third layers of copper [4]. The ordered alloy surface of the 

deposition of half monolayer of gold, showed the gold atoms were extended outward from 

the surface by 0.1 Å forming a bend in the surface. The distance between the gold nearest 

atoms in pure gold was 2.88 Å while it was increase by 30% in case of c(2x2) surface alloy to 

be 3.75 Å, as well as the 4% increase found in the distances between the  c(2x2) surface alloy 

to second layer of copper by compared with the clean Cu(100) surface [5]. STM study of the 

c(2x2) alloy of gold on top of Cu(100) have been studied by Chambliss et al. in 1992 [6], 

who showed that, at room temperature the ordered c(2x2) alloy reconstruction shows two 

peaks in the line profile with a difference in height of about 0.2 Å due to the difference in 

height between gold and copper atoms in the alloy surface. Most STM images of the 

Au/Cu(100) alloy surface show linear features with one atomic row wide with height about 

0.5 Å, and distance between these features was about 21∓2 Å [7]. Islands of gold and copper 

atoms have been seen [6, 7] which have been suggested to be formed by alloying the 
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deposited gold atoms with the released copper atoms at the time of formation of the gold –

copper alloy. 

Growth of metal on the reconstructed Cu(100)-oxygen surface has been extensively studied 

by depositing metal on the Cu(100) covered with c(2x2)-O, or (√2x2√2)R45
o
 structure, 

individually or both together. Cu(100) covered with oxygen improves the 2D growth layer by 

layer of the depositing metal. For example, iron deposited on the Cu-O (√2x2√2)R45
o
 [8] 

gives 2D islands whereas depositing Fe on clean Cu(100) surface [9-13] shows the growth of 

3D islands. That oxygen is working as a surfactant was proven by reflection high energy 

electron diffraction (RHEED) which showed the (√2x2√2)R45
o
 structure on Cu(100)  

floating above the Fe layer, even up to 45 monolayer [8]. Depositing copper on Cu(100) 

precovered with c(2x2)-O  leads to the formation of rectangle islands which are of atomic 

height as shown in Figure 7.1(a) [14, 15], while, simultaneously the c(2x2)-O on Cu(100) 

surface moves to the top of the rectangular island and forms the (√2x2√2)R45
o
 structure as 

shown in Figure 7.1(b).  

 

Figure 7.1: (a) STM image of (√2x2√2)R45
o
-O islands form on Cu(100)-c(2x2)-O after 

depositing Cu atoms at room temperature [14, 15]. (b) Schematic diagram illustrating the 

formation of (√2x2√2)R45
o
-O islands. 
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In contrast, depositing Ni on Cu(100) precovered with c(2x2)-O  leads to the formation of 

atomic height islands with random structure as shown in Figure 7.2(a). The c(2x2)-O on 

surface moves to the top of the Ni islands to form this time c(2x2)-O structure Figure 7.2(b), 

confirmed by LEED [14, 15]. Depositing Ni on Cu(100) precovered with (√2x2√2)R45
o
-O 

leads to the formation of anisotropic Ni islands covered with  c(2x2)-O. In this case the Ni 

atoms were found to adsorbs at the missing Cu row sites of the (√2x2√2)R45
o
-O 

reconstruction.  

 

 

 Figure 7.2: (a, and c) are the STM image of depositing Cu atoms to of C(100) precovered 

with c(2x2)-O reconstruction and (√2x2√2)R45
o
-O reconstruction respectively [14, 15]. (b, 

and d) schematic diagram illustrating the formation of Ni island in both state of precovered 

Cu(100) by oxygen. 

 

 



169 
 

Depositing 0.05 ML of Co on the Cu(100) precovered with the (√2x2√2)R45
o
-O 

reconstruction leads to the formation of two features on the surface, first one was an 

elongated island orientated in (100), and (010) directions, while the second feature was small 

dots scattered on the surface as shown in Figure 7.3(a) [16]. The elongated island was 

covered by (√2x2√2)R45
o
-O reconstruction as shown in Figure 7.3(b), which is characteristic 

of the reconstruction of oxygen on Cu(100) at high coverage, so the elongated  island 

suggested to be copper while the scattered dots are due to the Co atoms confirmed by the 

immobility of dots with time. Since the formation of copper island requires the mobile of 

copper atoms to move on the surface and collect together, and then forming the island, the 

replacement of copper atoms by Co atoms was suggested [16].  

 

Figure 7.3: (a) STM image of depositing 0.05 ML of Co on the Cu(100) precovered with 

(√2x2√2)R45
o
-O reconstruction. (b) STM mage showed the (√2x2√2)R45

o
-O reconstruction 

on the elongated island [16]. 

Depositing Co, and Ni on the Cu(100)-c(2x2)-N surface show a different behaviour from 

depositing them on the Cu(100) precovered with oxygen [15, 17-20]. N leads to the formation 

of a square shaped structure on top of Cu(100) surface at room temperature as shown in 

Figure 7.4, the square lattice of the c(2x2)-N is resolved within the square structure [21]. 

Deposition of Ni on the Cu(100) precovered with c(2x2)-N leads selectively to the formation 

of Ni island at the crossing of the squarer structure of c(2x2) as shown in Figure 7.5(a) with  

the island size limited to the available area of the crossing area [15]. Similar behaviour was 

observed for the deposition of Co [18], and Fe [20].  
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Figure 7.4: (a) STM image of Cu(100) covered with c(2x2)-N, (b) the magnified image [21]. 

 

 

Figure 7.5: STM image of the deposition of (a) Ni [15], (b) Co [18], and (c) Fe [20], n the 

Cu(100) covered with c(2x2)-N at room temperature.  

We can conclude from the above studies, that the deposition of metal on clean Cu(100) is 

different from those depositing when the Cu(100) was covered by oxygen or nitrogen. In case 

of Cu(100) surface covered with oxygen two different behaviour of growth of the metal have 

been found as well depending on the amount of oxygen coverage. So in this chapter we aim 

to shed light on the behaviour of depositing gold on clean Cu(100) and the oxygen pre-

covered surface with oxygen. Then we have studied the interaction of HCl with Au/Cu(100), 

and Au/Cu(100)/oxygen surface 
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7.2 Experimental 

The instrument used in these experiments is (UHV), was described in chapter 4, and sample 

cleaning procedures as well. Oxygen and HCl gases were purchased from Argo international 

and, the purity was checked by using mass spectroscopy. Gold evaporation by using tungsten 

filament is described in chapter 4. In all the gold/Cu(100) experiments in this chapter, the XP 

spectra of the Au (4f7/2) peak are used to calculate the gold coverage, and all spectra are 

calibrated to Cu2p3/2.  

7.3 Results and discussion 

7.3.1 Interaction of clean Cu(100) with gold low coverage to half 

monolayer)   

Evaporated gold on the clean Cu(100) sample leads to the formation of Au/Cu(100) alloy. XP 

spectra in Figure 7.6(a) showed the Au4f5/2,7/2 peak, the coverage was about 4.3x10
14

 cm
-2

 , 

while no change was observed in the Cu2p3/2 Figure 7.6(b). This is consistent with the 

suggestion of the formation of a Cu3Au alloy which has been suggested previously [1-7]. The 

small shift in the Au4f5/2,7/2 and Cu3p peaks on gold adsorption may indicate a small change 

in the electron density of the copper.  

 

Figure 7.6: XP spectra of (a) Au4f5/2,7/2 ,and (b) Cu2p3/2 before and after evaporating gold on 

clean Cu(100) surface at room temperature. The gold coverage is about 4.3x10
14

 cm
-2

. 
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STM images of the Cu(100) surface after gold deposition showed small features most of them 

are sticking in the step edge and some at the terraces as shown in Figure 7.7(a, and b). The 

height of the features on the terraces is about one atomic layer height of copper, while the 

features at the step edge have the same height as the step edge. In the following example the 

height of the features is 3.2 Å (about 2 atomic layer of copper) which is the same as the step 

edge shown in Figure 7.7(c). These features are assigned to the copper atoms which have 

been released at the time of the Au atoms landed on the surface to form the Au/Cu alloy. We 

suppose the released copper atoms moved on top of the alloy surface until they aggregated 

together forming clusters at the terraces and step edges. No similar features have been shown 

in the previous work [6, 7] of Au/Cu alloy at coverage about half of monolayer of gold. It 

could be because the adsorbed gold atoms prefer to adsorb in the terraces rather than making 

island with released copper atoms.  

 

Figure7.7: STM images of the Cu(100) after depositing gold at coverage about 4.3x10
14

 cm
-2

 

shown small features at step edges, and terraces in image (a, and b). (c) Line profile shown 

the height of two features in image (b). Tunnelling conditions: 1V, and 1nA.  
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Increase the gold coverage to about 5.9x10
14

 cm
-2

 by (less than half monolayer of Cu(100) 

surface which is 1.5x10
15

 cm
-2

) evaporating more gold into the above Au/Cu(100) surface 

showed in XP spectra in Figure 7.8(a), and with out change in the height of the Cu(2p3/2) 

peak Figure 7.8(b) as well indicating the number of released copper atoms is equal to the 

adsorbed gold atoms. STM of this gold coverage shows the steps edges are decorated by 

copper atoms as shown in Figure 7.9. The increase of the copper clusters at the step edges of 

the Au/Cu(100) alloy surface backs the suggestion of the release of copper atoms on the 

adsorption of Au atoms on the surface. We believe these clusters are copper because a Au-Cu 

alloy should add to the step edge without making these clusters but the Cu atoms cannot go 

back into the surface they are remain on the surface until they are trapped at the step edges of 

the Cu-Au alloy. The height between two steps edge decorated by released copper atoms is 

1.8 Å, which is the same in the clean Cu(100) surface. 

A half monolayer of Au/Cu(100) alloy was formed by increasing the gold coverage to 

7.8x10
14

 cm
-2

 (shown in XP spectra in Figure 7.8(a)). No change was observed in Cu2p3/2 

consistent with the previous results of gold coverage less than a mono layer (Figure 7.8(b). ) 

STM images of the Au/Cu(100) alloy with half monolayer of gold showed step edges of 

Au/Cu(100) alloy and small islands scattered on top of the terraces as shown in Figure 7.9(d). 

On the other hand no clusters are observed at the step edges indicating of the formation of 

Au/Cu alloy island after saturation of the copper surface. 

 

 Figure 7.8: XP spectra of (a) Au4f5/2,7/2 ,and (b) Cu2p3/2 before and after evaporating gold on 

clean Cu(100) surface at room temperate.   
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Figure7.9: STM images of the Cu(100) after depositing gold at coverage about 5.9x10
14

 cm
-2

 

showing step edges decorated by released copper atoms (a, and b). (c) Line profile showing 

the height between two steps edge decorated by copper atoms in image (b). (d) STM image of 

Au/ Cu(100) alloy at half monolayer coverage. Tunnelling conditions: 1V, and 1nA. 

7.3.2 Interaction of clean Cu(100) with gold at a coverage more than half 

monolayer 

In this experiment gold evaporated onto the clean Cu(100)  at room temperature leads to the 

formation of two monolayers of gold with 1.72x10
15

 cm
-2

 coverage shown by XPS, Figure 

7.10(a). The Cu(2p3/2) peak in Figure 7.10(b) showed a decrease in copper (about 15% from 

the clean surface) indicating that, the copper signal is attenuated by formation of overlayer of 

gold in contrast to the above situation of  formation of Au/Cu(100) alloy at half monolayer or 

less. Increase of gold coverage from more than half monolayer to one monolayer [3] or to 
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two monolayer [1, 2] have been shown that, the overlayer of gold has a close packed 

hexagonal  structure (pure gold). This gold layer formed is by the adsorbed gold or from the 

evaporated and dealloyed gold atoms from the Cu3Au lattice. A shift toward higher binding 

energy is observed in Cu3p1/2,3/2, and Au4f5/2,7/2 in agreement with previous work [22]. STM 

of this experiment showed a lot of islands scattered on the terraces with wide range of 

different sizes. The height of these islands and step edges are 1.9 Å which is higher than the 

clean Cu(100) step edge by about 0.1 Å as shown in Figure 7.11. Chambliss et al., using STM 

[6, 7], have been found islands on the terraces of the Au/Cu(100) alloy at half monolayer 

coverage with heights of 1.8 Å, which they suggested to have the same composition as the 

Au/Cu(100) alloy. In our case, we are unable to identify the composition of these islands and 

so in the following sections we try to deduce the composition of the islands from their of 

interaction with HCl.       

      

 

Figure 7.10: XP spectra of (a) Au4f5/2,7/2 ,and (b) Cu2p3/2 before and after evaporating gold on 

clean Cu(100) surface at room temperate.  
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Figure 7.11: STM images of the Cu(100) after depositing gold at coverage about 1.7x10
15

 cm
-

2
 the terraces are covered with a lot of island (a, and b). (c) Line profile shown the height 

between to steps edge and island in image (b). Tunnelling conditions: 1V, and 1nA. 

7.3.3 Interaction of HCl with Au/Cu(100) alloy at half monolayer coverage 

of gold  

Half monolayer of Au/Cu(100) alloy was formed by evaporating gold onto the clean Cu(100) 

sample at room temperature. The gold coverage calculated using XPS which showed the gold 

coverage is 7.8x10
14

 cm
-2

, then the sample was moved to the STM chamber. STM images in 

Figure 7.12 show the Au/Cu(100) surface have a lot of islands which not different from those 

acquired before in case of depositing two monolayer of gold. Height of islands is 1.9 Å, 

consistent with previous results of depositing two monolayer of gold. A sequence of STM 

images recorded during the exposure of the Au/Cu(100) sample to 200 L is of HCl shown in 

Figure 7.13. Before exposure of the sample to HCl, three islands are present in Figure 

7.13(a). After exposure of the sample to about 50 L of HCl, the island size started to 

decrease, and continued to do so for exposures up to 150 L of HCl as shown in Figure 7.13(b, 
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and c). The exposure to HCl was stopped at 200 L when no further change was observed in 

the islands size as shown in Figure 7.13(d). After leaving the sample to equilibrate, STM 

images of the terraces are shown in Figure 7.14. A lot of small adjacent islands, nearly 

forming one layer were found. The islands have a quite regular shape with spaces between 

the islands about 5.2 Å.  STM atomic resolution of these islands was reached as shown in 

Figure 7.15, with clear c(2x2) structure while a unit cell dimension of 5.2 Å. XPS of these 

experiment showed a decrease in gold coverage to 5.2x10
14

 cm
-2

. A shift toward higher 

binding energy is also observed in Au4f5/2,7/2 peak from 84.3 eV before exposure to HCl to 

85.3 eV after exposed to HCl, with clear broadening in the Au4f5/2,7/2 peak as shown in Figure 

7.15(a). The chlorine coverage after exposure to HCl was 7.4x10
14

 cm
-2

 with shift in the 

Cl(2p) of about 1 eV higher than from that observed on the clean Cu(100) sample, (chapter 

five) as shown in Figure 7.15(b). These islands are suggested to be nanometre size domains 

of c(2x2)-Cl top of the Au/Cu(100) alloy. The unit cell dimension are consistent with our 

previous result of exposing the clean Cu(100) to HCl which lead to formed c(2x2)-Cl over 

layer with half monolayer coverage at room temperature (half monolayer is  7.2x10
14

 cm
-2

). 

The shift of Au4f5/2,7/2 could be due to the interaction of extra gold atoms which reacted after 

exposure to HCl  to form Au(I), or due to change in the charge of the Au/Cu(100) alloy.   

 

 

Figure 7.12: STM images of the Cu(100) after depositing gold at coverage about 7.8x10
14

 cm
-

2
 the terraces were covered with a lot of island (a). (c) Line profile shown the height different 

between to steps edge and island in image (a). Tunnelling conditions: 1V, and 1nA. 
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Figure 6.13: STM images of the Au/Cu(100) sample during exposure it to 200 L of HCl at 

room temperature. Tunnelling conditions: 1V, and 1nA. 

 

 

Figure 7.14: STM images of the Au/Cu(100) at half monolayer of gold coverage after 

exposure of the sample to 200 L of HCl at room temperature. (a, and b) shown a small 

nanometre size domain of c(2x2)-Cl. Tunnelling conditions: 1V, and 1nA. 
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Figure 7.15: (a) STM image showed the atomic resolution of c(2x2)-Cl nano size domain, (b, 

and c) line profiles of line A, and B in image (a) respectively.   

 

Figure 7.16: XP spectra of Au/Cu(100) alloy,  (a) Au4f5/2,7/2 before and after exposed to 200 

L of HCl, (b) Cl2p1/2,3/2 after exposed to HCl. 
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7.3.4 Interaction of HCl with Au/Cu(100) alloy at more than half 

monolayer coverage of gold  

In this experiment Au/Cu(100) alloy with coverage of gold of 1.7x10
15

 cm
-2

 was exposed to 

250 L of HCl at room temperature. The STM image sequence recorded during exposure of 

the sample to HCl is shown in Figure 7.17. Three islands and step edges have been found 

before exposure to HCl but no atomic structure could be observed in the surrounding area of 

the islands as shown in Figure 7.17(a). After exposing the sample to 30 L to 60 L of HCl, 

change was observed as a decrease in the island size and line features appearing as ridges or 

ditches in the area surrounding the islands as shown in Figure 7.17(b, and c). A current image 

of the line feature is shown in Figure 7.18 which shows them more clearly. The distance 

between these lines is about 5.8 nm, with height about 0.7±0.2 Å. These lines have been 

observed in the previous work of Chambliss et al.[6, 7] which they suggested was the result 

of the mismatch between the Au/Cu alloy layer and the underneath Cu(100) layer. In our case 

we suggest these lines appeared due to the exposure of the sample to HCl which assists the 

dealloying of the Au atoms from the surface, they areimaged very clearly at the start of the 

exposure to HCl but disappear with increasing exposure from 90 to 150 L as shown in Figure 

7.17.  The islands in the middle and step edge have features, new parts growing which are 

circled in Figure 7.17(e, and f). Compare it with the same area in Figure 7.17(d), these are 

due to the aggregation of the dealloying Au atoms from the Au/Cu alloy. Increase the 

exposure to HCl from 180 to 230 L leads to a decrease in the islands size by migrating the 

gold atoms from the island to step edge as shown in Figure 7.17(g, i, and h). The migration of 

Au atoms from the small feature to bigger one is due to the mobility of gold atoms on top of 

the Cl/Cu(100) layer after formation of c(2x2)-Cl structure. A large scan image of the Au/Cu 

alloy surface before and after exposure to HCl shown in Figure 7.19, the highlighted area is 

assigned to the same area in the two images. This image shows the aggregation of Au atoms 

to made a bigger pure gold island after the release of the Cu atoms from the Au/Cu island. 

The released copper atoms escaped back toward the step edge leading to an increase in the 

size of the terraces and then c(2x2)-Cl formed over it, this behaviour showed very clearly in 

Figure 7.19 by comparing the terrace size before and after exposed the sample to HCl. XPS 

result after exposed the sample to HCl in Figure 7.20 shows a small decreases in the gold 

coverage to be 1.2x10
15

 cm
-2

, while the chlorine coverage was 1.2 x10
15

 cm
-2

. This excess of 

chlorine concentration could be due to the formation of CuCl underneath the gold layer. 

Previous work has suggested the layer of gold on top of Cu(100) hasthe  hexagonal structure 

of Au(111) [1-3]. It is also known that the interaction of chlorine with Au(111) leads to the 
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formation  of a (√3x√3)R30
o
 over layer of chlorine at a coverage of 0.33 ML  [23]. However, 

here the STM atomic resolution images of the top most layer showed the unit cell of Au(111) 

layer with a 2.8 Å dimension after exposure to HCl,  and no evidence in STM of finding 

chlorine on top of Au(111)  in our case as shown in Figure 9.21 

 

 

 

Figure 7.17: STM images of exposed the Au/Cu(100) alloy at coverage about 1.72x10
15

 cm
-2

 

to 250 L of HCl at room temperature. Tunnelling conditions: 1V, and 1nA. 
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Figure 7.18: (a) STM current image of the line features which appear after exposure of the 

Au/Cu(100) alloy at coverage about 1.72x10
15

 cm
-2

 to 30 to 60 L of HCl at room temperature. 

(b) Line profile from the z image shown the distance of the line feature and its height. 

 

 

Figure 7.19: large size STM images of the Au/Cu alloy surface before (a), and after (b) 

exposed to 230 L of HCl at room temperature. The highlighted step edge and marks are 

assigned to the same area in the two images. Tunnelling conditions: 1V, and 1nA. 
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Figure 7.19: STM images of the Au/Cu alloy surface shown the increase of the terraces size 

after exposed the sample to HCl at room temperature. Tunnelling conditions: 1V, and 1nA. 

 

Figure 7.20: XP spectra of Au/Cu(100) alloy,  (a) Au4f5/2,7/2 before and after exposure to 230 

L of HCl, (b) Cl2p1/2,3/2 after exposed to HCl. 
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Figure 7.21: (a) Atomic resolution image of Au/Cu alloy surface after exposure to 230 L of 

HCl at room temperature. (b) Magnified image of the square area in (a) showing the (1x1) Au 

lattice. Tunnelling conditions: 1V, and 1nA. 

 

7.3.5 Interaction of oxygen with Au/Cu(100) alloy at half monolayer 

coverage of gold 

In this experiment the Au/Cu(100) alloy at half monolayer of gold coverage was exposed to 

1800 L of oxygen at room temperature. XP spectra showed a small decrease in the gold 

coverage after exposure to oxygen from 6.75x10
14

 cm
-2

 to 5.30x10
14

 cm
-2

. The oxygen 

coverage increase to 2.0x10
14

 cm
-2

, (the sample also picked up some chlorine from the 

background giving a final chlorine coverage of about 1.0 x10
14

 cm
-2

.) A small shift in the 

gold position is observed as well from 84.3 to 84.6 eV as shown in Figure 7.22. A sequence 

of STM images recorded during the exposure  of the Au/Cu(100) alloy to 150 L of oxygen 

are shown in Figure 7.23. Change happened to the terraces by grooving the surface similar to 

the behaviour of the clean Cu(100) to oxygen which is illustrated in chapter five. Continue 

exposure of the sample to oxygen leads to formation of oxygen top layer at 1800 L as shown 

in Figure 7.24. Striped features were observed in the surface but without direct evidence 

which oxygen structure were formed whether c(2x2)-O or (√2x2√2)R45
o
. 
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Figure 7.22: XP spectra of Au/Cu(100) alloy, (a) O(1s) before, and  after exposed to oxygen, 

(b) Au4f5/2,7/2 before and after exposed to 1800 L of Oxygen.  

 

Figure 7.23: STM images of exposed the Au/Cu(100) alloy at coverage about 6.75x10
14

 cm
-2

 

to 150 L of oxygen at room temperature. Tunnelling conditions: 1V, and 1nA. 
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Figure 7.24: STM images of exposed the Au/Cu(100) alloy at coverage about 6.75x10
14

 cm
-2

 

to 1800 L of oxygen at room temperature. Tunnelling conditions: 1V, and 1nA. 

 

Exposing the Au/Cu(100) surface precovered with oxygen to 110 L of HCl leads to the 

removal of the oxygen from the surface very easily as shown in the XP spectra in Figure 

7.25. No change is observed in the gold coverage after exposure to HCl. The chlorine 

coverage is 4.2x10
14

 cm
-2

 which is about double of the amount of removed oxygen. From 

these observations, the suggested mechanism are similar to what we suggested in chapter five 

as shown in the following equation:  

O + 2HCl ↓ 2Cl + H2O   

The easy removal of oxygen could indicate that the removed oxygen had the c(2x2)-O 

structure which was more easily removed by HCl than the missing row reconstruction 

(√2x2√2)R45
o
. For this experiment no STM image could be taken after exposing the sample 

to HCl due to the poor resolution of the surface even after leaving the sample to settle down 

for a long time. This might be due to the surface not being completely saturated with Cl.  
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Figure 7.25: XP spectra of Au/Cu(100) alloy, (a) O(1s) before, and  after exposed to 110 L of 

HCl, (b) Au4f5/2,7/2 before and after exposed HCl, and (c) Cl2p1/2,3/2 after exposed to HCl. 
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7.3.6 Interaction of gold with Cu(100) precovered with (√2x2√2)R45
o
 of 

oxygen reconstruction 

In this experiment the Cu(100) surface was oxidised by exposing the sample to 5760 L of 

oxygen at 250 
o
C. This makes a fully oxidized surface covered by missing row reconstruction 

(√2x2√2)R45
o
 of oxygen with a coverage of about 1.2x10

15 
cm

-2
 [24]. The gold was then 

evaporated after the sample cool down to room temperature. The calculated gold and oxygen 

coverages from the XPS data are shown in Figure 7.26. The first evaporated gold dose on the 

precovered (√2x2√2)R45
o
 of oxygen reconstruction sample showed an increase of gold 

coverage to 1.3x10
14

 cm
-2

 while the oxygen coverage had a small decrease to 1.1 x10
15 

cm
-2

. 

The increase of gold coverage and decrease of oxygen coverage continues until the gold 

coverage reaches 1.3 x10
15 

cm
-2

 and the oxygen coverage 8.8 x10
14

 cm
-2

. The subsequent 

gold exposures did not have any effect on oxygen coverage which is stabilised at 8.8 x10
14

 

cm
-2

 even at about three monolayers of gold. STM images of the first dose of evaporated gold 

on the surface precovered with (√2x2√2)R45
o
 O(a) show small dots scattered on top of the 

terraces as shown in Figure 7.27. Similar observation have been shown before for depositing 

Ni, and Co on top of Cu(100) surface precovered with (√2x2√2)R45
o
 of oxygen 

reconstruction by Tanaka et al. [14, 15], and  Xiangdong et al. [16]. No elongated islands are 

observed in our case at this coverage of gold. Increasing the gold coverage to 3.2x10
14

 cm
-2

 

leads to the formation of elongated islands whereas the coverage of small dots decreased as 

shown in Figure 7.28(a, and b). The elongated islands have different size, but all of them 

have the same width which is about 5.2 nm as shown in Figure 7.28(c). The explanation of 

these islands have three possibilities; first one these islands being a pure gold nanowire  

resulted by one dimensional growth of gold through the missing row structure of Cu(100)-

(√2x2√2)R45
o
-O, in agreement with previous studies [14, 15]. The second possibility is 

islands of Au/Cu alloy formed by aggregation of the adsorbed Au atoms with the ejected 

copper atoms which are produced as result of the formation of the missing row reconstruction 

of oxygen on top of the Cu(100) covered with oxygen. The third possibility is these islands 

are pure copper islands covered by (√2x2√2)R45
o
-O, produced by replacing the copper atoms 

with Au atoms in agreement with a previous study [16].  

Heating the sample with a gold coverage 2.9x10
15

 cm
-2

 to 240 
o
C leads to a decrease in the 

gold, and oxygen coverage as a result of diffusing the gold atoms into a bulk. The oxygen 

maybe diffusing into the bulk or it could be desorbing as O2. The desorption at low 

temperature maybe possible because the presence of Au weakening the Cu-O bond. 
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Figure7.26: (a) XP spectra of Au4f5/2,7/2 for several coverage top of the Cu(100) precovered 

with (√2x2√2)R45
o
 of oxygen reconstruction, (a) XP spectra of O(1s) before, and  after 

evaporated gold. Table and schematic diagram showed the concentration of gold and oxygen 

while evaporated gold.  
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The Au/Cu(100)-(√2x2√2)R45
o
-O sample with a gold coverage of 3.2x10

14
 cm

-2
 and oxygen 

coverage of 1.1x10
15

 cm
-2

 was exposed to 420 L of  HCl and showed a decrease of gold and 

oxygen coverage to 2.7x10
14

 cm
-2

, and 2.5x10
14

 cm
-2

 respectively while the chlorine coverage 

was 1.2x10
15

 cm
-2

 shown by XPS data as shown in Figure 7.28. The sequence of STM 

images shown in Figure 7.30 are for the exposure of the Au/Cu(100)-(√2x2√2)R45
o
-O 

sample with a gold coverage  of 3.2x10
14

 cm
-2

 to 420 L of HCl. The elongated features 

showed a good stability toward interaction with HCl while the surrounding area, which is 

suggested to be covered by (√2x2√2)R45
o
-O shows a lot of grooves consistent with previous 

result in chapter five of the interaction of Cu(100)-(√2x2√2)R45
o
-O with HCl. The poor 

resolution in Figure 7.30(h to k) it could be due to the movement of atoms on the surface. 

STM images in Figure 7.31 show the difference between the Au/Cu(100)-(√2x2√2)R45
o
-O 

before and after exposure to the 420 L of HCl.  

 

Figure7.27: STM images of the Cu(100) precovered with (√2x2√2)R45
o
 of oxygen 

reconstruction (a, and b) before, and after (c, and d) evaporated gold with coverage 1.2x10
14

 

cm
-2

. The square areas assigned to the zoom in area. Tunnelling conditions: 1V, and 1nA. 

From the above observation we can conclude that the elongated features are pure gold islands 

growing preferentially in the missing row structure of oxygen top of Cu(100) surface which 
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explained the small decrease of oxygen coverage. In contrast to the Ni, and Co situations [14-

16] no oxygen appears on top of the gold islands. Furthermore, exposure of the Au/Cu(100)-

(√2x2√2)R45
o
-O sample to HCl, results in reaction only with the Cu(100)-(√2x2√2)R45

o
-O; 

no change is observed with the elongated islands. If these islands were made up of a Au/Cu 

alloy we should expect to see the behaviour of sintering of gold atoms after exposure to HCl 

as a result of the dealloying process which was observed in the situation of exposing the 

Au/Cu(100) sample to HCl but this was not observed.  

 

 

Figure7.28: (a) STM images Au/Cu(100)-(√2x2√2)R45
o
-O with gold coverage of 3.2x10

14
 

cm
-2

. (b) The magnified area of the square area in (a). (c) Line profile shown the width of the 

elongated feature in (b) Tunnelling conditions: 1V, and 1nA. 
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Figure 7.29: XP spectra of Au/Cu(100)-(√2x2√2)R45
o
-O with coverage 3.2x10

14
 cm

-2
, (a) 

O(1s) before, and  after exposure to 420 L of HCl, (b) Au4f5/2,7/2 before and after exposure to 

HCl, and (c) Cl2p1/2,3/2 after exposure to 420 L of  HCl. 
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Figure 7.30: Sequences STM images of exposed the Au/Cu(100)-(√2x2√2)R45
o
-O sample 

with gold coverage  3.2x10
14

 cm
-2

  after exposed to 420 L of HCl. Tunnelling conditions: 1V, 

and 1nA. 
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Figure 7.31: STM images of Au/Cu(100)-(√2x2√2)R45
o
-O sample with gold coverage  

3.2x10
14

 cm
-2

 (a) befor, and (b) after exposed to 420 L of HCl. Tunnelling conditions: 1V, 

and 1nA. 

7.4 Conclusions 

Evaporated gold on the clean Cu(100) sample leads to the formation of Au/Cu(100) alloy 

with a coverage or less a monolayer of gold in agreement with previous work [1, 2]. The 

islands which form on top of the Au/Cu(100) alloy have the same composition of alloy even 

at coverage more than half monolayer in contrast to the previous work [3] which suggested 

the gold island on Au/Cu(100) alloy formed by pure gold with hexagonal structure. 

Interaction of HCl with Au/Cu(100) alloy at coverage about half monolayer leads to adsorbed 

chlorine on top of the alloy surface and made the c(2x2)-Cl reconstruction shown by STM 

and XPS. STM showed a lot of nano size domains of c(2x2)-Cl reconstruction with unit cell 

dimension 5.2 Å. XPS showed the chlorine coverage is  7.4x10
14

 cm
-2

 which is equal to a half 

monolayer coverage consistent with previous data of the interaction of HCl with clean 

Cu(100) in chapter five. The shift observed in XPS of Au(4f) and Cu(3p) could be assigned 

to a change in the charge movement between the Au and Cu of the alloy.  

At high coverages of gold, exposure to HCl leads to the formation of a hexagonal, pure gold 

layer shown by STM with a unit cell dimension of 2.8 Å in agreement with the unit cell 

dimension of Au(111). The chlorine coverage is 1.2 x10
15

 cm
-2

, this excess of chlorine 

concentration could be assigned to formation of CuCl underneath the gold layer as a result of 

interaction of Cl atoms with the released Cu atoms from the Au/Cu alloy in the topmost layer 
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and the alloy islands although there is no direct evidence of formation of Cu(100)-c(2x2)-Cl 

as shown in Figure 7.32. From this observation we assume the adsorbed gold at high 

coverage is disrupting the copper lattice like the oxygen does which allows the 

accommodation of more chlorine. 

 

Figure 7.32: schematic diagram illustrating the formation of a Au(111) layer as result of 

dealloying and sintering of gold atoms after exposure of the Au/Cu(100) alloy with gold 

coverage more than half monolayer to HCl, while as the CuCl formed by reacting the 

released Cu atoms with HCl. 

 

Exposing the Au/Cu(100) alloy surface with gold coverage of 6.75x10
14

 cm
-2

 to 1800 L of 

oxygen lead to a decrease in the gold coverage to 5.30x10
14

 cm
-2

, while an oxygen coverage 

of 2.0x10
14

 cm
-2

 develops. This contrasts to the case of of a clean Cu(100) exposed to 1650 L 

of oxygen which resulted in a saturated Cu(100) surface with an oxygen coverage of 7.2x10
14

 

cm
-2

 as shown in chapter five. The total coverages of gold and oxygen is equal to half 

monolayer, suggesting to the adsorbed gold is blocking the adsorption sites while as for gold 

adsorbed on Cu(111), the gold is adsorbed at step edges and prevents oxygen dissociation 

[25]. STM images of the Au/Cu(100) alloy surface after exposed to oxygen showed a similar 

behaviour to that of interaction of clean Cu(100) sample to oxygen which made a lot of 

grooved areas. Around these groove sort of striped structure which could be an oxygen but 

with out direct evidence of which type of oxygen reconstruction c(2x2) or (√2x2√2)R45
o
 was 

formed. 

Evaporated gold on the preoxidised Cu(100)-(√2x2√2)R45
o
-O with oxygen coverage 

1.1x10
15

 cm
-2

 formed by exposing the clean Cu(100) sample to 5760 L at 250 
o
C lead to the  

growth of a lot of small islands in STM images represented as a dots with gold coverage 
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3.2x10
14

 cm
-2

. These islands scatter randomly on top of the terraces without aggregation at 

the step edge. The immobility of these feature could be due to being trapped at the grain 

boundaries of the missing row structure in agreement with Xiangdong et al. who found 

immobile features after evaporating Co on the Cu(100)-(√2x2√2)R45
o
-O, assigned to Co 

atoms [16]. Increasing the gold coverage to 3.2x10
14

 cm
-2

 leads to the formation of elongated 

features, in the STM images with a decrease of amount of dots observed as well.  

To explore the nature of these features the Au/Cu(100)-(√2x2√2)R45
o
-O was exposed to 420 

L of HCl. The coverage estimate from XPS data for gold , oxygen , and chlorine were 

2.7x10
14

 cm
-2

, and 2.5x10
14

 cm
-2

, and 1.2x10
15

 cm
-2

 respectively. STM images showed no 

changes in the elongated features during exposure to HCl, while a lot of grooves were 

developed in the surrounding area of the elongated features. From the above observation the 

nature of the elongated features is suggested to be a pure nanowire gold growth occurring 

preferentially at the grain boundaries of the oxygen missing row structure. The surrounding 

area of the elongated gold islands react with HCl in similar manner to the interaction of the 

Cu(100)-(√2x2√2)R45
o
-O which was described in chapter five. The excess chlorine coverage 

could be due to the interaction of copper atoms which are released as a result of the formation 

of the missing row structure with HCl to form of CuCl. 
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8.1 Introduction 

The aim of this thesis has been to investigate how modifying copper surfaces affects 

behaviour towards different reactants, HCl in particular using XPS and STM. We have 

looked at two modifiers in particular oxygen and gold, the former having the capability to 

become involved in the reaction, the latter expected to be inert.    

8.2 Interaction of HCl with Cu(100) and (111)  

Exposure of the Cu(100) and (111) samples to HCl under (UHV) at room temperature leads 

to the formation of a saturated copper surface by chlorine confirmed by XPS and STM. The 

saturation coverage of chlorine is dependent on the reconstruction of chlorine atoms which is 

corresponding to the copper surface. In the case of Cu(100) the saturated coverage was half 

monolayer corresponding to c(2x2)-Cl reconstruction (half monolayer is 7.25x10
14 

 cm
-2

). 

The saturation coverage of chlorine on Cu(111) which is less reactive than Cu(100) is one 

third monolayer consistent with the reconstruction of (√3x√3)R30
o
 (one third monolayer 

5.9x10
14

 cm
-2

). At the beginning of the interaction of HCl with both the copper surfaces, the 

sharpness of the step edges and the quality of the STM resolution are reduced observed due to 

the ejection of Cu atoms from the step edges and movement of the chlorine atoms on top of 

the copper surface and from the copper surface toward the STM tip as well. Atomic 

resolution of the two chlorine reconstruction c(2x2) and  (√3x√3)R30
o
, are observed at the 

saturation coverage attributed to the limited movement of chlorine atoms at high coverage. 

The step edge height of the saturated Cl/Cu surface is identical to the height of the clean 

copper surface confirming to homogeneity of the surface. Exposure of the saturated Cl/Cu 

surface to extra HCl doesn‟t have any effect on the surface. 

8.3Influence of oxygen on the interaction of Cu(100) and (111) with HCl 

The interaction of HCl with Cu(100) and (111) precovered by oxygen show different 

behaviours from those exhibited by the clean copper surface depending on the way of 

interaction of oxygen with copper surface. In the case of the interaction of saturated Cu(111)-

oxygen at room temperature with HCl, the concentration of  chlorine was limited to a Cl 

monolayer. In contrast, the presence of oxygen on Cu(100) surface at saturation coverage or 

less leads to replacement by chlorine with a concentration more than the saturation coverage 

of the monolayer.  
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Oxidized Cu(100) and (111) surfaces at elevated temperature lead to the formation of 

multilayer of oxid. In the case of oxidising the Cu(111) surface, the structure of the oxide 

formed depends on the  temperature of the copper surface at the time of interaction with of 

oxygen. Two oxide structure are observed which are referred to as „‟44‟‟ and „‟29‟‟ at 380 
o
C 

and 450 
o
C respectively. STM showed the „‟44‟‟ structure has less stability than the „‟29‟‟. 

Exposure of these two oxide surfaces to HCl leads to the formation of Cu-Cl surface with 

excess in chlorine concentration. STM showed small islands are scattered and trapped at step 

edges of the Cu(111) surface which are probably the site of the excess in chlorine 

concentration. No difference was observed for the manner of reaction of HCl with the two 

oxide surface. 

Cu(100) oxidized at 250 
o
C leads to the formation of multi layer of oxide of (√2x2√2)R45

o
 

reconstruction which is the major reconstruction found at saturated Cu(100)-oxygen at room 

temperature as well. Interaction of this surface with HCl leads to formation of Cu-Cl surface 

and Cu-Cl islands trapped at the step edges which account for the excess of chlorine 

concentration. 

8.4 Influence of gold on the interaction of Cu(100) with HCl 

Interaction of HCl with Au/Cu(100) showed two different behaviours depending on the gold 

coverage. An Au/Cu(100) alloy formed at half monolayer of gold coverage, forming c(2x2) 

structure. Exposing the Au/Cu(100) alloy at half monolayer of gold coverage to HCl leads to 

the formation of c(2x2)-Cl structure with a saturation coverage of  half monolayer in similar 

manner of interaction of HCl with the clean Cu(100) surface. 

Interaction of HCl with Au/Cu(100) surface at gold coverage more than half monolayer leads 

to dealloying of the gold from the copper surface and forming an overlayer Au(111) surface. 

Cu-Cl formed underneath the Au(111) surface shows an excess of chlorine concentration. 

There is no evidence in STM about the chlorine structure underneath the Au(111) surface and 

no chlorine atoms are observed on top of the gold surface. 

Exposing the Cu(100) alloy to oxygen at gold coverages of less than half monolayer leads to 

the adsorption of oxygen at the pure copper surface only indicating, the gold is blocking the 

adsorption site. Interaction of HCl with Au/Cu(100)-O leads to the remove of all the oxygen 

from the surface. The surface chlorine concentration was found to be double the 

concentration of the removed oxygen atoms. 
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 Depositing gold onto the Cu(100) surface oxidized at 250 
o
C leads to the formation of 

elongated islands of gold at the grain boundaries of the (√2x2√2)R45
o
 reconstruction. 

Interaction of HCl with Au/Cu(100)-(√2x2√2)R45
o
-O leads to the reaction with Cu(100)-

(√2x2√2)R45
o
-O without any change observed in gold island. The increase in concentration 

of chlorine atoms was double the amount of removed oxygen in agreement with similar 

behaviour of HCl with the Cu(100) surface oxidized at 250 
o
C without gold. However, no 

islands of Cu-Cl are observed in presence of gold. 

8.5 Summary 

From this work we can identify a number of common factors: Firstly where the copper 

surface is reconstructed by oxygen the surface showed a higher reactivity toward HCl and 

leads to the accommodation of more chlorine than the clean copper surface. On the other 

hand two examples of where surface is nonreconstructed give flat chlorides. One of the most 

interesting observations is the way in which the multilayer of gold also enables the formation 

of multilayer of chloride.   

8.6 Future work 

The implications of these observations are important for understanding reactivity and rate of 

chlorination. The result should be explored using similar reactants to HCl such as HBr, and 

also Ag/O/HCl and Ni/O/HCl. More structural information would be very important for 

determine exact nature of chlorine such as LEED, EXAFS, ISS, and photoelectron 

diffraction. 

 

 


