
ABSTRACT 

GOKCE, BILAL. Measurement and Control of In-plane Surface Chemistry at the Si/SiO2 

Interface. (Under the direction of Professor Kenan Gundogdu). 

In-plane directional control of surface chemistry during interface formation can lead to new 

opportunities regarding device structures and applications. Control of this type requires 

techniques that can probe and hence provide feedback on the chemical reactivity of bonds not 

only in specific directions but also in real time. In this thesis work, I demonstrate both control 

and measurement of the oxidation of H-terminated Si(111).  

The nonlinear optical tool of Second-Harmonic-Generation (SHG) is used to show that Si 

oxidation in air is a two-stage process where the H of the “up” bonds of the outermost Si 

layer is replaced by OH, followed by O insertion into the “back” bonds. Detailed information 

about both stages is revealed by investigating the effect of uniaxial strain and carrier 

concentration on this chemical reaction. It is shown that even small amounts of strain 

manipulate the reaction kinetics of surface bonds significantly, with tensile strain enhancing 

oxidation and compressive strain retarding it. This dramatic change suggests a strain-driven 

charge transfer mechanism between Si–H up bonds and Si–Si back bonds in the outer layer 

of Si atoms. 

Data on differently doped samples reveal that high concentrations of electrons increase the 

chemical reactivity of the outer-layer Si-Si back bonds relative to the Si-H up bonds while 

high concentrations of holes cause a greater increase in the reactivity of the Si–H up bonds 

than that of the Si–Si back bonds. However, the thicknesses of the natural oxides of all 

samples follow the same path and stabilize near 1 nm at room temperature, regardless of the 

chemical kinetics of the different bonds, as determined by spectroscopic ellipsometry. 

Real-time measurement during SHG experiments is achieved by analyzing SHG anisotropy 

data with the anisotropic bond-charge model of nonlinear optics where peaks in the SHG 

spectrum are correlated with the near alignment of bonds to the direction of the excitation 

field.  
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1 Introduction 

One of the most important inventions of the 20th century is the transistor, invented at Bell 

Laboratories in 1947 by William Shockley, John Bardeen and Walter Brattain. It is the basis 

of modern electronics. These first transistors were made of Germanium because of its 

substantially high electron and hole mobility at room temperature, and that it has a relatively 

low surface recombination velocity so minority carriers are not rapidly extinguished. In 

today’s microelectronics industry, transistors have many applications such as 

microprocessors
1
, computer memories

2
, biological/chemical sensors

3-7
, photovoltaics

8-12
, 

microfluidics
13-18

 and micro-electromechanics
19,20

. But in all these applications the base 

transistor material is Silicon not Germanium. The huge success of Silicon-based materials in 

electronics technology is mainly due to the realization of metal–oxide–semiconductor field-

effect transistors (MOSFETs), which require a defect free Si/SiO2 interface. 

Because of the key role that this interface plays in devices, surface processes on Silicon has 

been extensively studied. Namely surface oxidation,
21,22

 passivation with a variety of 

atoms,
23,24

 interaction of H-terminated surfaces with hydrocarbons,
25,26

 photo induced 

reactivity,
27

 and nanopatterning
28-30

 of surfaces are under investigation. Many experimental 

and theoretical tools have been applied to study the formation and characterization of this 

interface. Initial theoretical studies mostly relied on linear optical techniques such as 

interferometry and ellipsometry,
31,32

 which had been used to measure the thickness of oxides 

thicker than 200Å where a quadratic dependence for the oxide thickness is observed. In 1965 

Deal and Grove interpreted these results successfully with a model that describes the 

evolution of oxide thicknesses for both dry and wet conditions.
33,34 

The model takes into 

account the pressure, diffusion of oxidant species in the ambient through the oxide, and 

reaction of these species at the interface.
35

 Although the model yields accurate results for 

thick oxides, it fails for oxides thinner than 25nm. But as Silicon technology progressed and 

the thickness of SiO2 in metal-oxide-semiconductor structures was reduced to ~1nm scales to 

get faster processing with reduced power, understanding the initial steps of oxidation became 

more important.  
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Different techniques such as infrared absorption spectroscopy
36-41

 and Fourier transform 

infrared transmission spectroscopy
42,43

 provided significant information about the initial steps 

of oxidation under controlled conditions by measuring spectral changes in Si-H vibrations 

and relating them to chemical composition of the surface bonds. Chabal and coworkers
36

 

found that during thermal oxidation of Hydrogen terminated Si(111), Oxygen is incorporated 

into Si–Si bonds without removing surface hydrogen from the Si-H bonds. Comparing the 

activation energies needed for the reaction of Oxygen with Si-Si bonds and Si-H bonds they 

deduce a higher reaction probability for the oxidation of Si-Si. These results led to a better 

understanding of the initial thermal oxidation process of Silicon in controlled conditions.
36

 

 

Precise control of chemical processes on surfaces requires monitoring chemical reactivities 

along different bond directions. However conventional linear optical techniques do not 

provide information about the chemical kinetics along different directions. In contrast, 

nonlinear optical methods are suitable to provide information about the structure of bonds. 

But their application to real-time characterization of surface processes is not realized in its 

full capacity. One such tool is Second-Harmonic Generation (SHG) spectroscopy. In my 

thesis work, I employ SHG to measure chemical changes along different bond directions. 

Hence, it is possible to investigate bond-specific structural dynamics and chemical kinetics 

during surface reactions on Silicon. SHG experiments are performed to investigate the 

oxidation of strained and unstrained H-terminated Si(111) with different doping 

concentration in real time. These data are analyzed with the anisotropic bond-charge model 

(ABM) of nonlinear optics. With this methodology several problems on the initial oxidation 

process such as the inconsistency regarding the duration of Hydrogen passivation as well as 

its dependency on doping and strain will be addressed.  

These studies not only improve understanding of surface chemistry at the bond level and lead 

to complementary information to conventional structural-characterization techniques. They 

also provide us with the opportunity to control in-plane surface chemistry during material 

growth. 
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1.1 Application of Second-Harmonic Generation to interface phenomena  

The capability of SHG to selectively access the Si-dielectric interface has long been known. 

Important research in this area was conducted by a collaboration of Lucovsky, Kurz and 

coworkers.
44,45

 Findings include: strained Si interlayers at the Si/SiO2 interface cause a 

redshift of the Si interband critical points   
  and    during thermal oxidation,

44
 vicinal 

Si(111) subjected to different annealing temperatures shows that SHG signal changes after 

annealing due to a modification of atomic bonding at the steps of the surface.
45

 Further 

research on bonding configurations in step structures was performed by Hollering, McGilp 

and Vandriel and coworkers.
46-50

 The sensitivity of SHG to buried interfaces was also 

exploited to measure Angstrom-scale interface roughness in situ without removing the 

oxide
51-53

 and to investigate the effect of strain
54,55

 at the Si/SiO2 interface. Additionally, 

electric-field induced second-harmonic generation (EFISH) was used to probe charge traps at 

the Si/SiO2 interface.
56-60

  

Most of the mentioned research work utilized a macroscopic theory based on a tensor 

description (see section 2.3.2) to interpret their data. However, the capability to interpret 

SHG data in terms of atomic-scale bond parameters has been achieved only relatively 

recently with formulation of a microscopic theory, the ABM (see section 2.3.3). Downer and 

coworkers used this model to determine that during hydrogen termination of vicinal Si(100) 

charge redistribution from step-edges to underlying back bonds occurs, thus providing a 

qualitative microscopic view of step-edge chemistry.
61

 Ehlert et al. employed the ABM to 

interpret SHG data from different experimental geometries for optical fingerprinting of Si 

surface bonds.
62

 These are just some examples of SHG studies on the Si/SiO2 interface to 

demonstrate the power of this nonlinear optical technique.   
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2 Theory of nonlinear optical experiments 

2.1 Brief history of nonlinear optical experiments 

The era of nonlinear-optical experiments begins with the invention of the first laser
63

 (Figure 

1) in 1960 when Theodore Maiman used a high-power flash lamp to photo-pump a 1cm long 

ruby rod to produce the first laser beam at a wavelength of 694.3nm. 

 

 

Figure 1. Maiman's laser.
*
 This is ruby laser that emits a red beam. It was first operated at Hughes 

Research Laboratories in California, USA, on 16th May 1960.  

 

Although this laser was described as "a solution looking for a problem" by some scientist at 

that time other more foresightful scientists found immediate use for it. One of its first 

application was the very first nonlinear-optical experiment, an SHG experiment, performed 

by Franken et al. in 1961
64

 with the experimental setup shown in Figure 2. 

 

                                                

 

* © Howard Hughes Research Laboratories publicity photo 
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Figure 2. Experimental second-harmonic generation setup used by Franken in 1961 (from [65]). 

 

A ruby laser with a wavelength centered at 694.2nm was used to generate the isotropic 

second harmonic signal in a quartz crystal at the wavelength of 347.1 nm. This pioneering 

work was followed by many other nonlinear optical experiments, which were based on a 

diversity of nonlinear-optical effects such as sum-frequency generation, multi-photon 

absorption, four-wave mixing, Kerr-lens mode locking and many others. The following 

sections describe the theory of nonlinear optical processes specifically SHG. 

 

2.2 Light-matter interaction 

When light interacts with a medium its electric field polarizes charges present in the medium 

creating electric dipoles. The sum of the electric dipole moments gives rise to the 

polarization  ⃗  of the material. In the linear case  ⃗  is given by  

 ⃗  (    )  ∫  ( )(           )   ⃗ (      )        
 

  

 Equation 1 

where  ⃗ (      ) is the external driving field and  ( )(           ) is the linear susceptibility. 

Taking the Fourier transform of Equation 1 leads to 

 ⃗  ( ⃗   )   ( )( ⃗   )⏟      

 ∫  ( )(    )    ⃗⃗  ⃗⃗          
 
  

  ⃗ ( ⃗   ) 
Equation 2 
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If the applied field is a strong laser field then the nonlinear case occurs and the polarization 

can be expanded as a power series of the electric field. If the electric field is expanded as a 

sum of plane waves the following power series expansion for the polarization is obtained: 

 ⃗ ( ⃗   )    ⃗  ( ⃗   )   ⃗ ( )( ⃗   )   ⃗ ( )( ⃗   )     ⃗  ( ⃗   )    ( )( ⃗   ⃗    ⃗     

     )   ⃗ ( ⃗     )   ⃗ ( ⃗     )   ( )( ⃗   ⃗    ⃗    ⃗             )   ⃗ ( ⃗     )  

 ⃗ ( ⃗     )   ⃗ ( ⃗     )           

Equation 3 

where in general  ( ) is a second rank tensor and  ( ) is a third rank tensor, and  ⃗ ( ) and 

 ⃗ ( ) are the second and third-order nonlinear polarization, respectively.  

 

2.3 Second-harmonic generation 

Second-harmonic generation is associated with  ( ) introduced in Equation 3. In quantum 

mechanical terms, SHG is the conversion of two photons of same frequency ω and energy ħω 

to a photon of frequency 2ω energy 2ħω after matter-interaction in a  ( ) process as shown in 

Figure 3. 

 

 

Figure 3. Illustration of frequency doubling during SHG. 

 

The third-rank tensor  ( ) contains more symmetry characteristics than the second-rank 

tensors of linear optics, which is why nonlinear optical spectroscopy is intrinsically more 

powerful for characterization of materials in comparison to linear-optical experiments. The 
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nature of  ( ) dictates that the dipole-allowed generation of SHG signals requires an ordered 

arrangement of asymmetric bonds, which leads to the interface and surface sensitivity of 

SHG. This will be shown in the following. 

 

2.3.1 Interface sensitivity of SHG 

From Equation 3 the SHG contribution to the second order polarizability can be extracted as 

 ⃗ (  )      
( )
 ⃗ ( ) ⃗ ( ). Equation 4 

Say   is an inversion (parity) operation. Centrosymmetric materials are invariant under this 

operation meaning      
( )

     
( )

. But on vectors like  ⃗  and  ⃗  the parity operator acts as 

  ⃗    ⃗  and   ⃗ =  ⃗ . If the operator is performed on Equation 4 we obtain 

 { ⃗⃗ (  )}    ⃗⃗ (  )   { 
   

( ) ⃗⃗ ( ) ⃗⃗ ( )}   ⃗⃗ (  ) Equation 5 

This equation is only true for  ⃗   , hence  ⃗  is dipole-forbidden in centrosymmetric 

materials. Let us now consider the Si-SiO2 system. 

 

Figure 4. SHG signal arising from interface region of amorphous SiO2 and crystalline Silicon. 
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In this system, crystalline Si consists of an ordered array of centrosymmetric bonds, and the 

overlying amorphous SiO2 consists of asymmetric disordered bonds. According to the above 

description the SHG is dominated by the interface between the dipole-forbidden bulk and 

oxide (Figure 4). Therefore it provides a unique window into the oxidation process and is 

used in this thesis to study the oxidation of H-terminated Si. SHG data can be explained by 

two major models, which are mentioned in Section 1.1 and will be explained in more detail 

in the following. 

 

2.3.2 Macroscopic tensor-based model        

Equation 3 shows that the generated nonlinear field can be calculated if the nonlinear 

susceptibilities are known. A phenomenological approach to describe these susceptibilities 

and SHG from cubic and isotropic media was developed by Sipe et al. 
49,66

. This approach 

uses the macroscopic crystal symmetry of the medium, taking into account both bulk and 

surface effects, to analyze the SHG results. The starting point of this approach is Equation 4, 

which can be rewritten as 

(

  
( )

  
( )

  
( )

)  

(

 

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

   

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

    
( )

)

 

(

 
 
 
 

    
    
    
     
     
     )

 
 
 
 

 Equation 6 

If we now consider a (111) oriented diamond-based structure like Si and assume that the 

y-axis is perpendicular to the plane of symmetry Equation 6 takes the form, 

(

  
( )

  
( )

  
( )

)  (

    
( )

     
( )

 

   

    
( )

    
( )

    
( )

   

     
( )

 

    
( )

      
( )

   

)

(

 
 
 
 

    
    
    
     
     
     )

 
 
 
 

 Equation 7 
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where tensor coefficients     
( )

 are phenomenologically determined and listed in Reference 66 

for different crystal symmetries. 

For a p-polarized electric field interacting with Si(111) and the p-polarized SH fields being 

detected a more compact form of the SHG response is 

   
  ( )    

  
   

  
       Equation 8 

where   is the angle of rotation and   
  

,   
  

 are constants that contain several of the tensor 

coefficients     
( )

 and account for isotropic and anisotropic contributions to the nonlinear 

susceptibility, respectively. 

This approach has been successfully applied to explain experimental results but an extensive 

use of this model is limited to cubic- or diamond-based lattices, because of their relatively 

easy symmetry.
51,67-70

 For many years analysis of nonlinear-optical (NLO) data were limited 

to such tensor-based approaches, but tensors contain only symmetry information, and 

therefore generally provide little or no insight about processes occurring at the atomic scale. 

 

2.3.3 Microscopic bond model
†
 

The anisotropic bond model (ABM)
71,72

 of NLO bypasses standard tensor descriptions as 

described in the previous section by expressing NLO data in terms of a few physically 

meaningful atomic-scale parameters. While tensors can still be constructed if desired, the 

approach allows in addition fundamental mechanisms to be identified, and a greater 

understanding of NLO to be achieved. Like in the tensor-based description, ABM is 

phenomenological, but instead of listing coefficients consistent with crystal symmetry, 

                                                

 

† In part published in "Measurement and control of in-plane surface chemistry during the oxidation of 

H-terminated (111) Si"  

Bilal Gokce, Eric J. Adles, David E. Aspnes, Kenan Gundogdu 

PNAS 107, 17503–17508 (2010) 
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parameters are derived from a one-dimensional force model for the motions of bond or free 

charges that result from the application of an external field. The formulation simply follows 

the basic physics of NLO, specifically interpreting the NLO response as the far-field 

radiation emitted by bond charges driven anharmonically along bond directions. 

The calculation involves four steps: 

1. Evaluate the local (driving) field at the charge site  

2. Solve the force equation to find the resulting motion of the charge 

3. Calculate the radiation resulting from the acceleration of the charge  

4. Superpose the radiation from all charges  

The simplifying assumption that only motion along the bond axis is relevant is made, which 

is equivalent to assuming that the bonds are rotationally symmetric. 

The equation of motion for the motion of a charge    along bond unity vectors  ̂  when a 

field  ⃗       is applied can be described by 

     ⃗   ̂  
       (    )    (    )

   
  

  
  

   

   
 Equation 9 

where    is the harmonic (linear) polarizability,    is the anharmonic longitudinal 

hyperpolarizability, x is the position of the charge, x0 its equilibrium position and   

represents frictional losses. Equation 9 is a second order differential equation that can be 

solved by 

         
         

     . Equation 10 

Using this ansatz leads to  

    
  

          
 ⃗   ⃗   Equation 11 

and  
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 (

   ⃗   ⃗  
          

)

 

 
    

            
   

  

Equation 12 

By substituting Equation 11 & Equation 12 into the expression for an induced dipole 

           we obtain 

             ( ⃗    ⃗ ) Equation 13 

             ( ⃗    ⃗ )
 
 Equation 14 

where     is the linear polarizability and    is the second-order nonlinear hyperpolarizability 

of the j
th

 bond. The polarization  ⃗  is obtained by  ⃗  
 

 
∑     , which leads to 

 ⃗   ⃗ ( )   ⃗ ( )  
 

 
∑   ( ⃗    ⃗ ) ⃗  
 

 
 

 
∑   ( ⃗    ⃗ )

 
 ⃗  

 

 
Equation 15 

According to the classical far-field radiation equation we obtain following dipolar 

contributions to SHG (or first-order nonlinearities) 

   
   ∑  ( ̂   ⃗ )

 
 ̂ 

 

 Equation 16 

Equation 16 provides the atomic-scale connection between the observed SHG signal and the 

interface parameters, which is followed in real time to extract the chemical changes that 

occur on a bond-specific basis.  
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Figure 5. Illustration of charge acceleration and dipole radiation caused by an incoming electric 

field interacting with Silicon. 

 

An important outcome of Equation 16 is illustrated in Figure 5: When a laser pulse is 

incident on a material it induces charge acceleration which leads to radiation. A critical 

assumption of ABM is that the acceleration of its bond charge, and hence its radiated SHG 

signal, is maximized when a particular asymmetric bond is aligned parallel to the driving 

field. 

SHG as described in this section neglects the electric quadrupole from the bulk as well as the 

effect of an external E
DC

-field. With these contributions included the i-th component of the 

polarization given by Equation 4 will take the form 

  (  )      
( )  ( )  ( )⏟          

      

      
( )   ( )    ( )⏟            

          

      
( )   ( )  ( )  

  ( )⏟                
        

 
Equation 17 

However, these higher order terms are usually orders of magnitude weaker than the dipole 

contribution. The relative interface and bulk contributions to the overall SHG signal is being 

assessed in the next section. 
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2.3.4 Back-reflection Second-harmonic Generation of Si (111)
‡
 

Here, backscattered SHG from focused Gaussian beams, and its use for obtaining 

information about materials and interfaces is considered. One objective is to compare the 

interface and bulk contributions to the overall SHG signal, necessary information when SHG 

is used as an interface diagnostic. Although the generation of SHG is dipole-forbidden in the 

bulk of inversion-symmetric materials such as Si, higher order processes such as those due to 

field gradients associated with highly focused beams, could possibly yield significant SHG 

contributions. Second, the importance of the symmetry of the unit cell in determining the 

nature of the observed signals is highlighted. For example, the threefold rotation symmetry of 

Si(111) eliminates the nodal-plane behavior of backscattered SHG that is characteristic of 

amorphous materials, whereas diffraction effects are the same for both.  

Third, misconceptions that arise if conclusions drawn from calculations of SHG in 

transmission under near-phase-matched conditions are applied to backscattering are clarified. 

In transmission the intrinsic-anharmonic or κ2 mechanism dominates, whereas in 

backscattering the κ2 mechanism is only one of several contributions. Because of the great 

interest of generating “useful amounts”
73

 of SHG in the early days of nonlinear optics, SHG 

from near-phase-matched transmission in isotropic and optically uniaxial material was 

thoroughly analyzed from a macroscopic (phenomenological) perspective
73,74

 and the 

interesting diffraction phenomena observed are well understood. Although Levine later 

showed that an anisotropic bond model provided an excellent method of categorizing second-

order static susceptibilities
75

, by that time the tensor approach had become embedded and 

Levine’s approach was not pursued further.  

 

                                                

 

‡ Published as "Back-reflection second-harmonic generation of (111) Si using focused, 

Gaussian beams: theory and experiment" 

Bilal Gokce, Kenan Gundogdu, Eric J. Adles, David E. Aspnes 

J. Korean Phys. Soc. 58, 1237 (2011)  
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2.3.4.1 Configuration 

 

Figure 6. Schematic of the waist (red lines) of a Gaussian beam focused on an interface with a Si crystal, 

drawn approximately to scale for 800 nm radiation arriving from the left with an f-number of 1. The 

waist asymptotically approaches the dashed lines. The effective depth over which SHG is emitted from 

the bulk cannot be resolved on this scale. 

 

Figure 6 is a cross-sectional view of the Gaussian pump beam near its focal point to illustrate 

the configuration that we investigate here. We assume that a pump beam of wavelength λext 

arrives from the left with an f-number fn and propagates in the positive z direction. We 

assume also that the focus is ideal, so the beam has a lateral spatial dependence that is 

Gaussian, specifically 

   (  )  
 (     )   ( )      Equation 18 

where 

  ( )    
  (

  

   
 )

 

 Equation 19 

and where    (         ) is the beam waist. Applying the values λext = 800 nm and fn= 1 

that we will later use in the calculations for Si, we have ω0=0.509 nm and θext = 26.6° for the 

half-angle of the incident cone of radiation. At z = 0 the beam is partially reflected, but the 

part that penetrates has the same lateral spatial dependence and by Snell’s Law, a half-angle 
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of 7.0°. The z dependence can be neglected for the interface contribution, since it is only one 

monolayer thick. However, the bulk contributes over a finite depth, which we show later is 

effectively determined by the integral of   (      ) , where k0 and k are the magnitudes of the 

wave vectors of the pump and backscattered SHG radiation, respectively. The effective 

penetration depth over which SHG is generated is therefore 

    
 

     
 

    
  (     )

  Equation 20 

where n1 and n2 are the real parts of the refractive indices of the substrate at the pump and 

SHG frequencies ω and 2ω, respectively. For Si we take ω and 2ω to correspond to 

wavelengths λ of 800 and 400 nm, respectively, in which case  ̃ =3.69+i0.005 and 

 ̃ =6.89+i0.31, respectively, as found in the literature
76

. The material is slightly absorbing at 

both wavelengths, so their imaginary parts justify convergence of the Fourier integral without 

materially affecting the effective thickness or causing a significant reduction in intensity over 

the active depth. This depth d is too small to be resolved on the scale of Fig. 1. Hence, to an 

excellent approximation the radiation emerges from a disc of approximate aspect ratio of 

diameter to thickness of about 150:1. The main point here is that the lateral spreading of the 

pump beam in the material is completely negligible, so we can represent the field from the 

pump beam in the material as 

   (    )    
 (     )   ( )            Equation 21 

where the coefficient E0 is a constant. While we do the evaluation specifically for Si, the 

large value of ω0/d shows that large variations in parameters are possible without affecting 

the basic assumptions. Ignoring local field effects, the field at the bond site j is then given by 

 ⃗   (     ), which completes step 1. 
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2.3.4.2 SHG generation 

The far-field SHG signal  ⃗  
  (     ) that arises from the bond j located at     , as seen by an 

observer located at      ̂, is given by 

 ⃗  
  (     )  

   

   
[ ̃   ̂ ̂]  [  

   
 

     ( ̂       )        ]  
   ⃗               Equation 22 

which is Equation 26 of Ref. 72 with the linear-response term omitted. It incorporates the 

solution of the force equation for the bond charge j and the calculation of its contribution to 

the overall radiation, i.e., the result of completing steps 2 and 3. Here,  ̂   ̂,          is 

the SHG wave vector in the material, and    is the real part of  ̃ . The positions    and     are 

measured from a common origin in the laboratory frame. The vectors       and       are the 

linear and first-order-anharmonic parts, respectively, of the solution of the force equation that 

describes the motion of q under the action of  ⃗   (     ). They are given by
72

 

           ̂    ( ̂   ⃗  ) ̂  Equation 23 

           ̂   [          (    ⃗
 
 )]  ̂   

  [      (      ⃗  )]  ̂             ̂  Equation 24 

where 

   
 

      
 Equation 25 

   
 

       
 Equation 26 

   
  

       
 Equation 27 

We do not use C2 in the above, but we define it now because it will be used later. Here, κ1 

and κ2 are the linear (Hooke’s Law) and first-order-hyperpolarizability restoring coefficients, 

respectively, and  ̂  is the unit vector of bond j along the bond direction. For simplicity we 

assume that only the longitudinal motion, i.e., that along the bond direction, is relevant. 
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Specifically, the first term in Equation 22 is the relativistic contribution and the first, second, 

and third terms on the right-hand side of Equation 24 are due to spatial dispersion, 

magnetism, and hyperpolarizability, respectively. The electric field is 

 ⃗    ⃗   (   )    (     ) ̂ 
  ⃗         ̂ 

 (  
    

 )   
 
       Equation 28 

For definitiveness it is assumed that the field is polarized in the x direction. 

 

2.3.4.3 Evaluation for Si(111): sum over a unit cell 

Now Si(111) is considered, taking  ̂ to be the surface normal. Although there are two Si 

atoms per unit cell, for bookkeeping purposes we need consider only one. We take the four 

bond vectors to be  ̂   ̂,  ̂   ̂ ( )  (√  ̂    ( )  √  ̂    ( )   ̂)  ,  ̂   ̂ (  

    , and  ̂   ̂ (      ). Since  ̂   ⃗    ,  ̂  does not contribute. Among them, the 

remaining bonds exhibit threefold rotational symmetry, which implies that the only 

nonvanishing terms in the various products that follow must have azimuthal dependences of 

  , where n = 0, 3, 6,. . . This has significant consequences on the nature of the emerging 

radiation, as we show below.  

We now factor the sum over j into a sum over a single unit cell and a sum over unit cells. The 

former establishes the basic character of the emerging radiation, and the latter determines the 

diffraction pattern. The objective is to assess backscattering, so we write 

 ⃗   ( ̂    ̂    ̂)   ( ̂    (  )   ̂    (  )   ̂) Equation 29 

where   is the azimuth angle locating the observer. In Equation 29 we assume that    and    

are small compared to 1 (paraxial ray approximation for the viewer, from the perspective 

inside the material). This is justified by noting that                )       using the 

numbers given above. As we shall show, the cutoff of the Gaussian diffraction pattern occurs 

at (    )
   . Therefore, at cutoff θ ~ 0.090 = 5.2°, and the paraxial-beam approximation 

for the internal radiation is justified. After some algebra the relativistic term becomes 
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∑ ⃗    (   )

    

   
  √        

   
      

     
(√        √         ) 

 [ ̂(√        )   ̂(√        )   ̂√ (             )√ ] Equation 30 

 

      
→ 

  
 √        

   
 

     
  ̂        ̂        ̂(               )  Equation 31 

 

The result of the full calculation is shown in Equation 30, and the reduced version, summed 

over the 3 contributing bonds and retaining only the Fourier components allowed by the 

threefold rotational symmetry, is given in Equation 31. We show Equation 30 in detail 

because it illustrates the importance of symmetry in the sum over the unit cell. The various   

dependences generate harmonics from    to   , and had the bonds been oriented randomly 

from cell to cell, as considered in Ref. 72, the result would be quite different. In that case 

only the even harmonics would survive, and a close inspection of Equation 30 reveals that 

this would lead to nodal planes. However, with a threefold rotational symmetry the nodal-

plane contribution is basically nonexistent, as seen in Equation 31. Rather than present the 

remaining contributions to the same level of detail we simply cite the results. For the spatial-

dispersion contribution we obtain 

∑ ⃗   (   )

    

  
 √          

     
{( ̂    ̂  ) (

   
  

      
   
  

     )

 
   
  

 ( ̂        ̂      )   ̂(               ) } 

Equation 32 

 

and for the hyperpolarizability term  
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∑ ⃗  (   )

    

  
 √      

     
 

     
  ̂        ̂        ̂(       

        )  

Equation 33 

 

The magnetic contribution vanishes identically, as expected since we are not considering 

motion perpendicular to the bond. These equations are all to be multiplied by the exponential 

factors in Equation 28, and the partial derivatives in Equation 32 act on these factors. 

 

Before calculating diffraction effects, we make some comments about the relative 

magnitudes of the various terms. We first note that in calculating SHG power we take the 

absolute squares of the above expressions. Considering these individually, the relativistic and 

hyperpolarizability contributions have the same   dependences, and upon squaring, these 

will be cylindrically symmetric. The θ contributions are of second order and can be ignored. 

However, the spatial-dispersion expression needs more careful consideration. The leading 

term is in principle also cylindrically symmetric, but the relative importance of the nodal-

plane contribution depends on the relative magnitude of the lateral and longitudinal partial 

derivatives. By Equation 28 the longitudinal derivative is simply       
      

 
 whereas the 

lateral derivatives have the form  (     
 )   

      
 
. The maximum value of the former is 

obviously     . The latter expression reaches its maximum value at      
     , for which 

the value of the derivative is −0.86     . 

 

Thus the relative magnitudes of the longitudinal and lateral derivatives reduces to evaluating 

0.86/    . This is most conveniently done by expressing both quantities in terms of the 

exterior wavelength λext. For    the expression is simply             . For    the 

calculation is more complicated. We note that the beam waist is determined by the f-number 

fn of the incident beam according to             . Putting the two expressions together 

we find that the ratio of lateral to longitudinal derivatives is 0.86/(4    ). Substituting the 

previous value for    and assuming an exterior value    = 1 gives a ratio of 0.058. For the 
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data shown below,    = 5 and and the ratio is approximately 0.012. Thus in this situation the 

longitudinal derivative dominates by over an order of magnitude. Given the aspect ratio of 

150:1 for the contributing region, this could have been anticipated. 

The main point is that for this unit-cell configuration, it is impossible to focus an external 

beam to the point where the lateral field gradient is large enough to make a difference. This 

lateral-gradient contribution is reduced further because it vanishes on-axis. In contrast, for 

amorphous materials where the unit-cell average is taken over all bond directions, the reverse 

is true
72

.  

 

2.3.4.4 Diffraction 

We now consider diffraction. With the contributions of the lateral derivatives eliminated, the 

calculation is standard. For the lateral integration all mechanisms give the same result: 

∫         ( 
    )   

 
  (  ⃗    ⃗ )  

  

  

 
 

 
  
    

   
       (     )  Equation 34 

For the longitudinal direction the hyperpolarizability contribution arises only from the 

interface, so no integration is required. We complete this calculation by setting z = 0 in 

Equation 34 and multiplying the result by Ns, the surface density of unit cells. For the 

relativistic and spatial-dispersion contributions the z integration is necessary, and the result is 

a factor of     (     ), where NB is the bulk density of unit cells. Combining terms and 

writing the wave vectors as functions of the respective refractive indices,  ⃗   (  ) becomes 

 ⃗   (  )  
 √      

   
 

     
[
     
     

(          )       ]    ̂        ̂      

  ̂(               )  
     

      

Equation 35 

The first, second, and third terms in large brackets are the relativistic, spatial-dispersion, and 

interface-hyperpolarizability contributions, respectively. In taking the absolute square to 
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obtain the back-reflected intensity, it is seen that the   dependence vanishes. The result is 

simply a Gaussian spot with a cutoff angle given internally by     
     . 

 

The above expression does not take into account Fresnel reflection losses for either the pump 

beam or the emitted SHG radiation. Assuming normal-incidence transmission on both sides 

of the interface and noting that in generating SHG the incoming field is squared, the overall 

Fresnel efficiency is 

  
   

(    ) (    )
 Equation 36 

For this application       . Although we have seen that the paraxial-ray approximation is 

applicable internally, Snell’s Law increases the cone angle of the emergent beam by about a 

factor of 7, so on the outside this approximation is no longer valid. 

 

2.3.4.5 Comments with respect to earlier work 

The analysis of the generation of SHG by near-phase-matched transmission, as done in 

References 74 and 73, is a much more difficult problem than SHG by backscattering, and 

some comments are appropriate. Under near-phase-matched conditions the propagation 

equations are singular or nearly singular, and their solution requires that the amplitude of the 

generated wave increase linearly with distance. Secondly, near-phase-matching is almost 

always done with optically uniaxial or biaxial materials, so crystal optics is involved. This 

leads to interesting diffraction patterns for the emerging SHG, and an essential vanishing of 

signals when the phase-mismatch Δk is smaller then 0 (see also Reference 77). However, 

none of these effects are possible in the backscattering geometry, where Δk is large and 

positive. 

 

2.3.4.6 Conclusion 

The difference in unit-cell symmetry leads to large differences in the backscattered response: 
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The nodal planes characteristic of amorphous material do not appear when the unit cell is 

tetrahedral. While tighter lateral focusing increases lateral field gradients and therefore 

nominally increases the spatial-dispersion contribution from the bulk, focusing is found to 

make little difference because spatial dispersion remains dominated by the longitudinal 

spatial variation of the phase term. Data obtained during oxidation (see Section 4) of an 

initially H-terminated Si(111) surface show that for this configuration the interface 

contribution is considerably larger than that of the bulk hence the bulk contribution can be 

neglected. 
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3 Experiments 

3.1 Second-harmonic generation 

A schematic illustrating of the SHG configuration is given in Figure 7.  

 

Figure 7. SHG Setup. 810 nm pulses from a Ti:sapphire oscillator are divided into two paths by the beam 

splitter. The sample is excited at a 45 degree angle of incidence. The SHG signal is normalized against 

long-term intensity fluctuations by the signal from the quartz crystal.  

 

Experiments are performed in the reflection geometry using p- (TM-) polarized 100 fs pulses 

from a Kerr-lens mode locked Ti:sapphire oscillator (Mira 900, Coherent), which is pumped 

by a diode-pumped solid-state laser (Verdi V10, Coherent). Short pulses are used to generate 

high peak powers. The wavelength is centered at 806 nm and the repetition rate is 76 MHz. A 

Laser Spectrum Analyzer (Rees E200 Series, Heraeus Noblelight Analytics) is used to 
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monitor the pulse shape and wavelength. The pulses are focused onto the sample at a 45 

angle of incidence in the laboratory frame. The power on the sample is 100-120mW while 

the peak intensity is ~500 kW/cm
2
. A BG39 Schott glass filter eliminates the fundamental in 

the reflected beam. A polarizer following the glass filter prevents any residual s- (TE-) 

polarized light from reaching the detector. Since the SHG response arises from a few 

monolayers at the Si-SiO2 interface the signal is very weak and a photomultiplier tube (PMT) 

is needed to detect it. The PMT (P30CWAD5A, Electron Tubes Limited) is operating in a 

photon-counting mode. The sample is mounted on a Newport PR50 rotation stage which is 

controlled by a Newport ESP300 motion controller. During the experiment the sample is 

rotated in 1 increments over a 360° range, with each 360° scan taking 98 s.  

The beam is aligned to trace a 4 mm diameter circle during rotation to ensure that laser-

induced heating or charging effects are avoided. The PMT in the reference path detects an 

isotropic SHG signal from a Quartz crystal is used for normalization. Both PMT’s are 

connected to a computer where the signal is processed with a self-written LabVIEW code. 

 

 

Figure 8. Screenshot of the SHG LabVIEW program user interface.  
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3.2 Silicon  

Physical properties such as optical absorption can be explained with the electronic band 

structure. Therefore the band structure of Silicon is calculated using a self-written Matlab 

code that utilizes the Empirical Pseudopotential Method
78

 (EPM), the result is shown in 

Figure 9. 

 

 

Figure 9. Band structure of Silicon. Calculated with the Empirical Pseudopotential Method. Arrow 

shows indirect band gap of 1.1eV.  

 

Si is an indirect band gap material semiconductor with an optical transition energy of 1.1eV 

(see arrow in Figure 9). The major resonances have energies of 3.4eV 4.3eV as evident in the 

imaginary part of the dielectric function of Si shown in Figure 10. 
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Figure 10. Calculated dielectric function of Silicon at room temperature from Ref. [79]. 

 

Since the laser beam has a photon energy of 1.54eV and the generated second-harmonic is at 

3.1eV we can assume that the SHG experiments are off-resonant. The penetration depth    of 

806-nm light into silicon is 9.2μm as calculated by 

   
 

   
 Equation 37 

with the wavelength  =806nm and the imaginary part of the refractive index  =0.007
80

. 

 

Most of the experiments described in this thesis were performed on Silicon in the (111) 

direction. A picture denoting the (111) direction in a Silicon crystal is shown in Figure 11. 
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Figure 11. Silicon Crystal is shown with three distinct bond directions. The arrow denotes the 

(111) direction. 

 

Also highlighted are four bonds, forming a tetrahedron, which are distinct direction for a 

diamond cubic structure like Si. The Si-Si bond length in the bulk is 2.3  and the bond angle 

is 109.5 .  

Silicon samples used in the experiments were singe side polished wafers with thicknesses 

between 175μm and 500μm. They were supplied from 3 different vendors: Virginia 

Semiconductors, University Wafer, and Wafer World to ensure that the experiments were not 

depending on the supplier. Data were obtained on two different (111) orientations, one at 0.0 

 0.1 the other at 4.6  0.1 toward [11-2] and one (100) orientation at 0.0  0.1 as 

determined by X-ray diffraction. The Doping Concentrations were verified by four-point-

probe experiments.  
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A summary of the wafers is given in Table A. 

Table A. Summary of Silicon Samples 

 Orientation Dopant Doping Concentration 

#1 〈   〉       Phosphorous 3.4 x 10
12 

cm
-3

 

#2 〈   〉       Phosphorous 4.5 x 10
14 

cm
-3

 

#3 〈   〉       Phosphorous 9.1 x 10
14 

cm
-3

 

#4 〈   〉       Phosphorous 5.0 x 10
16 

cm
-3

 

#5 〈   〉       Arsenic 5.0 x 10
18 

cm
-3

 

#6 〈   〉       Phosphorous 4.8 x 10
14 

cm
-3

 

#7 〈   〉       Boron 1.3 x 10
15 

cm
-3

 

#8 〈   〉       Boron 3.6 x 10
16 

cm
-3

 

#9 〈   〉       Boron 5.1 x 10
18 

cm
-3

 

#10 〈   〉       Boron 7.2 x 10
14 

cm
-3

 

 

3.3 Chemical Treatment 

3.3.1 Hydrogen Termination 

During Hydrogen termination native oxides on the Si surface are stripped and the top orbitals 

of the outmost Si atoms capped with Hydrogen as shown in Figure 12.  

 

 

Figure 12. Illustration of Hydrogen terminated Silicon. 

Hydrogen 

Silicon 
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Hydrogen termination is achieved by chemical processing of the Si wafers. Samples are 

cleaned by consecutive 10-min immersions in 80°C NaOH/H2O2/H2O (1:1:5) and 80°C 

HCl/H2O2/H2O (1:1:5). The replacement of OH with H is completed by a 20 min immersion 

in 40% NH4F.
81,82

 To minimize pitting the NH4F solutions were deoxygenated prior to 

immersion
83

. Measurements began approximately 60 seconds after the samples were 

removed from the NH4F solution and dried with high-purity N2. All measurements were 

made at room temperature (21°C ± 2°C) in ambient laboratory conditions (Humidity 50% ± 

10%).  

The processed surface is inspected with SHG or Atomic Force Microscopy (AFM). A typical 

AFM image of an H-terminated Si surface is shown in Figure 13 

 

Figure 13. AFM image of H-terminated Si. 
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3.3.2 Methoxylation 

Methoxylation of Si is the replacement of a hydroxyl (-OH) group by a methoxy (-OCH3) 

group to obtain Si-OCH3 structures as shown in Figure 14. 

 

Figure 14. Illustration of methoxylated Silicon. 

 

It is achieved by cleaning, H-termination and immersion in neat anhydrous methanol at 70°C 

for 12h inside a nitrogen-purged glove box. This procedure leads to the formation of oxide-

free methoxy-terminated Si surfaces.
84,85

  

 

3.4 Application and Calculation of Strain 

3.4.1 Application of Strain 

In some experiments strain is applied during the oxidation process. This is accomplished by 

placing the front surface of the samples under tension and bending them over cylindrical 

mandrels of specified radii of curvature (Figure 15). This geometry also ensured that strain in 

the perpendicular in-surface direction was negligible. 

 

Hydrogen 

Oxygen 

Carbon 

Silicon 
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Figure 15. Application of Strain. 

 

3.4.2 Strain detection by Reflectance Anisotropy Spectroscopy 

Strain is defined as the ratio of total deformation    to the initial dimension   of a material. 

  
  

 
 Equation 38 

Strain values are determined by geometrical considerations or by Reflectance Anisotropy 

Spectroscopy (RAS) measurements. The RAS system used in this work is described in Ref. 

86. RAS is a linear optical tool able to detect strain levels as low as 10
-5

.
87

 The measurements 

are based on RAS spectra similar to the ones shown in Figure 16. 
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Figure 16. Spectra of reflectance anisotropy of Si(111) stripes strained along [1-10] (from 

Reference 87). 

 

This Figure shows the RAS spectrum of Si(111) which displays a feature at 3.4 eV that 

increases in amplitude linearly with strain. For different strain values these amplitudes are 

extracted from Figure 16 and a linear regression is performed (Figure 17). 
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Figure 17. Amplitude and strain values extracted from Figure 16 and plotted with a linear 

regression (red curve). 

 

This fit yields          which is used to calculate the strain values S for given 

Amplitudes A. 

A typical RAS spectrum of a strained Si(111) sample is shown in Figure 18. 

 

 

Figure 18. Typical RAS spectrum with strain applied on Si(111) sample 
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3.4.3 Strain calculation by geometrical considerations 

Another method that is used to calculate the strain is based on the deformed focus of a 

reflected HeNe-Laser beam when the reflecting surface is bent over a cylindrical mandrel 

(Figure 19). 

 

 

Figure 19. Deformation of laser beam focus after being reflected from a surface that is bent over a 

cylindrical mandrel. 

 

The thin lens formula 1/f=1/g+1/b, in which f is the focus, g is the distance between object 

and lens and b is the distance between image and lens, is put into the magnification 

expression M=b/g=l/d where l is the height of the image and d is the height of the object. 

This yields to following expression for the radius of curvature of the sample 

   
   

   
 Equation 39 

where b,d,l in our system are shown in Figure 19. 

According to Reference 88 the strain applied to the sample is given by Equation 40. 

  
 

   
 Equation 40 

where R is the thickness of the sample. 
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3.5 Spectroscopic Ellipsometry 

In spectroscopic ellipsometry (SE) light is reflected off a material and the change in the 

polarization state  

  
  
  

 Equation 41 

is measured to probe the real and imaginary parts of its dielectric function and obtain 

information about sample properties, including morphology and chemical composition. 

Explicitly,   the ratio of the polarization states of the incident (   ) and reflected light (    ) 

is determined. For optically isotropic materials   corresponds to the complex reflectance 

ratio  

  
    
   

 
  
  

 Equation 42 

where    is the p-polarized and    is the s-polarized component of the reflectance, 

respectively.  

Each optical element in the SE setup is represented by Jones matrices which have the form of 

a 2x2 matrix, e.g. an isotropic sample is written as  

  (
   

   
). Equation 43 

The output field is obtained by multiplication of all Jones matrices representing the setup. 

Afterwards a Fourier analysis of the output field is performed in order to obtain the necessary 

information necessary to calculate  . Since ellipsometry doesn’t directly measure optical 

properties a multi-layer model analysis is made which accounts for optical constants and 

thickness parameters of all individual layers. 
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Figure 20. Spectroscopic ellipsometry setup. 

 

In this thesis work, SE is used to characterize the SiO2 film thickness on a Si substrate as 

shown in Figure 20. Data are obtained with a previously described spectroscopic 

ellipsometer
89

 modified for rotating-compensator operation and covering a spectral range 

from 1.5 to 6.0 eV. Polarizer and analyzer are set at an azimuthal angle of 30° while the 

angle of incidence was θ=67.08. The calculated spectral dependences of the changes 

expected in the C2, S2, C4, and S4 coefficients of the cos(2t), sin(2t), cos(4t), and 

sin(4t) harmonics, respectively, of the detected intensity are shown in Figure 21a and 

Figure 21b for 0.1 nm thick overlayers of SiO2 and amorphous Si.  
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Figure 21. (a) Calculated changes from 1.5 to 6.0 eV expected in the cos(2t) and sin(2t) coefficients of 

the intensity measured with a rotating-compensator ellipsometer, caused by the addition of 0.1 nm 

overlayers of SiO2 and amorphous Si on a crystalline Si substrate, as indicated. (b) As (A), but for the 

cos(4t) and sin(4t) coefficients. 

 

At 2.83 eV these changes are specifically C2 = +0.00743 and 0.00093 for SiO2 and 

amorphous Si, respectively, as indicated by the red and brown dots, respectively. The 

changes S2 are negligible. At the same energy the changes S4 are 0.00366 and 0.00001 

for SiO2 and amorphous Si, respectively, as indicated by similar dots. Hence at 2.83 eV the 

C2 contribution originates primarily from SiO2, while that for S4 primarily from amorphous 

Si. This provides the opportunity to assess how the SiO2 overlayer and disordered interface 

layer evolve with oxidation, assuming that the respective dielectric responses can be modeled 

by SiO2 and amorphous Si. The assumption for SiO2 should be good to a high degree of 

accuracy. That for the interface could be debated, since the dielectric response for the 

disordered Si at the Si–SiO2 interface will probably be somewhat different. However, we 

believe that this is a good first approximation.
90

 If anything, it is likely to underestimate the 

actual interface thickness.  
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3.6 Atomic Force Microscopy 

AFM images were obtained with an Asylum Research 3D MFP probe (Santa Barbara, CA), 

operated in the AC non-contact mode. Experiments were performed in air. Further 

specifications for this instrument can be found online at http://www.asylumresearch.com/. 
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4 Results and Discussion 

In this part a description of how the SHG data are analyzed using the ABM is given before 

showing and discussing experimental results on the effect of strain, step structures and 

doping on the oxidation of H-Si(111).   

 

4.1 SHG Data Analysis 

The typical SHG response of a oxidized singular Si(111) for p-polarized excitation and 

detection is shown in Figure 22. 

 

 

Figure 22. SHG response of oxidized Si(111) for p-polarized excitation and detection. The data exhibit 

C3v symmetry. A peak in the oxidized-surface response occurs whenever one of the 〈  ̅ ̅〉, 〈 ̅  ̅〉 and 

〈 ̅ ̅ 〉 back bonds (see Figure 23) aligns nearly parallel to the excitation field. 

 

The response exhibits threefold symmetry (C3v). According to the bond model (section 

2.3.3), the major features in the oxidized-surface data occur when one of the 〈  ̅ ̅〉, 〈 ̅  ̅〉 

and 〈 ̅ ̅ 〉 back bonds is nearly parallel to the driving field (Figure 23). For p-polarized light 

incident at 45, this minimum angle is 8.4 and occurs when the bond is in the plane of 

incidence pointing approximately toward the illumination direction.  

〈  ̅ ̅〉 〈 ̅  ̅〉 〈 ̅ ̅ 〉 
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Figure 23. Bond directions in Si(111). Electric field is aligned parallel to 〈  ̅ ̅〉 in the illustration. 

 

Since the response of the 〈   〉 (up) bonds is isotropic they contribute to the signal as an 

offset. The three smaller peaks in Figure 22 are rectified versions of negative field extrema, 

which are made positive because the intensity, being proportional to the square of the field, is 

positive definite. The Matlab code shown in Appendix A uses the ABM formalism to 

generate a fitting function (Appendix B) with five parameters representing the four bond 

hyperpolarizabilities described by Equation 16 and a constant offset. An example of such a 

fit is shown in Figure 24. 
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Figure 24. ABM fit of data shown in Figure 22. 

 

The adjusted R
2
 value for this fit, which would be equal to 1 for a perfect fit, is 0.99207. The 

fitting parameters are given in the following table: 

 

Table B. Fitting parameters yielding the best fit for data in Figure 24 

 Value Standard Error 

  〈   〉 491.77346 1.97586 

  〈  ̅ ̅〉 -26.52067 0.12002 

  〈 ̅  ̅〉 -26.55810 0.11991 

  〈 ̅ ̅ 〉 -26.74041 0.11940 

offset 26.07145 1.01688 

 

 

As expected the hyperpolarizabilities of the back bonds are identical within one standard 

deviation while the hyperpolarizability of the up bond is significantly higher having an 

opposite sign indicating its opposite direction.  

A good way to test the accuracy of the ABM is to see if it can reasonably describe the 

structure in a Si-SiO2 interface that contains steps. This test is executed in section 4.3. 
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The starting point of nearly all oxidation experiments described in this thesis work is the 

singular H-Si(111) surface which is H-terminated as described in section 3.3.1. The SHG 

response of H-Si(111) is depicted in Figure 25. 

 

 

Figure 25. SHG response H-terminated Si(111) for p-polarized excitation and detection. 

 

For the H-terminated surface the major peaks are much smaller and the major and minor 

peaks are reversed, reflecting partly the reduced electronegativity of H and a relative 

enhancement of the contribution of the (isotropic) top bond in this case.  

 

4.2 Effect of Strain on Oxidation of H-Si(111)
§
 

Bond-specific effects of strain on the oxidation kinetics of H-Si(111) are investigated in the 

following. 

 

                                                

 

§ In part published in "Effect of strain on bond-specific reaction kinetics during the oxidation of Hydrogen 

terminated (111) Si" 

Bilal Gokce, David E. Aspnes, Kenan Gundogdu 

Applied Physics Letters 98, 121912 (2011) 
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4.2.1 Dependence on direction of strain 

Figure 26 shows the results of consecutive SHG scans for three H-terminated singular 

Si(111) samples of type #3 from Table A during air oxidation.  

 

 

Figure 26. Evolution of SHG p-p data for three initially H-terminated Si(111) samples during air 

exposure. Red arrows in the insets mark the direction of the strain applied to the silicon crystal from the 

bond perspective. (a) no applied strain; (b) 0.06% external strain applied along 〈 ̅  ̅〉; (c) 0.05% external 

strain applied along 〈 ̅  〉.  

 

In all cases the signal starts with the SHG response of the H-terminated surface, as shown in 

Figure 25. It then increases to a maximum before decreasing to the reference level for the 

oxidized surface, shown as the black points in Figure 22. However, the SHG responses differ 

significantly during oxidation. Panel (a) shows data for the unstrained sample. Here, the three 

major peaks evolve similarly during oxidation, indicating that oxidation is proceeding 

isotropically on the macroscopic scale. Panels (b) and (c) display similar data obtained for 

strain applied along the 〈 ̅  ̅〉 and 〈 ̅  〉 directions, respectively. The peaks evolve at 

different rate for the strained samples. 
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For the data of Panel (b) in Figure 26, the 〈 ̅  ̅〉 direction of the applied 0.08 % strain aligns 

most closely with the direction of the 〈 ̅  ̅〉 bond. The angles between the strain direction 

and the bonds are specifically 19.5 for the 〈 ̅  ̅〉bond and 61.9 for the other two. This is 

consistent with the increased reactivity of the 〈 ̅  ̅〉 bond as seen in the data, indicating that 

strain has the greatest influence on the chemical reactivity of bonds in the strain direction, 

which is probably not surprising. The alternative case is shown in Panel (c). Here, the 0.05% 

strain along 〈 ̅  〉 is perpendicular to the 〈 ̅  ̅〉 bonds and therefore mainly affects the 

chemical reactivity in the other two bond directions. In this case the middle peak rises more 

slowly. For both experiments involving strain, the SHG response starts and ends with C3v 

symmetry, indicating that the states of the initial and final surfaces are alike. The observed 

differences are therefore due to the chemical processes involved while oxidation is occurring.  

To relate the SHG data to the oxidation of bonds in the different directions, we first need to 

establish the evolution of oxide thickness. To do this we performed SE measurements under 

the ambient conditions as described above. Data for an unstrained surface are shown in 

Figure 27a and Figure 27b. These were obtained at a photon energy of 2.83 eV to maximize 

the distinction between oxide and interfacial layer, as discussed in connection with Figure 21. 

To avoid artifacts due to hydrocarbon contamination, the surfaces were rinsed in methanol 

prior to each datum. We repeated the measurements for strained surfaces at different times 

after H termination. Surprisingly, the oxide and interface thicknesses for all surfaces are the 

same to within the experimental uncertainty of 1 Å. Thus the average SiO2 overlayer 

thickness evolves at essentially the same rate for strained and unstrained surfaces, regardless 

of the relatively complicated kinetics observed with SHG.   
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Figure 27. Thicknesses of the (a) oxide and (b) interface layers for an on-axis sample as determined by 

spectroscopic ellipsometry .  

 

However, we can gain further information from the comparison. For all cases the maximum 

SHG amplitudes are observed when the oxide layer is 2 to 4 Å thick, which corresponds to 

oxidation of the first Si bilayer. When the SHG data reach their equilibrium levels the 

thickness is about 6 Å. For later times C3v symmetry recovers, but the oxide thickness 

continues to increase until saturating near 8 Å. Therefore, for the strain levels involved in 

these experiments, the observed anisotropic behavior of the oxidation kinetics is related to 

the oxidation of the topmost Si bilayer. The anisotropy does not persist for lower layers.  

We obtain the hyperpolarizabilities of the four bond directions by the method described in 

section 4.1. The results for the evolution of these hyperpolarizabilities are given in Figure 28. 

Since oxidation occurs at different times for bonds in a given direction, at any given time 

these are average polarizabilities. Nevertheless, the picture yields good insight into the 

reaction kinetics of individual bonds.  
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Figure 28. Evolution of the average hyperpolarizabilities for all Si bonds from the data shown in Figure 

26. These values are obtained by fitting the SHG response to the function given by Equation 16. The 

green lines show fits to the Chapman-Richards function given in Equation 44. The specific 

hyperpolarizabilities are (a) up bond of the unstrained sample; (b) up bond of the sample strained along 

〈 ̅  ̅〉; (c) up bond of the sample strained along 〈 ̅  〉; (d) back bonds of the unstrained sample; (e) back 

bonds of the sample strained along 〈 ̅  ̅〉; (f) back bonds of the sample strained along 〈 ̅  〉.  

 

The relationship between the chemical nature of a bond and its hyperpolarizability is subtle. 

When a bond undergoes a chemical change, the electronic potential is primarily altered at the 

bond, but the potentials of neighboring bonds are affected as well. However, some general 

conclusions can still be drawn. Considering the rise of the SHG response for the first 60 to 80 

min for all samples, as shown in Figure 28, the striking results are (1) the significant change 

in the average hyperpolarizability of the up bonds and (2) the near balance between this 

hyperpolarizbility and those of the back bonds. The magnitudes of all four 

hyperpolarizabilities increase with oxidation, which is exactly what we expect from the 

differences in electronegativity between O and H. The near balance can be understood as a 

consequence of chemical induction. The capping atoms draw charge from the capped Si atom 

in proportion to their electronegativities, thus also modifying the hyperpolarizabilities of the 

back bonds in proportion to the adsorbate electronegativities. Because the contribution of the 
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up bonds is independent of sample azimuth, it would be difficult to extract it directly from 

the raw SHG data of Figure 26 without modeling.  

During the rising part of the SHG signal some back bonds also oxidize. That is, the increase 

in SHG signal and the average hyperpolarizabilities shown in Figure 28 are not due solely to 

oxidation of the up bonds. We gather this from two observations. First, the SE data indicate 

that the oxide thickness is about 2 to 4 Å at 80 min. This exceeds the value expected for a 

single monolayer of OH capping the top silicon atoms. Second, the hyperpolarizabilities of 

the back bonds of the strained surfaces are themselves anisotropic, which suggests 

differences in their average chemical nature. However, this effect is much smaller than that 

seen in the up bonds. The back-bond hyperpolarizabilities only increase by a factor of 3, in 

comparison with to the 60-fold increase in that of the up bonds. The reason for this smaller 

change is evident when we consider the nature of the bonding. The oxidation of the top 

bonds creates an obviously asymmetric potential. However, oxidation of the back bonds 

replaces a Si-Si bond with a Si-O-Si combination, which is somewhat symmetric. If both Si 

atoms were same and the bond linear, then the SHG response of the configuration would 

vanish. However, the terminating Si atoms differ from each other by their electronegativities. 

Because O insertion forms an Si–O–Si bridge and introduces microscopic strain, the Si bonds 

involved will be deflected from the directions that they would have in the ideal crystal lattice. 

Therefore, the excitation field is expected to better align with only one of Si–O bonds in an 

Si–O–Si bridge, increasing the SHG efficiency. Nevertheless the net hyperpolarizabilities of 

the oxidized back bonds can never become as strong as that of up bonds.  

 

 

Figure 29. Two-step process for Oxidation of H-terminated Silicon. 

1. 2. 
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Consistent with previous IR studies
3
, the above discussion indicates a two-step oxidation 

process described in Ref 
91

. The first step involved in the oxidation of H-terminated Silicon is 

the replacement of the Hydrogen of the up-bonds by Hydroxyl-groups as shown in Figure 29. 

The following second step consists of Oxygen insertion into the back bonds. To lowest order 

we would expect uniaxial strain to affect the reactivity of back bonds more than that of the up 

bonds.  

To obtain a more quantitative understanding of reaction rates for the different bond 

directions, we attempted to fit the hyperpolarizabilities to exponential functions. However, 

simple exponentials gave very poor fits, with large errors. Thus it is clear that the reaction 

rates of the up and back bonds are coupled. While oxidation may initiate with the up bonds, 

back-bond oxidation begins soon afterward and introduces local strain, which further 

complicates oxidation kinetics. Therefore, the rate parameters are not constant, but change as 

oxidation proceeds. Processes like this are well known in biology, where intertwined factors 

contribute to population changes. Such processes can be described by the Chapman-Richards 

equation
15 

 ( )   (      )     Equation 44 

  

The results of fitting to this equation are the green curves of Figure 28. The fit during the 

initial part of the data up through the maxima, is excellent. The resulting parameters are 

summarized in Table C. 
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Table C. Parameters yielding the best fits of Equation 44 to the data of Figure 28 

 

 

 

 

 

 

 

 

The actual relationship between these parameters and the chemical reactivities of particular 

bonds requires theoretical calculations of the hyperpolarizabilities of expected 

configurations. This can certainly be done, but is beyond the scope of this thesis. However, 

the results emphasize the complexity of these chemical processes at the bond level, and also 

show that these complexities can be revealed by a combination of nonlinear optics and bond-

charge modeling. 

 

  

 U C n y0 

Figure 28a 〈   〉 30.151 0.063 2.561 0.370 

Figure 28b 〈   〉 27.129 0.036 1.452 1.040 

Figure 28c 〈   〉 31.592 0.077 2.215 0.366 

Figure 28d 〈 ̅ ̅ 〉 〈 ̅  ̅〉 〈  ̅ ̅〉 -0.849 0.072 4.055 -0.496 

Figure 28e 〈 ̅ ̅ 〉 〈  ̅ ̅〉 -0.516 0.037 3.950 -0.529 

Figure 28e 〈 ̅  ̅〉 -0.587 0.046 2.873 -0.580 

Figure 28f 〈 ̅  ̅〉 -0.671 0.116 8.001 -0.556 

Figure 28f 〈 ̅ ̅ 〉 〈  ̅ ̅〉 -0.752 0.106 5.144 -0.573 
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4.2.2 Dependence on magnitude of strain 

Figure 30a and Figure 30b show SHG data for samples of type #1 from Table A that are 

unstrained and under 0.015% tensile strain, respectively. 

 

 

Figure 30. (a) Evolution of SHG during air exposure of an H-terminated unstrained Si sample. (b) As (a), 

but for 0.015% tensile strain along 〈 ̅  〉. (c) Evolution of the average of the SHG signals at 120°, 0°, and 

120° for different tensile strains. 

 

Both sets of data are normalized to the level reached at 600 minutes, where the SHG 

response essentially no longer evolves. As discussed previously, the three major peaks at 

120, 0, and 120 correspond to the near alignment of one of the three back bonds to the 

direction of the excitation field within the material. As oxidation proceeds, these peaks 

increase due to the increasing average asymmetry of the surface bonds. Figure 30c 

summarizes these results by showing the average response at these azimuth angles for 0%, 
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0.005%, 0.010% and 0.015% tensile strains. The evolution is clearly affected by the 

magnitude of strain. For the unstrained sample, we observe a small decrease in the SHG 

response for a 20-minute incubation period, then an increase to a maximum at 121 min. For 

the strained samples the incubation period is reduced significantly, and lower peak values are 

reached at earlier times.  

 

4.2.3 Dependence on type of strain 

We now consider compression and compare it with tension. Figure 31 displays the evolution 

of a 0 peak during air oxidation for samples of type #1 from Table A under 0.015% tensile 

and 0.031% compressive strain, along with reference data for unstrained material. The 

differences are striking. Compression results in a higher peak value reached at a later time.  

 

 

Figure 31. Evolution of the average of SHG signals at azimuth angles of 120°, 0°, and 120° for different 

tensile strained samples. 

 

These observations lead directly to the conclusion that tensile and compressive strains 

facilitate and inhibit, respectively, not only the oxidation of back bonds but also the oxidation 

of the up bond. As discussed previously, Si oxidation proceeds in two steps.
91

 The first step 

results in a large increase in asymmetry of both up and back bonds, directly for the up bonds 

owing to the larger electronegativity of O relative to H, and indirectly for the back bonds by 
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chemical induction. The oxidation of the back bonds reduces their contribution in particular, 

because inserting O in a back bond results in a pair of bonds oriented in approximately 

opposite directions and hence a partial cancellation of the SHG signal. By the durations of 

the incubation periods and the values of the peaks, the data therefore show that tensile strain 

enhances oxidation, while compressive strain has the opposite effect.  

 

 

Figure 32. (a) The first 80 min of SHG signals at 120°, 0°, and 120° for a sample under 0.015% tensile 

strain. (b) As (a), but for 600 min for a sample under 0.031% compressive strain. 

 

We next investigate oxidation rates for the individual bond directions. In tensile stress, back 

bonds that are better aligned with tensile stress oxidize faster. This is illustrated in Figure 

32a, which shows the rise of the three major peaks for a sample under  

〈 ̅  〉 tension. This is perpendicular to the 〈 ̅  ̅〉 bonds, and the leading part of the data 

shows that the 〈 ̅ ̅ 〉 and 〈  ̅ ̅〉 bonds indeed oxidize more rapidly. The compressive 

equivalent is illustrated in Figure 32b. From the trailing part of the data we see that the 〈 ̅ ̅ 〉 

and 〈  ̅ ̅〉 bonds oxidize more slowly. Compression therefore has the opposite effect, but is 

consistent with, and provides additional support for, the two-step oxidation model.  
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Figure 33. (a) Evolution of the average hyperpolarizabilities of the up bonds for compressed and 

unstrained samples and a sample under tension. The green lines are fits to an exponential function. (b) As 

(a), but for Si back bonds. 

 

Further insight is obtained by examining the individual hyperpolarizabilities, which we 

obtain from Equation 16. Figure 33a and Figure 33b display the time evolution of the 

hyperpolarizabilities for the up and back bonds, respectively, with the results for the back 

bonds broken down into the different bonding directions. These data must be interpreted with 

some care, because all bonds are linked to a certain extent by chemical induction. 

Nevertheless, from their respective time dependences some general conclusions can be 

drawn. The overall time dependences are best represented by the Chapman-Richards 

function, which is difficult to interpret. However, if the initial incubation period is ignored, 

an exponential describes the leading edges with good accuracy. We show exponential fits on 

the figures, and summarize the results in Table D. Although the time constant of the initial 

rise is about 71 min for all 3 data sets in Figure 31, Table D shows that major differences 

occur for the up and partially aligned back bonds. The time constant for the 〈  ̅ ̅〉 back-bond 

ranges from 26 min in tension to 142 min in compression. The up bond shows a similar 

although smaller dependence on strain. This is in contrast to the results for the unstrained 

sample, which exhibit the same time constant for both bonds. Clearly, strain not only 
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significantly modifies the chemical reactivity of bonds during oxidation, but also 

discriminates among bond directions. 

 

Table D. Parameters yielding the best fits of exponential functions to the data of Fig. 4. 

 rise time τ [min] 

 Unstrained tensile compressive 

up bond 〈   〉 61 43 100 

back bond 〈  ̅ ̅〉 61 26 142 

 

We consider next why these changes occur. The interesting aspect is that the effects seen 

here are approximately linear in the strain, as seen for example by the dependences of the 

changes in time constants relative to the unstrained constants in Table D. That is, they 

depend on the sign of the strain, and not simply on its magnitude. Thus we look for a 

mechanism that exhibits this characteristic. The obvious one is a transfer of charge between 

the back and up bonds as a result of the geometric distortion caused by strain. A 

straightforward calculation shows that the 120 bond angle between the two back bonds that 

are nearly aligned with the strain, as seen from above, decreases by 0.062 with 0.031% 

compression. We would therefore expect some charge transfer to occur from these bonds to 

the up bond. From the increase in incubation period in compression, the result is an H-Si 

bond that is less susceptible to attack. Analogous effects should occur for the back bonds. 

Since charge transfer is expected to be linear in bond angle, the main characteristics of the 

data are explained.  
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4.2.4 Real-Time Control of Surface Chemistry  

We now investigate the possibility of using strain to manipulate oxidation kinetics in real 

time. Figure 34 shows data for an on-axis (111) surface similar to those shown above.  

 

 

Figure 34. SHG response for the first 190 min for an initially H-terminated singular Si(111) surface as a 

function of air exposure. No strain was applied for the first 10 min. At that time, marked by the black 

arrow, strain was applied in an arbitrary direction. Inset: 3D plot of the same data. 

 

For the first 10 min no strain is applied to the sample. During this interval the SHG evolution 

is consistent with C3v symmetry. At 10 min we applied strain along an arbitrary direction. C3v 

symmetry is immediately broken, with peaks corresponding to different bond directions now 

oxidizing at different rates. As with the previous experiments, the SHG response eventually 

develops C3v symmetry, as expected for an on-axis sample. These data occur at a 

substantially later time and consequently are not shown in the figure. This result clearly 

shows the capability of real time manipulation of the oxidation kinetics. 
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4.3 Effect of Steps on Oxidation of H-Si(111)
**

 

The data in section 4.2 show that strain plays a significant role in the oxidation kinetics of 

H-terminated Si(111) surfaces. Since steps can also modify oxidation kinetics, we need to 

investigate step effects as well. Consequently, we performed control experiments on samples 

of type #6 from Table A. These surfaces consist of two distinct regions: steps and terraces. 

The terraces have the local structure of the on-axis samples. The steps have a dangling bond 

in the 〈   ̅〉 direction and a support bond along 〈 ̅ ̅ ̅〉.  

Real-time SHG data for one of these vicinal samples are shown in Figure 35.  

 

 

Figure 35. (a) Evolution of p-p SHG data for a 4.6-vicinal, initially H-terminated Si(111) sample during 

air exposure. (b) The first four SHG scans of the data in A, together with those at 20 and 25 min.  

 

Six features are apparent. Three grow to approximately the same amplitude, then decay. 

However, the oxidation kinetics is significantly different from that of strained or unstrained 

on-axis samples. The early oxidation dynamics is highlighted in Figure 35b, which shows the 

                                                

 

** Published in "Measurement and control of in-plane surface chemistry during the oxidation of 

H-terminated (111) Si"  

Bilal Gokce, Eric J. Adles, David E. Aspnes, Kenan Gundogdu 

PNAS 107, 17503–17508 (2010) 
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SHG scans for the first 5 min together with those at 20 and 25 min. For the first 20 min we 

see little activity, and at the earliest times the 〈 ̅ ̅ 〉 feature is missing. After 25 min the 

amplitudes of the major features increase at a faster rate, and all reach their maximum values 

approximately 75 min into oxidation.  

The differences between on-axis and vicinal surfaces allow us to draw two conclusions. First, 

the anisotropic oxidation that we observe for the on-axis samples is not due to inadvertent 

arrays of steps on the surface. Second, oxidation of vicinal samples shows a strong 

dependence on steps and therefore exhibits significantly different dynamics with respect to 

strained and unstrained on-axis surfaces. 

The role of steps in the oxidation kinetics of Si surfaces has been the subject of debate. Some 

reports suggest that oxidation does not initiate at step sides.
92

 However, FTIR data indicate 

that steps facilitate oxidation.
93

 The data elucidate the crucial role of steps. In Figure 36a we 

show the results of an ABM simulation of the SHG first scan of Figure 35b, where the 

unoxidized step is shown in Figure 36b and the oxidized step in Figure 36c. 
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Figure 36. (a, blue dots) SHG data for the first scan in Fig. 8A, together with an ABM simulation (black 

line). The simulation assumes that only the support bonds at the step sides in (b) are oxidized, as shown in 

by the red atoms in (c). The hyperpolarizabilities used in the simulation are: 2-8i, 0.3, 0.8 and 0.8 for the 

Si-O support bond, the Si-H bond, and the two Si-Si bonds to the terraces. 

 

The model assumes that the 〈   〉 support bonds at the sides of the step oxidize first. In this 

case the SHG signal arises from one SiH step bond and two SiSi* back bonds, where Si* 

represents a Si atom bonded to O. Oxidation of the support bonds actually reduces the 

asymmetry at the Si–H dangling bond, as discussed above, and increases the asymmetry of 

the Si–Si* bonds. The model successfully reproduces the data, supporting the conclusion that 

for vicinal orientations oxidation indeed starts at the support bonds of the steps, and in fact 

proceeds fast enough to have gone to completion by the time the first scan could be started. 

At later times oxidation of terrace bonds dominates the SHG response. But with reaction 

kinetics dominated by steps, we could not observe any differences in the oxidation kinetics of 

strained and unstrained vicinal samples. 
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4.4 Effect of Doping on Oxidation of H-Si(111) 

The effect of doping on oxidation at elevated temperatures has been characterized by SE
94,95

 

surface differential reflectance spectroscopy (SDR)
96

, Auger electron spectroscopy (AES)
97

, 

and X-ray photoelectron spectroscopy (XPS)
98

, all of which probe oxide thickness. However 

none of these studies provide an atomic-level understanding of doping on surface chemistry. 

We try to establish such an understanding in this section. 

4.4.1 n-type Surfaces
††

 

The experiments in the previous sections have shown that the bond-specific oxidation 

kinetics depend also on the carrier concentration of the Si sample. This dependency is 

summarized in Figure 37a, b, and c where data for differently n-type doped samples (#1,2,4,5 

in Table A) are shown. All are normalized to the level where the SHG responses reach 

equilibrium. Where present, the three major peaks correspond to the alignment of one of the 

three back bonds in the direction of the exciting field. 

                                                

 

†† In part published in "Bond-specific reaction kinetics during the oxidation of (111) Si: Effect of n-type 

doping" 

Bilal Gokce, David E. Aspnes, Gerald Lucovsky, Kenan Gundogdu 

Applied Physics Letters 98, 021904 (2011) 
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Figure 37. (a) Evolution of SHG for an initially H-terminated P-doped Si(111) sample of carrier 

concentration 10
12

 cm
3

 during air exposure. (b) As (a), but with a carrier concentration of 10
14

 cm
3

 . (c) 

As (a), but with a carrier concentration of 10
16

 cm
3

. (d) Evolution of the average magnitudes of the three 

SHG peaks for each of these samples, along with that for the As-doped sample with a carrier 

concentration of n = 10
18

 cm
3

. 

 

As expected, the overall effect of oxidation is to increase the SHG signal, a consequence of 

the facts that the electronegativity of O is higher than that of H, and the SHG contribution of 

the relevant Si-Si bonds is negligible. The evolution clearly depends significantly on carrier 

concentration. For reduced carrier concentrations the SHG intensity initially increases then 

decreases to the equilibrium level, whereas for high doping levels the SHG intensity 

increases monotonically. This striking dependence on carrier concentration is even more 

evident in Figure 37d, which shows the average evolution of the peaks for all four samples, 

including that of the As-doped sample for which n =10
18

 cm
3

. To relate these differences to 

the chemical kinetics of the bonds, we determined the respective hyperpolarizabilities by 
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fitting the data to the predictions of the ABM
72

. The hyperpolarizability results are 

summarized in Figure 38.  

 

 

Figure 38. Evolutions of the hyperpolarizabilities of the up and back bonds of the n-type samples as 

indicated. The hyperpolarizabilities were calculated in the ABM. 

 

The effect of chemistry on hyperpolarizabilities in general can be understood as follows. 

Generation of SHG by a bond requires that the bond be asymmetric. While an Si-H bond is 

obviously asymmetric, it is less obvious that terminating an up bond with H generates 

contributions from the Si-Si back bonds as well. The reason is chemical induction. The 

greater electronegativity of H removes charge from the Si atom to which it is bonded, making 

the back bonds asymmetric as well. Thus the SHG contribution of the back bonds tends to 

track that of the up bond. If the top H is now replaced by O, as for example by replacing the 

H with OH, the greater electronegativity of O results in greater asymmetries and hence 

stronger signals for both up and back bonds. This type of response is clearly evident in 

Figure 38 for the more lightly doped samples.  

With this background, the striking difference between the samples with different doping 

densities can now be explained. For lightly doped samples oxidations proceeds by replacing 

the H with OH, as discussed above. But for heavily doped structures the reactivity of the 

back bonds increases and oxidation of both types of bonds occurs at similar rates. Thus the 

sequential increase and decrease in SHG responses seen for the relatively lightly doped 
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samples becomes a monotonic change. The fact that essentially the same behavior is seen for 

both P and As doping shows that the effect is due to carrier concentration, not type of dopant.  

Possible complications include bulk-quadrupole and electric-field-induced-second-harmonic 

(EFISH) effects
99

 as stated in section 2.3.3. However, any contribution from the bulk will be 

constant during oxidation and hence, even if present, can be neglected. The EFISH 

contribution is isotropic, and is only a factor at high carrier concentrations. We investigated 

EFISH for the heavily As-doped sample by measuring the SHG response with the sample in 

a N2-pressured glove box. For the H terminated surface it is almost zero. For the oxidized 

surface it increases the signal by about 15%. For the low-doped samples it is insignificant 

under all conditions. Thus the hyperpolarizabilities provide an accurate representation of the 

oxidation chemistry of the different bonds. 

 

Figure 39. Evolutions of the oxide thicknesses for n-type materials as measured by SE. 

 

To investigate whether this difference extends beyond the top two Si layers, we obtained 

thickness data on the same set of H-terminated samples as a function of time using SE. The 

results are surprising. As shown in Figure 39, except for an initial transient the oxide 

thicknesses increase at a common rate up to about 1 nm, where the measurements were 

terminated. The final data in Figure 39 include an approximate 0.2 nm contribution from 

adsorbed hydrocarbons. In fact weeks after the measurement the thickness stays almost same. 
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This is consistent with other data that we have obtained on a sample that we have measured 

occasionally for over 30 years. These results indicate that even if the initial chemical 

reactivities of the different types of bonds are significantly different, this distinction 

disappears after several Angstroms of oxidation.  

 

4.4.2 p-type Surfaces
‡‡

 

Here, we extend the studies to (111) surfaces of p-type Si wafers (samples #7 - #9 from Table 

A) and also perform AFM measurements, which indicate significant surface reactivity in air. 

 

 

Figure 40. AFM scans of boron doped Si(111) samples for 0h, 1h, and 3h of oxidation in air  

(a)-(c) carrier concentration p=1.3 x 10
15

 cm
-3

 (d)-(f) carrier concentration p =5.1 x 10
18

 cm
-3

. 

 

Figure 40 shows selections from the time dependent sequence of AFM images for lightly 

(upper panels) and heavily (lower panels) p-doped samples. In these sequences, the bright 

                                                

 

‡‡ In part published in "Effect of p-type doping on the oxidation of H–Si(111) studied by second-harmonic 

generation"  

Bilal Gokce, Daniel B. Dougherty, Kenan Gundogdu  

J. Vac. Sci. Technol. A 30, 040603 (2012) 
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protrusions indicate the effect of surface oxidation as described previously.
100 

The effect of a 

high density of holes is evident by comparison. In panel A and D, the initial H-passivated 

surfaces exhibit flat terraces separated by monatomic steps. For the lightly doped sample, 

oxidation takes longer than three hours. On the other hand, the heavily doped material 

oxidizes relatively rapidly. Most of the surface is covered with a structure consistent with a 

typical natural oxide in less than one hour. A high concentration of holes obviously impacts 

surface reactivity significantly. 

To gain insight into the bond-specific details of the process observed by AFM, we applied 

SHG to study the effect of p-type doping on the oxidation of the different surface bonds.  

 

 

 

Figure 41. (a) Evolution of SHG during air exposure of an H-terminated Si(111) sample with p=3.6  10
16

 

cm
-3

 (b) as (a) but for p=5.1 x 10
18

 cm
-3

. 

 

Figure 41a and Figure 41b show SHG data for samples #8 and #9. Both are normalized to the 

level where the SHG responses no longer change with time. A comparison of the two figures 

illustrates a significant dependence on carrier concentration. The three features of the heavily 

doped sample (Figure 41b) rise almost linearly to their maximum value then remain constant 
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thereafter. In contrast, the same three features of the moderately doped sample (Figure 41a) 

reaches a higher maximum value and then decreases. We also note the existence of a 20 min 

incubation period for oxidation of the moderately doped sample. 

 

 

Figure 42. (a) Evolution of the average hyperpolarizabilities of the up bonds for boron-doped Si(111) 

samples with p = 1.3 x 10
15

, 3.6 x 10
16

, and 5.1  10
18

 cm
-3

 . (b) As (a), but for the Si back bonds. 

 

To obtain a more quantitative understanding of the reaction dynamics of oxidation, we 

investigated the time evolution of the hyperpolarizabilities for up and back bonds in more 

detail. The bond model relates the SHG data to the hyperpolarizabilities of the different 

bonds. Figure 42 summarizes the results for all three samples, thereby highlighting the 

differences that occur for different carrier concentrations. With increasing concentration the 

curves shift to earlier times. At the highest hole concentration investigated here, both the 

incubation period and the peak near 2h have vanished completely. This shows that the up 

bond is now oxidizing as rapidly as the back bonds.  

(b) (a) 
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Figure 43. (a) first 40 min of Fig 2a; (b) first 40 min of Fig 2b.The green curves show the exponential fits. 

 

We can make these observations quantitative by least-squares fitting simple exponential 

functions to the data. An expansion of the first 40 min of the data of Figure 41a is shown in 

Figure 43. The green curves show the exponential fits. The incubation period, if present, is 

fitted separately. The time constants for the incubation and rise periods are summarized in 

Table E. 

 

Table E. Parameters yielding the best fits of exponential functions of the data of Fig. 4. 

 time constants (min) 

 up bonds back bonds 

P incubation Rise Incubation Rise 

1.3 x 10
15

 cm
-3

 -5.2±0.5 33±2 -23±2 15±2 

3.6 x 10
16

 cm
-3

 constant 28±3 -22±2 13±2 

5.1 x 10
18

 cm
-3

 nonexistent -22±4 nonexistent -54±4 

 

 

(a) (b) 
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The analysis shows that the initial oxidation of p-type Si is dominated by the reaction 

dynamics of the up bonds. For carrier concentrations of p = ~10
15

 cm
-3

 as well as 10
16

 cm
-3 

we see that the incubation periods for the back bonds are identical. However, the reactivity of 

the up bonds clearly changes, further highlighting the dominant influence of up bonds during 

the incubation period. However, as time evolves the back bonds become more reactive and 

dominate the oxidation process. This is reflected in a faster rise times for these bonds. The 

extreme case is the p = 5.1  10
18

 cm
-3

 sample. Here the incubation period is completely 

missing and the evolution is a simple exponential rise with a negative time constant.  

From these observations it is clear that holes facilitate oxidation. The most significant effect 

occurs in the first step, where the -H of the Si-H up bond is replaced by -OH. This is evident 

not only from the vanishing incubation period and higher rise rates for the up bond, but also 

in the vanishing of a peak. For low doped samples the process is autocatalytic, whereas for 

highly doped samples the surfaces are already reactive. The negative time constant suggests a 

rise to saturation in these samples. These results are consistent with corrosion studies of Si 

and Ge in aqueous solutions, where the availability of holes which weakens the surface 

bonds is the rate-limiting step.
101

  

 

4.5 Observation of Structural Dynamics 

The observed oxidation anisotropies of strained surfaces also lead to bond-level structural 

dynamics that can be observed in SHG data. The SiO bond length of 1.65 Å is 

incommensurate with the Si–Si bond length of 2.35 Å, so oxidation of particular bonds 

introduces microscopic strain that can cause additional structural changes. To investigate 

these effects, we determined the azimuth angles of the peaks of the SHG data of Figure 26. 

The azimuths were extracted by fitting the evolving features with Gaussian functions, 

although other functions could also be used without changing the results. These are shown in 

Figure 44A-C. They were also correlated with models created by MM2 force-field 

calculations, which are shown in Figure 44D-F. Due to program limitations it is not possible 
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to create a silicon lattice with more than 100 atoms, so the MM2 calculations are not 

quantitatively accurate. Nevertheless, they are sufficient to show trends. 

 

 

Figure 44. (a) Evolution of the azimuths of the dominant features for the unstrained on-axis sample. (b) 

As (c), but for the sample strained along 〈 ̅  ̅〉. (c) As (b) but for strain along 〈 ̅  〉. (d)-(f) Results of 

force-field calculations showing the result of O insertion in different bonds. 

 

All figures show that the initial and asymptotic azimuths exhibit the expected equilibrium 

values for an unperturbed Si(111) lattice. This is also the case of the on-axis sample 

throughout oxidation, Figure 44A, where oxidation is stochastic and the average azimuthal 

angle for each bond remains constant to within ±0.3°. However, significant discrepancies are 

seen for different bonds in Figure 44B and Figure 44C. In particular, for Figure 44B, where 

0.06% strain is applied along 〈 ̅  ̅〉, the average azimuth-angle increase of several degrees 
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shows that the 〈  ̅ ̅〉 and 〈 ̅ ̅ 〉 bonds move away from each other upon oxidation but before 

oxidation is completed. This is consistent with the MM2 calculation shown in Figure 44E. 

When 0.05% strain is applied along 〈 ̅  〉, Figure 44C shows that the average azimuth 

angles decrease by several degrees. Thus the 〈  ̅ ̅〉 and 〈 ̅ ̅ 〉 bonds both move closer to the 

〈 ̅  ̅〉 bond. This is again consistent with the diagram provided in Figure 44F. These 

azimuthal variations indicate an initial accumulation, followed by a relaxation, of 

microscopic strain. While such local strains are necessarily a general consequence of 

oxidation, the fact that macroscopic strain makes oxidation anisotropic allows us to resolve 

properties of individual types of bonds and hence to observe the effect. These data together 

with the analysis of the experiment on the strained sample clearly indicate that SHG provides 

a bond sensitive structural characterization method. Oxidation of the vicinal sample is 

mandated by the step structure, hence no structural dynamics are observable. 

 

4.6 Oxidation of methoxylated Si(111) 

To test the validity of the two-step model
91

 that we use in the above discussions we 

investigate the oxidation of methoxylated Si(111). H-Si(111) (#2, Table A) was kept in a box 

with Methanol for 62hours while the box was continuously purged with Nitrogen. Methanol 

reacts with Si-H up-bonds to form H2 and Si-OCH3 oriented normal to the surface. However 

the reaction is free of any detectable back bond oxidation. 
85,102

 

 

The evolution of the average magnitudes of the three SHG peaks for an oxidizing 

methoxylated Si(111) sample in air is shown in Figure 45. 
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Figure 45. Evolution of the average magnitudes of the three SHG peaks for an oxidizing 

methoxylated Si(111) sample in air. 

 

In contrast to Figure 30 we clearly observe a single exponential rise which indicates that the 

two-step process is reduced to a single reaction mechanism which we attribute to the obvious 

oxidation of the Si-Si back bonds. 

 

4.7 Third-harmonic generation during oxidation of H-Si(100) 

The nature of the third-rank tensor, responsible for second-harmonic generation, puts the 

following restriction on the SH processes: SHG can only resolve rotation axes not exceeding 

3-fold symmetry. But macroscopically we have 4-fold symmetry in Si100, therefore we need 

at least Third-harmonic generation (THG) experiments to characterize the interface. Figure 

46 shows a THG spectrum of Si(100) (Sample #10 from Table A).  

 

Figure 46. THG signal of a Si(100) sample. 
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The time evolution of the THG during the oxidation is illustrated in Figure 47. 

 

 

Figure 47. Time evolution of the THG response during oxidation of H-Si(100). 

 

There is no change in the signal evident for 600 hours. This is attributed to the fact that for 

Si(100) the interface contributes no more than 5% to the total THG signal. 
103

 Since THG 

can’t resolve the oxidation kinetics of this system, Fourth-Harmonic Generation (FHG) 

experiments are needed. The interface sensitivity of FHG is based on the same considerations 

described for SHG (see Section 2.3.1). However, FHG can’t be realized with the laser system 

used for this thesis work due to its limited wavelength tunability.     
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5 Conclusion 

Control of in-plane chemistry by manipulating reaction rates of certain bond directions is a 

novel concept, with potential applications in semiconductor technology. The first important 

step to achieving such control is the development of bond-specific methods that can 

characterize these effects. By applying a uniaxial strain during Si–SiO2 interface formation, it 

is demonstrated that SHG provides the route to characterization followed by control for Si 

oxidation. We not only are able to control chemical reactivity along different bond directions, 

but also to probe structural evolution by measuring changes in bond directions. 

 

The results presented in this thesis work are described with reference to a two-step oxidation 

process, where the H of the “up” bonds is first replaced by OH, followed by O insertion into 

the “back” bonds. The relatively strong dependences of these reactions on carrier 

concentration show why consistent results on the durability of H passivation have not been 

achieved. More interesting are the possibilities of directional oxidation. Anisotropic 

oxidation can be expected to lead to anisotropic properties in the underlying material, or to 

anisotropic protection in the case of further processing.  

 

Previously, similar nonlinear optical experiments were modeled by tensorial 

calculations
18,19,20

, which are based on the symmetry of the underlying Si lattice. However, 

our data emphasize that chemistry takes place in real time at the atomic scale, and that 

symmetry is an end result of chemical processes, i.e., it is not constant but evolves in time. 

Therefore, effective real-time analysis of nonlinear-optical signals requires models based on 

microscopic parameters. The ABM used in this work facilitates the interpretation of SHG 

experiments, expanding its applications to surface chemistry. The approach of using SHG to 

study dynamics is general, and can be applied to problems that range from bond formation 

during chemical changes on surfaces to bond dynamics in functional materials that exhibit 

phase transitions. Although Si might appear to be a special case owing to the relative lack of 

SHG signals from the bulk, the measurements done here depend mainly on differences with 



 

 

73 

 

respect to an intrinsic reference, and thus become more an issue of precision rather than 

accuracy. I anticipate that significantly more information will become available from these 

measurements once nonlinear-optical spectroscopy becomes routine. 
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Appendix A – Matlab Bond Model Code 

clear all; 
beta = 0.304083*2*pi; % 109.47 this angle is the angle between Si-bonds 
gamma=0; % vicinal cut angle 

  
%b's are the bond-vectors for silicon 111 
b_1 = [0; 0; 1]; 
b_2 = [sin(beta); 0; cos(beta)]; %sin(120)=sqrt(3/2) 
b_3 = [-0.5*sin(beta); (sqrt(3)/2)*sin(beta); cos(beta)]; %cos(120)=-0.5,  
b_4 = [-0.5*sin(beta); -(sqrt(3)/2)*sin(beta); cos(beta)];  

 
theta_i = (29.5/45)*pi/8; 
theta_0= (29.5/45)*pi/8;  
e_p = 1; %incidence angle observation angle and E_field amplitude 
E_p = [-e_p*cos(theta_i); 0; e_p*sin(theta_i)]; %p_polariz. incident pulse  
k_shg = [-sin(theta_0); 0; cos(theta_0)]; %unit vector along the wave 

vector of the shg light 

  
%a's are the hyperpolarizabilities, these are assumed values 
a_up  = 554+515i 
a_step = -28.2; 
a_down1 = -28.2; 
a_down2 = -28.2; 
  A= zeros(360,1); 
  B= zeros(360,1); 
  E_shg = zeros(3,360); 
 

for k=1:360 
  phi = (k-1)*2*pi/360; 
  R_phi = [cos(phi) sin(phi) 0; -sin(phi) cos(phi) 0; 0 0 1]; 
  V_g = [cos(gamma) 0 sin(gamma);0 1 0; -sin(gamma) 0 cos(gamma)];  
  b_1a = R_phi*V_g*b_1; 
  b_2a = R_phi*V_g*b_2; 
  b_3a = R_phi*V_g*b_3; 
  b_4a = R_phi*V_g*b_4; 
   Ps_2 = a_up*(dot(b_1a,E_p))^2*b_1a; 
   Ps_2 = Ps_2+a_step*(dot(b_2a,E_p))^2*b_2a; 
   Ps_2 = Ps_2+a_down1*(dot(b_3a,E_p))^2*b_3a; 
   Ps_2 = Ps_2+a_down2*(dot(b_4a,E_p))^2*b_4a; 

    
E_shg(:,k) = Ps_2 - dot(k_shg,Ps_2)*k_shg;  
A(k) = abs(E_shg(2,k))^2; 
B(k) = abs((E_shg(1,k)))^2+ abs((E_shg(3,k))).^2; 
end 
angle =0:2*pi/360:2*pi*359/360; 
figure (8); plot(B); 
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Appendix B – Origin Fitting function 

 
y(x)=abs(b*(-cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)*cos(0.081944444*pi)+cos(0.608166*pi)* 

sin(0.081944444)*pi)^2*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)+c*(-(-0.5*cos(0.00555555*(x-

1)*pi)*sin(0.608166*pi)+0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2*(-0.5*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)+0.5* 

sin(0.002777777*(2*x-2)*pi)*sqrt(3)*sin(0.608166*pi))+d*(-(-0.5*cos(0.00555555*(x-1)*pi)* 

sin(0.608166*pi)-0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi) 

+cos(0.608166*pi)*sin(0.081944444)*pi)^2*(-0.5*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)-

0.5*sin(0.002777777*(2*x-2)*pi)*sqrt(3)*sin(0.608166*pi))+(-sin((0.081944444)*pi)*(b*(-

cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)*cos(0.081944444*pi)+cos(0.608166*pi)* sin(0.081944444)*pi)^2 

*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)+c*(-(-0.5*cos(0.00555555*(x-1)*pi)*sin(0.608166*pi) 

+0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+cos(0.608166*pi)* 

sin(0.081944444)*pi)^2*(-0.5*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)+0.5*sin(0.002777777*(2*x-

2)*pi)*sqrt(3)*sin(0.608166*pi))+d*(-(-0.5*cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)-

0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+cos(0.608166*pi) 

*sin(0.081944444)*pi)^2*(-0.5*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)-0.5*sin(0.002777777*(2*x-

2)*pi)*sqrt(3)*sin(0.608166*pi)))+cos(0.081944444*pi)*(a*sin((0.081944444)*pi)^2+b*(-cos(0.00555555*(x-

1)*pi)*sin(0.608166*pi)*cos(0.081944444*pi)+cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi) 

+c*(-(-0.5*cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)+0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)* 

sin(0.608166*pi)) * cos(0.081944444*pi)+cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)+d* 

(-(-0.5*cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)-0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))* 

cos(0.081944444*pi)+cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)))*sin(0.081944444)*pi)^2

+abs(a*sin((0.081944444)*pi)^2+b*(-cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)+c*(-(-0.5*cos(0.00555555*(x-1)*pi) 

*sin(0.608166*pi)+0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)+d*(-(-0.5*cos(0.00555555*(x-1)*pi)* 

sin(0.608166*pi)-0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)-(-sin((0.081944444)*pi)*(b* 

(-cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)*cos(0.081944444*pi)+cos(0.608166*pi)* 

sin(0.081944444)*pi)^2*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)+c*(-(-0.5*cos(0.00555555*(x-

1)*pi)*sin(0.608166*pi)+0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2*(-0.5*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi) 

+0.5*sin(0.002777777*(2*x-2)*pi)*sqrt(3)*sin(0.608166*pi))+d*(-(-0.5*cos(0.00555555*(x-1)*pi)* 
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sin(0.608166*pi)-0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2*(-0.5*cos(0.002777777*(2*x-2)*pi)*sin(0.608166*pi)-

0.5*sin(0.002777777*(2*x-2)*pi)*sqrt(3)*sin(0.608166*pi)))+cos(0.081944444*pi)* 

(a*sin((0.081944444)*pi)^2+b*(-cos(0.00555555*(x-1)*pi)*sin(0.608166*pi)*cos(0.081944444*pi) 

+cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)+c*(-(-0.5*cos(0.00555555*(x-1)*pi)* 

sin(0.608166*pi)+0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi) 

+cos(0.608166*pi)*sin(0.081944444)*pi)^2*cos(0.608166*pi)+d*(-(-0.5*cos(0.00555555*(x-1)*pi)* 

sin(0.608166*pi)-0.5*sin(0.00555555*(x-1)*pi)*sqrt(3)*sin(0.608166*pi))*cos(0.081944444*pi)+ 

cos(0.608166*pi)*sin(0.081944444)*pi)^2 *cos(0.608166*pi)))*cos(0.081944444*pi))^2+e 

 


