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I 

 

Abstract 

The hydrogen adsorption and desorption from a single crystal Si (111) surface 

have been studied actively with interest for a long time, since hydrogen desorption is the 

central rule of CVD growth of Si devices.  However, some unanswered problems about 

the desorption order are still remaining, especially at low hydrogen coverage.  In 

literature, isothermal hydrogen desorption was investigated from a H-Si (111)1x1 surface 

prepared by using chemical etching method.  They used sum frequency generation 

(SFG) to detect the hydrogen coverage.  That study showed that the hydrogen desorbed 

homogeneously but could not decide the desorption order at the hydrogen coverage 

around 0.2 ML, because at lower than 0.2 ML coverage the resonant SFG signal was 

indistinguishable from non-resonant background.  According to this work, I intend to 

analyze the order of desorption from a flat Si (111) surfaces at high and low hydrogen 

coverage by using optical SFG and SHG spectroscopies. 

In this study, I have investigated the hydrogen desorption mechanism from a flat 

H-Si (111)1x1 surface at 711 K by using both SFG and SHG spectroscopies.  I have used 

SFG spectroscopy for investigating the hydrogen desorption at the higher hydrogen 

coverage, and the SHG for lower hydrogen coverage on the hydrogenated Si (111) 

surfaces.   



II 

 

The H- Si (111)1x1 surface was prepared in a UHV chamber by dosing hydrogen 

molecules with ~3.5 Torr on the Si (111)7x7 surface at 600 °C.  The SFG signal was 

obtained as a function of the IR light wavenumber.  SFG spectra of each experiment 

were taken from 2060 cm−1 to 2110 cm−1 with a scanning step of 1 cm−1.  Each 

measurement was conducted in the polarization combinations as ppp (SFG in p-

polarization, visible in p-polarization and IR light in p-polarization).  Before heating, 

the sharp peak at 2083.7 cm−1 is attributed to the stretching vibration of monohydride on 

the Si surface.  After heating for each 10 s at 711 K, the sample was cooled down to RT, 

and the SFG spectrum was taken.  This procedure was repeated for 20 s, 30 s, 40 s… 

and up to 230 s and the series SFG spectra as a function of heating time were taken.  

From these resonant SFG spectra, the coverage of hydrogen was calculated.  The 

calculated hydrogen coverage decreased from 1 ML to ~0.18 ML in ~230 s and was best 

fitted to the second order desorption.   

As the other investigation, I have applied SHG spectroscopy for the hydrogen 

desorption order at low hydrogen coverage below ~0.18 ML.  When the SFG signal 

became comparable to the background due to the lower hydrogen coverage, I switched to 

SHG measurement and detected the Si dangling bonds.  The fundamental light 

wavelength 1064 nm with power of 380 𝜇J/pulse was used as the excitation light.  In 
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this experiment, I used the polarization configurations Pin Pout.  The sample was heated 

for each 50 s at 711 K and then cooled down to RT, and the SHG signal was taken. This 

procedure was repeated for 230 s, 280 s, 330 s, 380…up to 3880 s.  Then I heated the 

sample in different interval of times and measured SHG signal up to 18330 s.  The 

heating time dependent SHG intensity curve showed that the intensity initially increased 

rapidly as a function of heating time and then gradually saturated when the number of 

dangling bonds were saturated.  The initial coverage of SHG measurement was 0.18 ML. 

The hydrogen coverages during the isothermal desorption was tried to be analyzed to the 

first (1st), intermediate (1.5th) and second (2nd) order theoretical curves.  The reduction 

of hydrogen coverage showed that the first order was the best fitted. 

In addition, investigation of the hydrogen desorption from the H-Si (111)1x1 surface 

has been done at various high surface temperatures.  The heating temperatures were of 

~711, 730, 750 and 770 K.  By SFG, I detected Si-H vibration and investigated hydrogen 

desorption at the high hydrogen coverage from 1 ML to 0.44 ML since SFG signal was 

close to background at low hydrogen coverage.  After SFG measurement I switched to 

SHG measurement and detected Si dangling bonds and monitored the hydrogen coverage 

when it was lower than〜0.44 ML.  This investigation showed that the hydrogen 

desorption was assigned as second order in the coverage range 1 ML to 0.44 ML for all 
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of the heating temperatures.  The low coverage hydrogen desorption was assigned as 

first order in the range below 0.44 ML to 0.0 ML for all heating temperatures.  

Combining the SFG and SHG analyses, the desorption order and also desorption 

activation energy were clarified on the whole hydrogen coverage from 1 ML to 0 ML. 

From the series of SFG and SHG spectra observed at several high temperatures, I have 

calculated the desorption activation energy for high and low coverage of hydrogen. For 

second order desorption, the activation energy was 1.96 ± 0.49 eV and for first order 

desorption the activation energy was 1.41 ± 0.35 eV.  On the other hand, the value of 

activation energy was low for lower coverages and high for higher coverage. 

Keywords: Sum frequency generation (SFG); Second harmonic generation (SHG); Si 

(111)1x1surface; desorption order; desorption activation energy; hydrogen coverage. 
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1.1 Background researches of a silicon (111) surface  

The elemental name of silicon come from "silicium" that was first proposed by Humphry Davy in 

1808 [1].  Thenard and G. Lussac also tried to prepare amorphous silicon by heating of potassium 

metal (K) with tetrafluorosilane (SiF4), but they failed to purify and characterize the new elements, so 

they could not identify it was a new element in 1811 [2].  Scottish chemist Thomas Thomson has given 

the present name of silicon in 1817.  He kept similar part of Davy's name but added "-on" [3].  At the 

beginning, Berzelius first prepared amorphous silicon using the similar method as Gay-Lussac, but he 

succeeded in purifying the product as a brown powder in 1823 [4].  As a result, he was usually given 

credit for the element's discovery [5, 6].   

 Crystalline silicon was first prepared by Deville in 1854 [7, 8], he (Deville) to investigated an 

impure allotrope of silicon [9].  After that, many efficient technique have been used to develop the 

silicon in various allotrope forms, the most recent example is “silicene”.  Many places in the world 

contained its name due to the importance of its applications, for example, Silicon Valley in California, 

and Silicon Gorge in Bristol, England.  

   
Fig.1.1.1: Diamond structure of Si (111) is shown by cutting in the (111) plane [10]. 

https://en.wikipedia.org/wiki/Amorphous_silicon
https://en.wikipedia.org/wiki/Thomas_Thomson_%28chemist%29
https://en.wikipedia.org/wiki/J%C3%B6ns_Jakob_Berzelius
https://en.wikipedia.org/wiki/Henri_Etienne_Sainte-Claire_Deville
https://en.wikipedia.org/wiki/Allotrope
https://en.wikipedia.org/wiki/Silicene
https://en.wikipedia.org/wiki/Silicon_Valley
https://en.wikipedia.org/wiki/California
https://en.wikipedia.org/wiki/Silicon_Gorge
https://en.wikipedia.org/wiki/Bristol,_England
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   The semiconductor silicon have the diamond structure which is shown in Fig 1.1.1.  In the 

diamond structure each atom is covalently bonded to four other atoms in a tetrahedral geometry.  The 

arrangements of lattice points in planes of the crystal are important for charactering the surface structure 

and also the structure of solid.  The different crystal planes are defined by their Miller indices, which 

shows the plane through which the crystal was originally cleaved.  For Si surfaces most common 

orientations used in industry are Si (100), Si (110) and Si (111) depending on their own advantages and 

applications.   

 

The simple cubic cell of the three crystal planes are easily identified.  The expression (100) denotes 

lattice planes normal (perpendicular) to the x-axis, may be used to indicate either an individual plane or 

the whole set of planes (010) and (001) when the lattice planes are normal (perpendicular) to the y and 

z-axis, respectively.  The (110) plane denotes lattice planes perpendicular (normal) to the xy plane 

(there will be a set of planes of this type with different orientations, of which the (101) and the (011) 

where lattice planes perpendicular (normal) to the xz-plane and yz plane respectively), and the third one 

is (111) one of the unit face plane.  These three sets of planes that are most important for basic surface 

Fig.1.1.2: A cubic crystal denoted by Miller indices (100), (110) and (111) plane [10]. 
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studies.  The set is shown above in Fig.1.1.2 with the atoms on the plane and the plane itself is marked 

in red. 

In this research, I am interested in Si (111) surface because its surface structure is smooth and 

identical.  Especially, hydrogenated Si (111) surfaces more and more become attractive substrates of 

silicon based biological devices and sensors.  The etching of the silicon oxide layer with the help of HF 

or NH4F leaves silicon surface hydrogen terminated which is more stable and oxide free used for 

producing organic monolayer [11]. 

    

Fig 1.1.3 shows a general scheme for hydrosilylation reaction.  The Si (111) surfaces are well known 

surfaces preferred for the covalent alkylation of organic monolayers due to the surface atomic 

arrangement, which leads to densely packed layer and low density of dangling bonds [12-13].  Fig 1.1.4 

shows a general steps used to form both monolayers [11].  Two types of C-Si monolayer on H-Si (111) 

surfaces were formed using UV hydrosilylation on the hydrogen terminating silicon surfaces.  On the 

other hand, the hydrogen terminating Si (111) surfaces were used as a biological sensors.  Fig.1.1.5. 

shows an example of Si (111) surface as a sensor by making Si-C monolayer as the attachment of receptor 

protein [14]. 

Fig. 1.1.3: General scheme for Hydrosilylation reaction [11]. 
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Fig. 1.1.4: Formation of monolayers by steps [11].  
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 Fig .1.1.5: As a biological sensor (detector) [11]. 
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Fig.1.1.6a-d shows that cross-section of commonly used Si NW shapes and the corresponding 

surface crystal orientation of the exposed facets.  Fig.1.1.6e-g is the microscopic image of 

representative all-(111) surface Si NW fabricated and the result in Si (111) faces on the triangle that are 

atomically smooth [15].  

 

Hydrogenated flat Si (111) surfaces have been attractive substrates for silicon based devices.  The 

interaction of hydrogen with silicon surfaces has one of the particular importance to the chemical vapor 

deposition (CVD) method.  The adsorption and desorption of hydrogen from the Si surface plays an 

important role in the epitaxial growth of Si by CVD method [16], because the rate of desorption of 

hydrogen from the Si surfaces is the fundamental upper limit on the epitaxial growth rate of Si by CVD 

methods [17].  For this reason, the hydrogen desorption process from H-Si(100)3x1, H-Si(100)2x1, 

Si(111)2x1 and H-Si(111)7x7 surfaces has already been investigated by different techniques, such as 

laser induced thermal desorption (LITD) [16, 18], second harmonic generation (SHG) spectroscopy [19], 

               Fig. 1.1.6: An example as a biological devices [11]. 
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in-situ surface infrared (IR) spectroscopy [20], scanning tunneling microscopy (STM) [21], and 

temperature–programmed desorption (TPD) [22], etc.  The hydrogen desorption from Si (111) 7x7 

surface was studied by using laser-induced thermal desorption (LITD) process by B.G. Koehler and his 

coworkers.  They suggested that the desorption order of hydrogen molecules above 0.2 ML displayed 

second order kinetics [16].  Gupta et.al studied the hydrogen desorption by temperature programmed 

desorption (TPD) process and they revealed that on the H-Si (111) 1x1 surface hydrogen atoms started 

to desorb at 720 K and completely desorbed at 800 K [23].  They also suggested that the desorption of 

hydrogen molecules for monohydride species follows the second order kinetics.  These suggestions are 

consistent with other groups such as B.G. Koehler et .al. [16].  

On the other hand, Hien et. al. studied isothermal hydrogen desorption from a H-Si(111)1x1 surface 

prepared by chemical etching method by using SFG spectroscopy at different temperatures.  They 

suggested that the hydrogen desorbed homogeneously but they did not decide the desorption order at the 

hydrogen coverage below 0.2 ML [24], because at the coverage lower than ∼0.2 ML the resonant SFG 

signal was indistinguishable from non-resonance background.  The surface coverage corresponding to 

∼1 ML is the maximum surface density of the hydrogen atoms on the Si (111) surface, namely one 

monolayer (ML) = 7.8x1014 (atoms/cm2) [25, 26]. 

The above mentioned works show that the desorption of hydrogen from the single crystal Si (111) 

surface has been studied with interest for a long time.  However, some unanswered problems about the 

desorption order are still remaining, especially at low hydrogen coverage.  The hydrogen desorption 

order for coverage below 0.2 ML at the range of temperature of 680 K<T<800 K was investigated using 

second harmonic generation (SHG) by Reiders et. al. only [19].  They found that the result can be 

characterized by an intermediate reaction order of 1.5 ± 0.2.  Therefore, I will study the hydrogen 
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desorption mechanisms by investigating the isothermal desorption of hydrogen from H-Si (111)1x1 

surfaces.  In my study, I will investigated the desorption mechanism of hydrogen from a flat H-Si 

(111)1x1 surface by using both SFG and SHG spectroscopies.  I will use SFG spectroscopy for 

investigating the hydrogen desorption at high hydrogen coverage, and the SHG for low hydrogen 

coverage on the hydrogenated Si (111)1x1 surfaces.   

Nonlinear optical spectroscopies such as SFG and SHG techniques are used as useful nondestructive 

and sensitive tools to study the properties of surfaces and interfaces.  SFG is a second order nonlinear 

optical process.  In SFG, two photons with different frequencies of visible (𝜔1) and IR (𝜔2) interact 

with a nonlinear medium simultaneously to generate a photon with the sum of the two frequencies 

𝜔1+𝜔2.  SHG is a special case of SFG with 𝜔1= 𝜔2 = 𝜔  and a photon with the frequency of 2𝜔 is 

generated.  SFG spectroscopy will be used to observe vibrational spectrum of H-Si bonds on the surface 

before and after heating.  When hydrogen coverage became low, the SFG signal was close to the 

background and the vibrational mode could not be seen.  On the other hand, SHG is very sensitive to 

dangling bonds on the surface [19].  Therefore, I will apply the SHG spectroscopy to measure the 

remaining hydrogen coverage when the coverage became unobservable by SFG.  Then, the desorption 

order could be clarified in the whole coverage range. 

In the previous works, some research groups proposed that H desorption from monohydride Si (111) 

surface was re-combinative as the second order desorption.  The reported desorption activation energy 

of the re-combinative second order desorption for monohydride phase varied from 1.7 eV to 3.5 eV, but 

the recent many experimental reports indicated that the value of second order hydrogen desorption 

activation energy was about 2.5 eV [ 27,28,29 ] .  This result was in good agreement with the density 

functional calculation which gives hydrogen desorption activation energy of 2.4 eV from the 
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monohydride species [30].  But the values of activation energy in the low coverage range has not well 

experimental reputation except second order desorption. 

At the low coverage below ∼0.2 ML, the desorption order for coverage at the range of temperatures 

of 680 K<T<800 K was investigated for the first time using second harmonic generation (SHG) by 

Reiders et. al. only [19].   They found that the result can be characterized by an intermediate (between 

the first and second order) reaction order of 1.5 ± 0.2 with the activation energy of Ed = 2.40 ± 0.1 eV.   

This value of activation energy was considerably higher than, Ed =1.8eV by Ch. Klient et. al studied by 

the TPD measurements [31].   On the other hand their calculated activation energy was lower than that 

obtained by G. Schulze et.al using TPD, Ed = 2.54 eV and for the first order kinetics activation energy, 

Ed = 2.1 eV [22].   

The previous reports showed that there were some inconsistency of the value of desorption activation 

energy, especially at low hydrogen coverage.  Therefore, I will study desorption activation energy for 

clear understanding of the hydrogen desorption mechanisms at low coverage as well as high coverage.  

In my study, I will investigate the hydrogen desorption activation energy from a flat H-Si (111)1x1 

surface by using both SFG and SHG spectroscopy.  In order to do that, I will heat the sample in different 

surface temperatures.  SFG spectroscopy will be used for investigating the hydrogen desorption at the 

high hydrogen coverage, and the SHG spectroscopy will be used for low hydrogen coverage on the 

hydrogenated Si (111)1x1 surfaces.  
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1.2 Purposes of my research 

I would like to summarize the purposes of this research as described in detail in the previous section 

as follows: 

(a) I will evaluate the hydrogen desorption order from the H-Si (111)1x1 surface by using SFG and 

SHG spectroscopy.  In this study SFG spectroscopy will be used for high coverage and SHG 

spectroscopy will be used for low coverage.  The H-Si (111)1x1 surface will be prepared by dosing 

hydrogen molecules in a UHV chamber.  The time dependence of SFG and SHG spectroscopy of the 

H-Si (111)1x1 surface will be investigated after heating at high temperatures.  The reduction of 

hydrogen coverage due to heating will be observed for the first time by using SFG and SHG 

combination system.  The hydrogen desorption order from Si (111)1x1 surface can be considered 

during the hydrogen desorption process for lower and higher coverage. 

(b) I will calculate the desorption activation energy of hydrogen on the H-Si (111)1x1 surface.  The 

activation energy for the high and low coverage desorption will be investigated by analyzing SFG and 

SHG spectra at different heating temperatures. 

1.3 Outline of the thesis  

Seven chapters are organized as follows: 

Chapter 1 showed the historical study of hydrogen desorption from H- Si (111) surfaces and also 

remaining problems.  I explained why I combined the SFG and SHG for investigate hydrogen 

desorption from H-Si (111) surfaces.  Here, I also introduced the objective and the outline of this 

research. 



Chapter 1: Introduction 

 
12 

 

Chapter 2 explains briefly the theoretical background of nonlinear optics and propagating principle of 

nonlinear optical media.  I described the introduction and theory of SFG and SHG methods.  Here I 

also introduced the adsorption and desorption order theory. 

Chapter 3 reviews the literature in the previous study related to the adsorption and desorption of 

hydrogen from the flat Si (111) surfaces.  Here I introduced a short review of the desorption of hydrogen 

from Si (111) surfaces by using SFG, SHG and also other methods. 

Chapter 4 briefly presents how the sample was cleaned before loading into UHV chamber and how 

the H-Si (111) surfaces were prepared by dosing hydrogen molecules.  I show the schematic optical 

system and advantages of SFG/SHG spectroscopy measurements.  

Chapter 5 presents the main results of my research.  Hydrogen desorption from Si (111) surfaces was 

reported with surface heating temperature of 711 K by using SFG and SHG.  I also discuss the 

desorption activation energy of hydrogen from Si(111) surfaces heated at different temperatures of 711 

K, 730 K,750 K and 770 K. 

Chapter 6 shows the general conclusion and summaries of the main results achieved by this research. 

Chapter 7 focuses on the work which I intend to do in the future research.  Here, I also list the 

publications and conferences participation in my Ph.D. course 

 

 

. 
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2.1 Nonlinear optics: 

Nonlinear optics (NLO) is the study of phenomena that occurs as a consequence of the modification 

of the optical properties of a material system by the presence of light.  Nonlinear optical phenomena are 

‘nonlinear’ in the way that they occur when the material system responds to the applied optical field in a 

nonlinear manner [1].  This nonlinearity is typically only observed at very high light intensities which 

are provided by pulsed lasers.  With the invention of lasers by Maiman in 1960’s, the available optical 

power level was high enough to change the response of the medium from linear to nonlinear.  It opened 

a new era of nonlinear optics and discoveries of various interesting phenomena such as Sum-frequency 

generation (SFG), Second harmonic generation (SHG) and Difference-frequency generation 

(DFG)[1, 2].   Second harmonic generation (SHG) is one of the simplest lowest order non-linear optical 

process in which the atomic response to the laser light depends quadratically on the strength of the applied 

electric field. Consequently, the intensity of the light generated at the second harmonic frequency tends 

to increase as the square of the intensity of the applied laser light.  This phenomena was first 

demonstrated by Franken et al. in 1961 at the beginning of the field of nonlinear optics. 

2.1.1 Theoretical background of nonlinear optics: 

For better understanding the interaction of light with matters we can use the Maxwell’s equations.  

We begin with Maxwell’s equations in the SI unit for nonlinear medium as: 

∇. 𝑫̃ = 𝜌̃       (2.1.1.1) 

∇. 𝑩̃ = 0       (2.1.1.2 

∇ × 𝐸̃ = − 
𝜕𝑩̃

𝜕𝑡
                          (2.1.1.3) 
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∇ × 𝑯̃ = 𝜕𝑫̃ 𝜕𝑡⁄ + 𝑱̃             (2.1.1.4) 

We will consider the solution of these above equations in the regions of space with no free charges, so 

that 

𝜌̃ = 0       (2.1.1.5) 

and also the regions of space with no free currents, so that 

𝑱̃ = 0       (2.1.1.6) 

We also consider the material is nonmagnetic, so that 

𝑩̃ = 𝜇0𝑯̃       (2.1.1.7) 

In the nonlinear medium, dielectric vector 𝑫̃ and electric field strength 𝑬̃ are related by the following 

equation, 

𝑫̃ = 𝜀0𝑬̃ + 𝑷̃       (2.1.1.8) 

Here, the relation between the polarizations (𝑷̃) and the electric field strength  𝑬̃ is not linear, so they 

are dependent nonlinearly each other.  In order to deduce electromagnetic wave equation, now we take 

curl both of sides of eq. (2.1.1.3) and substitute (2.1.1.8) and eq. (2.1.1.4) the resultant equation is 

obtained as 

∇ × ∇ × 𝑬̃ = ∇ × (− 
𝜕𝑩̃

𝜕𝑡
 ) ⇒ ∇ × ∇ × 𝑬̃ = − 

𝜕

𝜕𝑡
 ( ∇ × 𝐵 ̃) 

If the material is nonmagnetic, so that 𝑩̃ = 𝜇0𝑯̃, we get from the above equation                            
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∇ × ∇ × 𝑬̃ = −𝜇0  
𝜕

𝜕𝑡
 ( ∇ × 𝐻 ̃) 

Now using equation (2.1.1.4)  ∇ × 𝑯̃ = 𝜕𝑫̃ 𝜕𝑡⁄ + 𝑱̃ and we get 

∇ × ∇ × 𝑬̃ = −𝜇0
𝜕

𝜕𝑡
 (  𝜕𝑫̃ 𝜕𝑡⁄ + 𝑱̃ ) ⇒ ∇ × ∇ × 𝑬̃ = −𝜇0

𝜕2𝑫

𝜕𝑡2
− 𝜇0

𝜕𝑱̃
𝜕𝑡
⁄  

We assume, no free currents, so put 𝑱̃ = 0 then we can get new equation  

∇ × ∇ × 𝑬̃ = −𝜇0
𝜕2𝑫̃

𝜕𝑡2
 

           ∇ × ∇ × 𝑬̃ + 𝜇0
𝜕2𝑫̃

𝜕𝑡2
= 0             (2.1.1.9) 

Now we use equation (2.1.1.8) 𝑫̃ = 𝜀0𝑬̃ + 𝑷̃ to eliminate 𝑫̃ from equation (2.1.1.9), we obtained the 

expression  

∇ × ∇ × 𝑬̃ + 𝜇0
𝜕2

𝜕𝑡2
(𝜀0𝑬̃ + 𝑷̃) = 0 

∇ × ∇ × 𝑬̃ +
1

𝐶2
𝜕2

𝜕𝑡2
𝑬̃ = −

1

𝜀0𝐶2
𝜕2𝑷̃

𝜕𝑡2
                        (2.1.1.9a) 

This equation (2.1.1.9a) is called the general form of the wave equation in the nonlinear optical field.  

By applying some boundary conditions it can be easier form.  One can write first part of equation 

(2.1.1.9a) by using vector calculus as    

∇ × ∇ × 𝑬̃ = ∇(∇. 𝑬̃) − ∇2𝑬̃              (2.1.1.10) 

Because of the isotropic source-free media, we have ∇. 𝑫 = 0.  This infers that ∇. 𝑬 = 0.  So the first 

term in (2.1.1.10) vanishes. 
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∇ × ∇ × 𝑬̃ = −∇2𝑬̃                             (2.1.1.10a) 

Now from the equations (2.1.1.9a) and (2.1.1.10a) we can get 

−∇2𝑬̃+
1

𝐶2
𝜕2

𝜕𝑡2
𝑬̃ =−

1

𝜀0𝐶2
𝜕2𝑷̃

𝜕𝑡2
                          (2.1.1.10b) 

The polarization 𝑷̃ can be separated on the two parts namely linear and nonlinear forms as 

𝑷̃ = 𝑷̃(𝟏) + 𝑷̃𝑁𝐿                           (2.1.1.11) 

Here 𝑷̃(𝟏) is the part of 𝑷̃ that related with the electric field strength,  𝑬̃ as linearly.  In the same way 

we can separated the displacement field  𝑫̃ into the two parts namely linear and nonlinear as  

𝑫̃ = 𝑬̃ + 4𝜋𝑷̃(1) + 4𝜋𝑷̃𝑁𝐿                          (2.1.1.12) 

𝑫̃ = 𝑫̃(1) + 𝑷𝑁𝐿                            (2.1.1.13) 

Here the linear parts as  

𝑫̃(𝟏) = 𝜀0𝑬̃ + 𝑷̃
(1)                                (2.1.1.14) 

 In terms of this quantity the equation (2.1.1.10b) becomes 

−∇2𝑬̃+
1

𝜀0𝐶2
𝜕2𝑫̃(𝟏)

𝜕𝑡2
 =−

1

𝜀0𝐶2
𝜕2𝑷̃𝑵𝑳

𝜕𝑡2
                        (2.1.1.14a) 

This equation (2.1.1.14a) is another form of wave equation on lossless and non-dispersive medium.  We 

can write a new relation between displacement field (𝑫̃(1)) and electric field strength (𝑬̃) with dielectric 

tensor 𝜖(1)as,  

𝑫̃(1) = 𝜀0𝜖
(1). 𝑬̃ 
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For the case of an isotropic materials, this relation is reduced to simple form as,   

𝑫̃(1) = 𝜀0𝜖
(1). 𝑬̃ 

Here, 𝜖(1)  is the scaler quantity, for this isotropic and dispersion less materials equation (2.1.1.14a) 

becomes 

−∇2𝑬̃ + 
𝜖(1) 

𝐶2
𝜕2

𝜕𝑡2
𝑬̃ =−

1

𝜀0𝐶2
𝜕2

𝜕𝑡2
𝑷̃𝑁𝐿                    (2.1.1.15) 

This equation has the form of a driven (i.e., inhomogeneous) wave equation; the nonlinear response of 

the medium acts as a source term which appears on the right hand side of this equation (2.1.1.15). 

In the case of dispersive medium, we can consider each frequency component of the field separately.  

We represent the electric, linear displacement and polarization fields as the sums of their various 

frequency components: 

𝑬̃(𝒓, 𝑡) = ∑ 𝐸̃𝑛 (𝒓, 𝑡)𝑛      𝑤𝑖𝑡ℎ  𝑬̃(𝒓, 𝑡) = 𝑬𝑛(𝒓)𝑒
−𝑖𝜔𝑛𝑡     (2.1.1.16) 

𝑫̃(𝟏)(𝒓, 𝑡) =∑ 𝐷̃𝑛
(1) 𝑫𝑛

(1)(𝒓, 𝑡)
𝑛

  𝑤𝑖𝑡ℎ  𝑫̃𝒏
(𝟏) (𝒓, 𝑡) = 𝑫𝑛

(1)(𝒓)𝑒−𝑖𝜔𝑛𝑡 = 

𝜖(1)(𝜔𝑛). 𝑬̃𝒏 (𝒓, 𝑡)    (2.1.1.17) 

𝑷̃𝑵𝑳(𝒓, 𝑡) = ∑ 𝑷̃𝒏
𝑵𝑳(𝒓, 𝑡)𝑛      𝑤𝑖𝑡ℎ  𝑷̃𝒏

𝑵𝑳(𝒓, 𝑡)  = 𝑷𝑛
𝑁𝐿(𝒓)𝑒−𝑖𝜔𝑛𝑡     (2.1.1.18) 

When equation (2.1.1.16) through (2.1.1.17) are introduced into equation (2.1.1.14a) we obtain a wave 

equation analogous to (2.1.1.15) that is valid for each frequency component of the field:  Thus the eq. 

(2.1.1.15) becomes           −∇2𝑬̃𝒏 + 
𝜖(1)(𝜔𝑛) 

𝐶2
𝜕2𝐸̃𝑛

𝜕𝑡2
 =−

1

𝜀0𝐶
2

𝜕2𝑷̃𝒏
𝑵𝑳

𝜕𝑡2
               (2.1.1.19) 
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To understand SFG more, we consider the coupled-wave equations for sum frequency generation [2].  

The wave equation (2.1.1.19) should be hold for each frequency component of the field and in particular 

for the sum frequency component at the frequency 𝜔3.
   In the absence of nonlinear source term, the 

solution of this equation for a plane wave at frequency 𝜔3 propagating in the +Z direction is  

𝑬̃𝟑 = 𝐴3𝑒
𝑖(𝑘3𝑧−𝜔3𝑡) + 𝑐. 𝑐.       (2.1.1.20) 

Here  𝑘3 =
𝑛3𝜔3

𝑐
, 𝑛3

2 = 𝜖(1)(𝜔3) and A3 is a varying function of z. 

Nonlinear source term appearing in equation (2.1.1.19) is 

𝑷̃𝟑(𝑧, 𝑡) = 𝑃3𝑒
−𝑖𝜔3𝑡 + 𝑐. 𝑐 With 𝑃3 = 4𝜖0𝑑𝑒𝑓𝑓𝐸1𝐸2     (2.1.1.21) 

If we represent the applied fields as  

𝑬̃𝒊(𝑧, 𝑡) = 𝐴𝑖𝑒
𝑖(𝑘𝑖𝑧−𝜔𝑖𝑡) + 𝑐. 𝑐 = 𝐸𝑖𝑒

−𝑖𝜔𝑖𝑡 + 𝑐. 𝑐 with 𝐸𝑖 = 𝐴𝑖𝑒
𝑖𝑘𝑖𝑧    (2.1.1.22) 

Thus the amplitude of the nonlinear polarization can be written as 

𝑃3 = 4𝜖0𝑑𝑒𝑓𝑓𝐴1𝐴2𝑒
𝑖(𝑘1+𝑘2)𝑧       (2.1.1.23) 

Substituting (2.1.1.20), (2.1.1.21), (2.1.1.22) into the wave function (2.1.1.19) and replace  ∇2= 𝑑2 𝑑𝑧2⁄ , 

we obtain 

[
𝑑2𝐴3
𝑑𝑧2

+ 2𝑖𝑘3
𝑑𝐴3
𝑑𝑧

− 𝑘3
2𝐴3 +

𝜖(1)(𝜔3)𝜔3
2𝐴3

𝑐2
] 𝑒𝑖(𝑘3𝑧−𝜔3𝑡) + 𝑐. 𝑐 = 

−16𝜋 𝑑𝑒𝑓𝑓𝜔3
2

𝑐2
𝐴1𝐴2𝑒

𝑖[(𝑘1+𝑘2)𝑧−𝜔3𝑡] + 𝑐. 𝑐              (2.1.1.24) 
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Since  𝑘3
2 =

𝜖(1)(𝜔3)𝜔3
2

𝑐2
, the third and fourth terms on the left hand side of this equation (2.1.1.24) are 

canceled.  We can drop complex conjugate terms from both side and maintain equality and also 

reducing the factor 𝑒−𝑖𝜔3𝑡 in both of sides, and the result is 

𝑑2𝐴3

𝑑𝑧2
+ 2𝑖𝑘3

𝑑𝐴3

𝑑𝑧
=
−16𝜋 𝑑𝑒𝑓𝑓𝜔3

2

𝑐2
𝐴1𝐴2𝑒

𝑖(𝑘1+𝑘2−𝑘3)𝑧        (2.1.1.25) 

The first term in this equation is usually much smaller than the second term, so we can neglect the first 

term.  This approximation is known as the slowly varying amplitude approximation and is valid when 

|
𝑑2𝐴3

𝑑𝑧2
| ≪ |𝑘3

𝑑𝐴3

𝑑𝑧
|                                 (2.1.1.25a) 

Now from equation (2.1.1.25) we get 

𝑑𝐴3

𝑑𝑧
=
8𝜋 𝑖 𝑑𝑒𝑓𝑓𝜔3

2

𝑘3𝑐2
𝐴1𝐴2𝑒

𝑖(𝑘1+𝑘2−𝑘3)𝑧         (2.1.1.25b) 

 Here we can introduce the quantity  ∆𝒌 = 𝒌𝟏 + 𝒌𝟐 − 𝒌𝟑, which is called the wave vector mismatch, 

and we obtain  

𝑑𝐴3

𝑑𝑧
=
8𝜋𝑖𝑑𝑒𝑓𝑓𝜔3

2

𝑘3𝑐2
𝐴1𝐴2𝑒

𝑖∆𝑘𝑧           (2.1.1.26) 

This expression (2.1.1.26) is known as a coupled amplitude equation, because it shows how the amplitude 

of the 𝜔3 wave varies as a consequence of its coupling to the  𝜔1 and 𝜔2 waves.  When the perfect 

phase matching condition is not satisfied, the intensity of the emitted radiation is smaller than that for the 

case of ∆𝒌 = 0.  The amplitude of the sum frequency (𝜔3) field at the exit plane of the nonlinear 

medium is given in this case by integrating eq. (2.1.1.26) from 𝑧 = 0  to   𝑧 = 𝐿 , where L is the 

transmitted length of two waves 𝒌1 and 𝒌2 in nonlinear optical medium.  The result is yielding  
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𝐴3(𝐿) =
8𝜋𝑖𝑑𝑒𝑓𝑓𝜔3

2𝐴1𝐴2

𝑘3𝑐2
∫ 𝑒𝑖∆𝑘𝑧𝑑𝑧
𝐿

0
=
8𝜋𝑖𝑑𝑒𝑓𝑓𝜔3

2𝐴1𝐴2

𝑘3𝑐2
(
𝑒𝑖∆𝑘𝐿−1

𝑖∆𝑘
)          (2.1.1.27) 

The intensity of wave 𝜔3wave is given by the magnitude of the time-averaged  

𝐼3 =
𝑛3𝐶

2𝜋
|𝐴3(𝐿)|

2 =
32𝜋𝑛3𝑑𝑒𝑓𝑓

2 𝜔3
4|𝐴1|

2|𝐴2|
2

𝑘3
2𝑐3

|
𝑒𝑖∆𝑘𝐿−1

∆𝑘
|
2

=
32𝜋𝑑𝑒𝑓𝑓

2 𝜔3
2𝐼1𝐼2

𝑛1𝑛2𝑛3𝜖0𝑐2
𝐿2𝑠𝑖𝑛𝑐2 (

∆𝑘𝐿

2
)   (2.1.1.28) 

 

The effect of wave vector mismatch is included entirely in the factor  sinc2 (
∆kL

2
) .  This factor, which 

is known as the phase mismatch factor, is plotted in Fig.2.1.1.1.  The efficiency of the three wave mixing 

process decreases as ∆𝑘L increases, with some oscillation occurring.  Because if L is greater than 1/ 

∆𝑘, the output wave can go back into the   𝜔1 and 𝜔2 waves (as in Eq.2.1.1.26).  For this reason, one 

can sometimes define 𝐿𝑐= 2/∆𝑘 to be the coherent buildup length of the interaction, so that the phase 

mismatch factor in Eq. (2.1.1.28) can be written as  sinc2(
𝐿

𝐿𝑐
).  When  ∆𝒌 = 0, which is known as the 

perfect phase matching, the intensity of wave 𝜔3 reaches the maximum [2, 3]. 

 Fig.2.1.1.1: Effect of wave vector mismatch on the efficiency of sum frequency generation [2]. 
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2.1.2 Principle of nonlinear optical media 

The second-order nonlinear optical process is forbidden in a medium with inversion symmetry.  If 

such symmetry is broken at the surface and interface, then the nonlinear process are therefore allowed 

[4].  This interaction can occur only in non-centrosymmetric crystals, that is, in crystals that do not 

display inversion symmetry.  Since liquids, gases, amorphous solids (such as glass) even many crystals 

do display inversion symmetry, consequently they cannot produce second-order nonlinear optical 

interaction.  On the other hand, the third-order nonlinear optical interaction can occur for both 

centrosymmetric and non-centrosymmetric media [2].  This phenomena of optical nonlinearity can be 

understood clearly in the following explanation. 

In nonlinear optical medium, the dipole moment per unit volume, or polarization vector 𝑷̃(𝑡), depends 

on the strength 𝑬̃(𝑡) of the applied optical field.  In the case of linear optics, the induced polarization 

depends upon the applied electric field strength in following relationship. 

𝑷̃(𝑡) =   𝜺𝟎𝝌
(𝟏)𝑬̃(𝑡)                                (2.1.2.1) 

Here, 𝜒(1)  is known as the linear susceptibility and 𝜖𝑜 is the permittivity of the medium.  In the 

nonlinear materials, optical response can be expressed by generalizing Eq. (2.1.2.1) with the polarization 

𝑷̃(𝑡) as a power series in the field strength 𝑬̃(𝑡) as 

𝑷̃(𝑡) = 𝜖𝑜[𝜒
(1)𝑬̃(𝑡) + 𝜒(2)𝑬̃(𝟐)(𝑡) + 𝜒(3)𝑬̃(𝟑)(𝑡) + ⋯ ]         (2.1.2.2) 

≡ 𝑷̃(𝟏)(𝑡) + 𝑷̃(𝟐)(𝑡) + 𝑷̃(𝟑)(𝑡) + ⋯                 (2.1.2.3) 

            𝑷𝑵𝑳(𝑡) =  𝑷̃(𝟐)(𝑡) + 𝑷̃(𝟑)(𝑡) +….                                                   (2.1.2.4) 
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Here, 𝜒(2) and 𝜒(3) are known as the second and the third order nonlinear optical susceptibilities.  

We consider 𝑷̃(𝟐)(𝑡) = 𝜖𝑜𝜒
(2)𝑬̃(𝟐)(𝑡) as the second-order nonlinear polarization and to 𝑷̃(𝟑)(𝑡) =

𝜖𝑜𝜒
(3)𝑬̃(𝟑)(𝑡) as the third-order nonlinear polarization, etc.  If we apply an electric field on a 

nonlinear medium 

𝑬̃(𝑡) = 𝐸𝑐𝑜𝑠𝜔𝑡             (2.1.2.5) 

If we inverse the electric field (change the sign of the applied electric field  𝑬̃(𝑡)) and the medium 

possesses inversion symmetry, the sign of induced polarization must also be inversed.  Therefore, the  

second order polarization becomes 

−𝑷̃(𝟐)(𝑡) = 𝜖0𝜒
(2)[−𝑬̃(𝑡)]

2
= 𝜖0𝜒

(2) 𝑬̃(𝟐)(𝑡)           (2.1.2.6) 

In the centrosymmetric medium, 𝑷̃(𝟐)(𝑡) should be equal to{– 𝑷̃(𝟐)(𝑡)}: 

𝑷̃(𝟐)(𝑡) = −𝑷̃(𝟐)(𝑡)                     (2.1.2.7) 

This relation is satisfied if  𝑷̃(𝟐)(𝑡) = 0, that means   𝜒(2) = 0.  This result indicates that there is no 

second order nonlinearity available in the inversion symmetric medium.  Therefore, under the electric 

dipole approximation for materials with inversion symmetry, the second order nonlinearity effect would  

not happen.   This phenomena can be illustrated by considering the following applied electric field 

versus polarization graphical nature as shown in Fig. 2.1.2.1.  The part (a) of Fig.2.1.2.1 shows the 

waveform of incident monochromatic electromagnetic wave.  Part (b) is the linear response of the 

medium, and there is no distortion of the waveform associated with the polarization of the medium.  

Parts (c) and (d) show the induced polarization for the case of a nonlinear medium that possesses a center 

of symmetry and non-centrosymmetric medium.   
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  For the centrosymmetric medium (part c), the time averaged response is zero, whereas for the no-

centrosymmetric medium (part d), the time averaged response is nonzero, because the medium response 

in differently to an electric field, say an upward and downward directions.  If the symmetry is broken at 

the surface or interface of a centrosymmetric medium, the nonlinear optical methods have higher 

sensitivity to study the various properties of surfaces and interfaces. 

Fig. 2.1.2.1: Electric field with corresponding polarization in various media [2]. 



Chapter 2: Theoretical background 

 
27 

 

2. 2 Sum frequency generation (SFG) spectroscopy  

Nonlinear optical effective method for surface vibrational spectroscopy should have three criteria: 

such as (i) It should be a second order nonlinear process (that is, sensitive to anisotropy) so that it is 

surface specific;  (ii) Input must have a tunable infrared component to excite vibrational transition; and  

(iii) The output should be in the near infrared or visible [4].  Infrared-visible SFG is an excellent 

candidate and is an especial technique of SHG.  SFG is the second order nonlinear optical process.  In 

SFG, two photons with different frequencies of visible (𝜔1) and IR (𝜔2) interact with a nonlinear medium 

simultaneously to generate a photon with the sum of the two frequencies 𝜔1+𝜔2.  All three of the above 

criteria are satisfied by SFG.  Thus, sum frequency generation (SFG) spectroscopy is used as 

nondestructive and sensitive tools to study the properties of surfaces and interfaces.   

Let me consider a case of an optical medium with two electric fields at different frequencies 

𝐸̃1(𝑡) = 𝐸1𝑒
−𝑖𝜔1𝑡 + 𝐸1

∗𝑒𝑖𝜔1𝑡                (2.2.1) 

and 

𝐸̃2(𝑡) = 𝐸2𝑒
−𝑖𝜔2𝑡 + 𝐸2

∗𝑒𝑖𝜔2𝑡                (2.2.2) 

Therefore, the total electric field is 

𝐸̃(𝑡) = 𝐸̃1(𝑡) + 𝐸̃2(𝑡) = 𝐸1𝑒
−𝑖𝜔1𝑡 + 𝐸1

∗𝑒𝑖𝜔1𝑡  + 𝐸2𝑒
−𝑖𝜔2𝑡 + 𝐸2

∗𝑒𝑖𝜔2𝑡      (2.2.3) 

The 2nd order polarization in the form 𝑃̃(2)(𝑡) = 𝜖𝑜𝜒
(2)𝐸̃2(𝑡) will be 

𝑃̃(2)(𝑡) = 𝜖𝑜𝜒
(2)[ 𝐸1𝑒

−𝑖𝜔1𝑡 + 𝐸1
∗𝑒𝑖𝜔1𝑡  + 𝐸2𝑒

−𝑖𝜔2𝑡 + 𝐸2
∗𝑒𝑖𝜔2𝑡]2 
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𝑃̃(2)(𝑡) = 𝜖𝑜𝜒
(2)[(𝐸1𝑒

−𝑖𝜔1𝑡 + 𝐸1
∗𝑒𝑖𝜔1𝑡)2 + 2(𝐸1𝑒

−𝑖𝜔1𝑡 + 𝐸1
∗𝑒𝑖𝜔1𝑡)(𝐸2𝑒

−𝑖𝜔2𝑡 + 𝐸2
∗𝑒𝑖𝜔2𝑡)

+ (𝐸2𝑒
−𝑖𝜔2𝑡 + 𝐸2

∗𝑒𝑖𝜔2𝑡)2] 

𝑃̃(2)(𝑡) = 𝜖𝑜𝜒
(2)[𝐸1

2  𝑒−𝑖2𝜔1𝑡 + 2𝐸1𝐸1
∗ +  𝐸1

∗2𝑒𝑖2𝜔1𝑡 + 2𝐸1𝐸2 𝑒
−𝑖(𝜔1+𝜔2)𝑡 + 2𝐸1𝐸2

∗ 𝑒−𝑖(𝜔1−𝜔2)𝑡

+ 2𝐸1
∗𝐸2𝑒

𝑖(𝜔1−𝜔2)𝑡 + 2𝐸1
∗𝐸2
∗𝑒𝑖(𝜔1+𝜔2)𝑡 + 𝐸2

2𝑒−𝑖2𝜔2𝑡 + 2𝐸2𝐸2
∗ +  𝐸2

∗2𝑒𝑖𝜔2𝑡] 

𝑃̃(2)(𝑡) = 𝜖𝑜𝜒
(2)[𝐸1

2  𝑒−𝑖2𝜔1𝑡 +  𝐸1
∗2𝑒𝑖2𝜔1𝑡 + 𝐸2

2𝑒−𝑖2𝜔2𝑡 +  𝐸2
∗2𝑒𝑖𝜔2𝑡 + 2𝐸1𝐸2 𝑒

−𝑖(𝜔1+𝜔2)𝑡

+ 2𝐸1
∗𝐸2
∗𝑒𝑖(𝜔1+𝜔2)𝑡 + 2𝐸1𝐸2

∗ 𝑒−𝑖(𝜔1−𝜔2)𝑡 + 2𝐸1
∗𝐸2𝑒

𝑖(𝜔1−𝜔2)𝑡 + 2𝐸1𝐸1
∗ + 2𝐸2𝐸2

∗] 

𝑃̃(2)(𝑡) = 𝜖0𝜒
(2)[𝐸1

2𝑒−𝑖2𝜔1𝑡 + 𝐸2
2𝑒−𝑖2𝜔2𝑡 + 2𝐸1𝐸2𝑒

−𝑖(𝜔1+𝜔2)𝑡 + 2𝐸1𝐸2
⋇𝑒−𝑖(𝜔1−𝜔2)𝑡 + 𝐶. 𝐶 ] +

2𝜖0𝜒
(2)[𝐸1𝐸1

∗ + 𝐸2𝐸2
∗]                                     (2.2.4) 

Here various frequency components of the nonlinear polarization are given by 

𝑃̃(2𝜔1) = 𝜖𝑜𝜒
(2)𝐸1

2𝑒−𝑖2𝜔1𝑡 = 𝜖𝑜𝜒
(2)𝑬1

2                        (SHG) 

𝑃̃(2𝜔2) = 𝜖𝑜𝜒
(2)𝐸2

2𝑒−𝑖2𝜔2𝑡 = 𝜖𝑜𝜒
(2)𝑬2

2                       (SHG) 

𝑃̃(𝜔1 + 𝜔2) = 2𝜖𝑜𝜒
(2)𝐸1𝐸2𝑒

−𝑖(𝜔1+𝜔2)𝑡 = 2𝜖𝑜𝜒
(2)𝑬1𝑬2            (SFG) 

𝑃̃(𝜔1 − 𝜔2) = 2𝜖𝑜𝜒
(2)𝐸1𝐸2𝑒

−𝑖(𝜔1−𝜔2)𝑡 = 2𝜖𝑜𝜒
(2)𝑬1𝑬2

∗            (DFG) 

𝑃̃(0) = 2𝜖𝑜𝜒
(2)[𝐸1𝐸1

⋇ + 𝐸2𝐸2
⋇]                              (OR) 

The process of sum frequency generation is illustrated in Fig.2.2.1 and its source polarization is described 

in the form  𝑃̃(𝜔1 + 𝜔2) = 2𝜖𝑜𝜒
(2)𝐸1𝐸2𝑒

−𝑖(𝜔1+𝜔2)𝑡 = 2𝜖𝑜𝜒
(2)𝑬1𝑬2. 
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The process of difference-frequency generation is described by a nonlinear polarization of the form 

𝑃̃(𝜔1 − 𝜔2) = 2𝜖𝑜𝜒
(2)𝐸1𝐸2𝑒

−𝑖(𝜔1−𝜔2)𝑡 = 2𝜖𝑜𝜒
(2)𝑬1𝑬2

∗         (2.2.5) 

and is illustrated in Fig.2.2.2. 

 

The SFG process is basically a combination of infrared (IR) absorbance and Raman scattering as 

shown in the energy diagram Fig. 2.2.3.  Two pulsed laser beams, one with a tunable frequency in the 

mid-IR range (red line), another one with a fixed frequency in the visible frequency range (green line), 

are overlapped spatially and temporally on the sample surface or interface.  The IR photon and visible 

photon combine at the surface and produces a third photon at the sum frequency of the incoming IR and 

visible photons (blue line).  Fig. 2.2.3 (a) shows the SFG energy diagram of resonant processes.  Here 

|𝑔⟩ is the ground state and |𝑣⟩ is the vibrational excited state.  When the IR light energy just equals 

to the energy of vibrational excited energy |𝑣⟩, the resonance happened and the SFG signal will be 
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Fig.2.2.1: Sum frequency generation (SFG) [2]. 
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Fig.2.2. 2: Difference frequency generation (DFG) [2]. 
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enhanced in the maximum value.  On the other hand, when the IR light energy is different from the 

energy of vibrational excited energy |𝑣⟩ as shown in Fig. 2.2.3 (b) the non-resonance happened.  

 

The sum frequency signal is strongly enhanced if the phase matching condition is satisfied.  The 

direction of the sum frequency signal can be determined by phase matching condition.  Both the energy 

and momentum are conserved when the efficient energy transfer occurs from the 𝜔𝑣𝑖𝑠 and  𝜔𝐼𝑅 to the 

sum frequency  𝜔𝑆𝐹.  A tunable frequency infrared beam 𝜔𝐼𝑅 mixed with a fixed frequency visible 

𝜔𝑣𝑖𝑠  laser beam to generate an output beam at the sum frequency   𝜔𝑆𝐹 = 𝜔𝑣𝑖𝑠 + 𝜔𝐼𝑅  as shown in 

figure Fig.2.2.4.  The generated SFG signal reflects from the substrate, according to the phase–matching 

condition.  

Fig.2.2.3: SFG energy diagram 
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Energy conservation requires that  𝜔𝑆𝐹 = 𝜔𝑣𝑖𝑠 +𝜔𝐼𝑅, while momentum conservation explained by the 

following conservation of momentum parallel to the sample surface plane.  

𝑘⃗ 𝑆𝐹 ǁ = 𝑘⃗ 𝑣𝑖𝑠 ǁ + 𝑘⃗ 𝐼𝑅 ǁ,                               (2.2.6) 

Here 𝑘⃗  ǁ is the component of the wave vector 𝑘⃗  parallel to the surface plane.  The angles of incidence 

of visible and infrared beams are shown in Fig.2.2.4.  The Eq. (2.2.6) can rewritten as: 

𝑘⃗ 𝑆𝐹 ǁ sin 𝜃𝑆𝐹 = 𝑘⃗ 𝑣𝑖𝑠 ǁ sin 𝜃𝑣𝑖𝑠 + 𝑘⃗ 𝐼𝑅 ǁ  sin 𝜃𝐼𝑅                   (2.2.7)  

This equation 2.2.7 is the phase matching condition, the generated SFG signal  𝜔𝑆𝐹𝐺  is reflecte

d from the substrate, according to this phase matching condition.  Here   𝑘⃗ 𝑆𝐹 ǁ,  𝑘⃗ 𝑣𝑖𝑠 ǁ, and  

𝑘⃗ 𝐼𝑅 ǁ, are the three wavenumbers ( 2𝜋 𝜆⁄  ),  𝜃𝑣𝑖𝑠, 𝜃𝐼𝑅 are the angles of incidence to the surface

Fig.2.2.4: Geometry of an SFG experiment in the reflection configuration. 
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 normal of the visible and infrared laser beams, and 𝜃𝑆𝐹  is the angle of the sum frequency   

output signal.  From this equation we can easily calculate the propagation direction of the SF 

signal from the sample surfaces. 

The output SFG signal with frequency of sum of the two fundamental frequencies, 𝜔𝑆𝐹𝐺  = 

𝜔𝑣𝑖𝑠+𝜔𝐼𝑅  from a surface is given by [5]. 

             𝑆(𝜔) =  
8 𝜋3𝜔2 𝑠𝑒𝑐2 𝜃

ђ 𝐶3 𝑛 𝑛𝑣𝑖𝑠 𝑛𝐼𝑅
∣[ 𝐿 ⃡⃗ (𝜔). 𝑒̂(𝜔)].𝜒𝑠

(2)
 : [𝑒(̂ 𝜔𝑣𝑖𝑠 ). 𝐿⃡(𝜔𝑣𝑖𝑠)] 

× [ 𝑒(̂ 𝜔𝐼𝑅 ). 𝐿⃡(𝜔𝐼𝑅)] ∣
2 𝐼𝑣𝑖𝑠 𝐼𝐼𝑅 AT,                          (2.2.8) 

Here 𝜃  is the SF exit angle, ni is the refractive index, c is the velocity of light in the free space.  

𝜒𝑠
(2)

,  𝐿 ⃡⃗ (𝜔) , 𝑒̂(𝜔),   and Ii are the surface nonlinear susceptibility, transmission Fresnel factor, 

polarization unit vector, and intensity of the beam with frequency 𝜔𝑖  respectively.  A is the 

overlapping beam cross-section on the sample, and T is the input pulse width.  In the vibrational SFG, 

we assume visible light at 𝜔𝑣𝑖𝑠 and IR light at 𝜔𝐼𝑅 as the incident beams.  With 𝜔𝐼𝑅 near vibrational 

resonances, 𝜒𝑠
(2)

 can be described as  

                        𝜒𝑠
(2)
= 𝜒𝑁𝑅

(2)
+ ∑

𝐴𝑞
↔ 

𝜔𝐼𝑅 −𝜔𝑞+𝑖Г𝑞
𝑞                             (2.2.9) 

Here 𝜒𝑁𝑅
(2)

 is the nonresonant nonlinear susceptibility, 𝜔𝐼𝑅 , is the frequency of IR light,   
𝐴𝑞
↔ , ωq and 

Гq are the strength, resonance frequency and damping constant of the resonance mode, respectively.  

When an infrared photon with energy ђ𝜔𝐼𝑅  is scanned near the vibrational resonance of a molecule, 

 the SFG intensity is enhanced, thus yielding SF vibrational spectra. 
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In general, 𝜒(2) tensor has 3x3x3=27 elements.  However, the number of non-vanishing independent 

element is reduced due to the symmetry of the medium.  In the case of isotropic interface, there are only 

four independent non vanishing components of    𝜒(2) .  The experimental lab coordinate system is 

chosen (x, y, z), where z is the interface normal.  We choose xz plane to be the incident plane as shown 

in figure 2.2.5.  The non-vanishing elements are  𝝌⃗⃡ 𝒙𝒙𝒛=𝝌⃗⃡ 𝒚𝒚𝒛   , 𝝌⃗⃡ 𝒙𝒛𝒙 = 𝝌⃗⃡ 𝒚𝒛𝒚, 𝝌⃗⃡ 𝒛𝒙𝒙=𝝌⃗⃡ 𝒛𝒚𝒚 , and 𝝌⃗⃡ 𝒛𝒛𝒛.  

These four components can be deduced by measuring SFG with four different input and output 

polarization combinations, namely, SSP (referring to S-polarized SF light, S-polarized, visible light and 

P-polarized IR light, respectively), SPS, PSS and PPP.  The effective nonlinear susceptibility under 

these four polarization combinations can be expressed as; 

Fig.2.2.5: Geometry of an SFG experiment in the reflection configuration. 
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𝝌⃗⃡ 𝒆𝒇𝒇,𝑺𝑺𝑷=Lyy(𝜔)Lyy(𝜔1) Lzz (𝜔2)sin𝛽2𝝌⃗⃡ 𝒚𝒚𝒛 ,                            (2.2.10a) 

𝝌⃗⃡ 𝒆𝒇𝒇,𝑺𝑷𝑺= Lyy (𝜔)Lzz (𝜔1)Lyy (𝜔2) sin𝛽1 𝝌⃗⃡ 𝒚𝒛𝒚,                           (2.2.10b) 

𝝌⃗⃡ 𝒆𝒇𝒇,𝑷𝑺𝑺= Lzz (𝜔)Lyy (𝜔1) Lyy (𝜔2) sin𝛽 𝝌⃗⃡ 𝒛𝒚𝒚,                            (2.2.10c) 

𝝌⃗⃡ 𝒆𝒇𝒇,𝑷𝑷𝑷= +Lzz (𝜔) Lxx (𝜔1) Lxx (𝜔2)sin𝛽cos 𝛽1cos 𝛽2 𝝌⃗⃡ 𝒛𝒙𝒙  

-  Lxx (𝜔)Lzz (𝜔1)Lxx (𝜔2) cos𝛽sin𝛽1cos𝛽2 𝝌⃗⃡ 𝒙𝒛𝒙, 

-  Lxx (𝜔)Lxx (𝜔1)Lzz (𝜔2) cos𝛽cos𝛽1cos𝛽2 𝝌⃗⃡ 𝒙𝒙𝒛, 

+ Lzz (𝜔)Lzz (𝜔1) Lzz (𝜔2)sin𝛽𝑠𝑖𝑛𝛽1𝑠𝑖𝑛𝛽2 𝝌⃗⃡ 𝒛𝒛𝒛 ,               (2.2.10d) 

Here  𝛽𝑖’s are the incident angles of the optical field 𝑬𝒊, and Lxx (𝜔), Lyy (𝜔) and Lzz (𝜔) are the diagonal 

elements of  𝑳 ̅(𝜔), given by 

Lxx (𝜔) =  
2𝑛1(𝜔)𝑐𝑜𝑠 𝛾

𝑛1(𝜔)𝑐𝑜𝑠𝛾+𝑛2(𝜔)𝑐𝑜𝑠𝛾
                                       (2.2.11a) 

Lyy (𝜔) =  
2𝑛1(𝜔)𝑐𝑜𝑠 𝛽

𝑛1(𝜔)𝑐𝑜𝑠𝛽+𝑛2(𝜔)𝑐𝑜𝑠𝛾
                                       (2.2.11b) 

Lzz (𝜔) = 
2𝑛2(𝜔)𝑐𝑜𝑠 𝛽

𝑛1(𝜔)𝑐𝑜𝑠𝛾+𝑛2(𝜔)𝑐𝑜𝑠𝛽
(
𝑛1(𝜔)

𝑛′(𝜔)
)2                                 (2.2.11c) 

Here 𝑛′(𝜔) is the refractive index of the interfacial layer, 𝛽’ is the incident angles of the beam in 

consideration, and 𝛾 is the refracted angle [𝑛1(𝜔)𝑠𝑖𝑛𝛽 = 𝑛2(𝜔)𝑠𝑖𝑛𝛾].  If the interfacial layer is only 

one (or few) monolayer thick, its refractive index can be different from that of its own bulk materials and 

difficult to measure [6].  However, it is usually chosen 𝑛′(𝜔) to be equal to  𝑛1(𝜔),𝑛2(𝜔) or the bulk 

refractive index of the material.  The determination of molecular orientation is sensitive to the value 
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of  𝑛′(𝜔), and choosing 𝑛′(𝜔) to be equal to  𝑛1(𝜔) or 𝑛2(𝜔) is not always a good approximation. 

The nonlinear optical susceptibility tensor   𝜒(2)  in the lab-fixed (X, Y, Z) coordinate system  

proportional to the response of the molecule as described by the molecular hyperpolarizability 

tensor,    𝛽𝑙𝑚𝑛 .  The nonlinear optical susceptibility tensor   𝜒(2)  is related to the molecular 

hyperpolarizability tensor  𝛽𝑙𝑚𝑛 by the following equation [7, 8]. 

𝜒𝑖𝑗𝑘
(2)

 = 𝑁𝑠‹(𝑖.̂ 𝑙)(𝑗.̂ 𝑚̂)(𝑘.̂ 𝑛̂)› 𝛽𝑙𝑚𝑛                           (2.2.12) 

Here 𝑁𝑠 is the surface density of molecules, (i, j, k) and (l, m, n) are unit vector along the lab and 

molecular coordinates respectively; the angular brackets denote an average over the molecular 

orientational distribution.  The SFG molecular hyperpolarizability tensor is a product of the IR 

transition dipole moment and the Raman polarizability tensor: 

𝛽𝑙𝑚𝑛 ∝ 
𝜕𝛼𝑙𝑚

𝜕𝑄𝑞
 
𝜕𝜇𝑛

𝜕𝑄𝑞
                                 (2.2.13) 

Here 
𝜕𝜇𝑛

𝜕𝑄𝑞
 and 

𝜕𝛼𝑙𝑚

𝜕𝑄𝑞
 are the IR transition dipole moment and the Raman polarizability derivatives 

with respect to the normal coordinates of the qth vibrational moved, respectively.  If the IR transitional 

dipole moment and the Raman polarizability are known, the SFG hyperpolarizability can be calculated.  

With the calculated hyperpolarizability component and measured 𝜒(2) components, orientation 

information about surface can be deduced. 
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2.3 Second harmonic generation (SHG) 

Second-harmonic generation (SHG) is an advantageous method to investigate surfaces and interfaces.  

Within the electric dipole approximation, SHG occurs only in the inversion symmetry media.  Therefore 

the nonlinear susceptibility vanishes in the bulk of centrosymmetric media but has a finite value at the 

surface where the symmetry is broken.   SHG is a special case of SFG with 𝜔1= 𝜔2 = 𝜔  and a 

photon with the frequency of 2𝜔 is generated.  

The process of second-harmonic generation (SHG) is illustrated schematically in Fig.2.3.1 

 

Here electric field strength is represented as 

𝐸̃(𝑡) = 𝐸𝑒−𝑖𝜔𝑡 + 𝐸∗𝑒𝑖𝜔𝑡           (2.3.1) 

and the nonlinear polarization created in non-centrosymmetric medium is 

𝑃̃(2)(𝑡) = 𝜖𝑜𝜒
(2)𝐸̃2(𝑡)  

= 𝜖𝑜𝜒
(2)[ 𝐸𝑒−𝑖𝜔𝑡 + 𝐸∗𝑒𝑖𝜔𝑡]2 

= 𝜖𝑜𝜒
(2)[ 𝐸2𝑒−𝑖2𝜔𝑡 + 2𝐸𝐸∗ + 𝐸∗2𝑒𝑖2𝜔𝑡] 

= 𝜖𝑜𝜒
(2)[ 𝐸2𝑒−𝑖2𝜔𝑡 + 𝐸∗2𝑒𝑖2𝜔𝑡  + 2𝐸𝐸∗] 

= 2𝜖𝑜𝜒
(2)𝐸𝐸∗ + 𝜖𝑜𝜒

(2)[ 𝐸2𝑒−𝑖2𝜔𝑡 + 𝐸∗2𝑒𝑖2𝜔𝑡 ] 

χ
(2)

 
ω 

2ω 

Fig.2.3.1: Second harmonic generation 

ω 
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𝑃̃(2)(𝑡) = 2𝜖𝑜𝜒
(2)𝐸𝐸∗ + [𝜖𝑜𝜒

(2) 𝐸2𝑒−𝑖2𝜔𝑡 + 𝐶. 𝐶 ]                 (2.3.2) 

We can realize that this polarization contains a contribution at zero frequency – the first term and a 

contribution at frequency 2𝜔 - the second term. 

    SHG is a wave mixing process where two input photons with same energy and frequency coupled 

to form one output photon with double energy and frequency (half of wavelength) via intermediate virtual 

energy level.  If the SHG excitation energy is resonant with the virtual excited energy level then the 

resonance happens and SHG intensity is enhanced greatly.  In Fig. (2.3.2) SHG can be described by the 

excitation of an electron from the ground state |g> via an intermediate |m> to the excited state |n> by two 

photons with energy ħω and the subsequent emission of a second-harmonic photon with energy 2ħω.  

When ħω or 2ħω coincide with the transitions from |g> to |m> or |n> the process exhibits resonant 

enhancement.  

 
Fig.2.3.2: (a) SHG energy diagram (b) SH intensity as a function of photon energy 
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Within the electric dipole approximation, an incident electric field  

𝐸⃗ (t) = 𝐸⃗ (𝜔) cos (𝜔𝑡) may induced a polarization     

𝑃⃗ 𝑖
𝑁𝐿(2𝜔) = ∑ 𝜒𝑖𝑗𝑘

(2)
𝑗𝑘 (2𝜔:𝜔,𝜔) ∶ 𝐸⃗ 𝑗(𝜔) 𝐸⃗ 𝑘(𝜔)                       (2.3.3) 

oscillating with a frequency component at 2𝜔 only if the medium lacks a center of symmetry.  The 

intensity of second harmonic generation signal can be described in terms of the second order nonlinear 

polarization as  

𝐼 (2𝜔) ∝ |𝑃⃗ 𝑖
𝑁𝐿(2𝜔)|2                                  (2.3.4) 

After substituting equation (2.3.3), we get  

𝐼 (2𝜔) = |𝜒⃡𝑖𝑗𝑘
(2)
 |2 (𝐼(𝜔))2                               (2.3.5)                                                                 

From the equation (2.3.5), we can see that the intensity of the second harmonic generation (𝐼 (2𝜔)) 

signal depends quadratically on the intensity (𝐼(𝜔)) of the incident fundamental laser.  Here,  𝐼(𝜔) =

 𝐸⃗ 𝑗(𝜔)𝐸⃗ 𝑘(𝜔), is the fundamental beam intensity and 𝜒𝑖𝑗𝑘
(2)
, is a third-rank tensor, and describes the 

surface second order nonlinear optical susceptibility tensor, which has 3x3x3=27 elements.  The index 

i refers to the component of the second harmonic field, and indices j, k refer to the Cartesian components 

of the fundamental field.  The second order nonlinear optical susceptibility tensor   𝜒⃡𝑖𝑗𝑘
(2)
,  can be 

represented as 3x9 matrix with 27 elements as [2]:  

𝜒𝑖𝑗𝑘
(2)

=

(

 

𝜒𝑥𝑥𝑥
(2)

𝜒𝑥𝑥𝑦
(2)

𝜒𝑥𝑥𝑧
(2)

𝜒𝑦𝑥𝑥
(2)

𝜒𝑦𝑥𝑦
(2)

𝜒𝑦𝑥𝑧
(2)

𝜒𝑧𝑥𝑥
(2)

𝜒𝑧𝑥𝑦
(2)

𝜒𝑧𝑥𝑧
(2)

    

𝜒𝑥𝑦𝑥
(2)

𝜒𝑥𝑦𝑦
(2)

𝜒𝑥𝑦𝑧
(2)

𝜒𝑦𝑦𝑥
(2)

𝜒𝑦𝑦𝑦
(2)

𝜒𝑦𝑦𝑧
(2)

𝜒𝑧𝑦𝑥
(2)

𝜒𝑧𝑦𝑦
(2)

𝜒𝑧𝑦𝑧
(2)

   

𝜒𝑥𝑧𝑥
(2)

𝜒𝑥𝑧𝑦
(2)

𝜒𝑥𝑧𝑧
(2)

𝜒𝑦𝑧𝑥
(2)

𝜒𝑦𝑧𝑦
(2)

𝜒𝑦𝑧𝑧
(2)

𝜒𝑧𝑧𝑥
(2)

𝜒𝑧𝑧𝑦
(2)

𝜒𝑧𝑧𝑧
(2)
)

             (2.3.6)     
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The index ‘ijk’ is converted to the axes of ‘xyz’, then without considering any symmetry, the x, y and z-

components of the second order nonlinear polarization, 𝑃𝑖
𝑁𝐿(2𝜔) becomes as: 

𝑃𝑥
𝑁𝐿(2𝜔) =𝜒𝑥𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑥𝑥𝑦

(2)
𝐸𝑥𝐸𝑦+𝜒𝑥𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑥𝑦𝑥

(2)
𝐸𝑦𝐸𝑥+𝜒𝑥𝑦𝑦

(2)
𝐸𝑦𝐸𝑦 

+𝜒𝑥𝑦𝑧
(2)
𝐸𝑦𝐸𝑧+𝜒𝑥𝑧𝑥

(2)
𝐸𝑧𝐸𝑥+𝜒𝑥𝑧𝑦

(2)
𝐸𝑧𝐸𝑦+𝜒𝑥𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                        (2.3.7a) 

𝑃𝑦
𝑁𝐿(2𝜔) =𝜒𝑦𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑦𝑥𝑦

(2)
𝐸𝑥𝐸𝑦+𝜒𝑦𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑦𝑦𝑥

(2)
𝐸𝑦𝐸𝑥+𝜒𝑦𝑦𝑦

(2)
𝐸𝑦𝐸𝑦 

+𝜒𝑦𝑦𝑧
(2)
𝐸𝑦𝐸𝑧+𝜒𝑦𝑧𝑥

(2)
𝐸𝑧𝐸𝑥+𝜒𝑦𝑧𝑦

(2)
𝐸𝑧𝐸𝑦+𝜒𝑦𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                      (2.3.7b) 

𝑃𝑧
𝑁𝐿(2𝜔) =𝜒𝑧𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑧𝑥𝑦

(2)
𝐸𝑥𝐸𝑦+𝜒𝑧𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑧𝑦𝑥

(2)
𝐸𝑦𝐸𝑥+𝜒𝑧𝑦𝑦

(2)
𝐸𝑦𝐸𝑦 

+𝜒𝑧𝑦𝑧
(2)
𝐸𝑦𝐸𝑧+𝜒𝑧𝑧𝑥

(2)
𝐸𝑧𝐸𝑥+𝜒𝑧𝑧𝑦

(2)
𝐸𝑧𝐸𝑦+𝜒𝑧𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                        (2.3.7c) 

When considering C∞v symmetry performs inversion operation for a surface, the rotation of C axis 

happened 1800 along z-axis,  

(Px
(2), Py

(2), Pz
(2))⇒(－Px

(2),－Py
(2), Pz

(2))，and  

(Ex,  Ey,  Ez) ⇒ (－Ex,－Ey, Ez)  

The x, y and z-components of the second order nonlinear polarization, of equation (2.3.7a), (2.3.7b) and 

(2.3.7c) becomes: 

−𝑃𝑥
𝑁𝐿(2𝜔) =𝜒𝑥𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑥𝑥𝑦

(2)
𝐸𝑥𝐸𝑦 − 𝜒𝑥𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑥𝑦𝑥

(2)
𝐸𝑦𝐸𝑥+𝜒𝑥𝑦𝑦

(2)
𝐸𝑦𝐸𝑦 

−𝜒𝑥𝑦𝑧
(2)
𝐸𝑦𝐸𝑧 − 𝜒𝑥𝑧𝑥

(2)
𝐸𝑧𝐸𝑥 − 𝜒𝑥𝑧𝑦

(2)
𝐸𝑧𝐸𝑦+𝜒𝑥𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                    (2.3.7d) 

−𝑃𝑦
𝑁𝐿(2𝜔) =𝜒𝑦𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑦𝑥𝑦

(2)
𝐸𝑥𝐸𝑦 − 𝜒𝑦𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑦𝑦𝑥

(2)
𝐸𝑦𝐸𝑥+𝜒𝑦𝑦𝑦

(2)
𝐸𝑦𝐸𝑦 

−𝜒𝑦𝑦𝑧
(2)
𝐸𝑦𝐸𝑧 − 𝜒𝑦𝑧𝑥

(2)
𝐸𝑧𝐸𝑥 − 𝜒𝑦𝑧𝑦

(2)
𝐸𝑧𝐸𝑦+𝜒𝑦𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                    (2.3.7e) 

𝑃𝑧
𝑁𝐿(2𝜔) =𝜒𝑧𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑧𝑥𝑦

(2)
𝐸𝑥𝐸𝑦 − 𝜒𝑧𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑧𝑦𝑥

(2)
𝐸𝑦𝐸𝑥+𝜒𝑧𝑦𝑦

(2)
𝐸𝑦𝐸𝑦 

−𝜒𝑧𝑦𝑧
(2)
𝐸𝑦𝐸𝑧 − 𝜒𝑧𝑧𝑥

(2)
𝐸𝑧𝐸𝑥 − 𝜒𝑧𝑧𝑦

(2)
𝐸𝑧𝐸𝑦+𝜒𝑧𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                     (2.3.7f) 

Compare (2.3.7a), (2.3.7b) and (2.3.7c) with (2.3.7d), (2.3.7e) and (2.3.7f), the x, y and z-components of 

the second order nonlinear polarization, becomes as the following equations: 
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𝑃𝑥
𝑁𝐿(2𝜔)) =𝜒𝑥𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑥𝑦𝑧

(2)
𝐸𝑦𝐸𝑧+𝜒𝑥𝑧𝑥

(2)
𝐸𝑧𝐸𝑥+𝜒𝑥𝑧𝑦

(2)
𝐸𝑧𝐸𝑦                   (2.3.7g) 

𝑃𝑦
𝑁𝐿(2𝜔) =𝜒𝑦𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑦𝑦𝑧

(2)
𝐸𝑦𝐸𝑧+𝜒𝑦𝑧𝑥

(2)
𝐸𝑧𝐸𝑥+𝜒𝑦𝑧𝑦

(2)
𝐸𝑧𝐸𝑦                   (2.3.7h) 

𝑃𝑧
𝑁𝐿(2𝜔) =𝜒𝑧𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑧𝑦𝑧

(2)
𝐸𝑦𝐸𝑧+𝜒𝑧𝑧𝑥

(2)
𝐸𝑧𝐸𝑥+𝜒𝑧𝑧𝑦

(2)
𝐸𝑧𝐸𝑦                    (2.3.7i) 

 

Further, when we take the mirror image between x, y plane due to the following inversion operation some 

symmetry elements are erasing.  Equation (2.3.7g), (2.3.7h), and (2.3.7i) becomes: 

(1) (Px
(2), Py

(2), Pz
(2))⇒(－Px

(2), Py
(2), Pz

(2))，(Ex, Ey, Ez)⇒(－Ex, Ey, Ez),  

(2) (Px
(2), Py

(2), Pz
(2))⇒(Px

(2),－Py
(2), Pz

(2))，(Ex, Ey, Ez)⇒(Ex,－Ey, Ez)， 

(3) (Px
(2), Py

(2), Pz
(2))⇒(－Py

(2), Px
(2), Pz

(2))，(Ex, Ey, Ez)⇒(－Ey, Ex, Ez) 

𝑃𝑥
𝑁𝐿(2𝜔) =𝜒𝑥𝑥𝑧

(2)
𝐸𝑥𝐸𝑧+𝜒𝑥𝑧𝑥

(2)
𝐸𝑧𝐸𝑥                                   (2.3.7j) 

𝑃𝑦
𝑁𝐿(2𝜔) =𝜒𝑦𝑦𝑧

(2)
𝐸𝑦𝐸𝑧+𝜒𝑦𝑧𝑦

(2)
𝐸𝑧𝐸𝑦                                  (2.3.7k) 

𝑃𝑧
𝑁𝐿(2𝜔) =𝜒𝑧𝑥𝑥

(2)
𝐸𝑥𝐸𝑥+𝜒𝑧𝑦𝑦

(2)
𝐸𝑦𝐸𝑧+𝜒𝑧𝑧𝑧

(2)
𝐸𝑧𝐸𝑧                          (2.3.7l) 

 

Equation (2.3.7j), (2.3.7k), and (2.3.7l) contain total seven independent  𝜒⃡𝑖𝑗𝑘
(2)

 components has not the value, 

 𝜒⃡𝑖𝑗𝑘
(2)

= 0.  Folloing, Kleinman’s symmetry condition the order of j and k subscript of the second order nonlinear 

susceptibility 𝜒⃡𝑖𝑗𝑘
(2)

 possible to permutation transform to each other.  So the surface second order nonlinear 

susceptibility 𝜒⃡𝑖𝑗𝑘
(2)

 in the C∞v symmetry becomes the following order [2].  

 

𝜒𝑧𝑧𝑧
(2)

 ,  

𝜒𝑧𝑥𝑥
(2)
 =𝜒𝑧𝑦𝑦

(2)
 ,  

𝜒𝑥𝑧𝑥
(2)
= 𝜒𝑥𝑥𝑧

(2)
= 𝜒𝑦𝑧𝑦

(2)
= 𝜒𝑦𝑦𝑧

(2)
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The individual elements of the second order nonlinear optical susceptibility  𝜒⃡𝑖𝑗𝑘
(2)

 can be determined by 

different combination of the direction of polarization and angles of the incident beam and of the second harmonic 

beam.  The nonlinear polarization leading to the second harmonic generation (SHG) in terms of 𝜒𝑖𝑗𝑘
(2)

 by 

the matrix equation becomes [2]: 

(

𝑃𝑥
𝑁𝐿(2𝜔)

𝑃𝑦
𝑁𝐿(2𝜔)

𝑃𝑧
𝑁𝐿(2𝜔)

)=𝜀0

(

 
 
𝜒𝑥𝑥𝑥
(2) 𝜒𝑥𝑥𝑦

(2) 𝜒𝑥𝑥𝑧
(2)

𝜒𝑦𝑥𝑥
(2) 𝜒𝑦𝑥𝑦

(2) 𝜒𝑦𝑥𝑧
(2)

𝜒𝑧𝑥𝑥
(2) 𝜒𝑧𝑥𝑦

(2) 𝜒𝑧𝑥𝑧
(2)

    

𝜒𝑥𝑦𝑥
(2) 𝜒𝑥𝑦𝑦

(2) 𝜒𝑥𝑦𝑧
(2)

𝜒𝑦𝑦𝑥
(2) 𝜒𝑦𝑦𝑦

(2) 𝜒𝑦𝑦𝑧
(2)

𝜒𝑧𝑦𝑥
(2) 𝜒𝑧𝑦𝑦

(2) 𝜒𝑧𝑦𝑧
(2)

   

𝜒𝑥𝑧𝑥
(2) 𝜒𝑥𝑧𝑦

(2) 𝜒𝑥𝑧𝑧
(2)

𝜒𝑦𝑧𝑥
(2) 𝜒𝑦𝑧𝑦

(2) 𝜒𝑦𝑧𝑧
(2)

𝜒𝑧𝑧𝑥
(2) 𝜒𝑧𝑧𝑦

(2) 𝜒𝑧𝑧𝑧
(2)

)

 
 

(

 
 
 
 
 
 
 
 

𝐸𝑥𝐸𝑥
𝐸𝑥𝐸𝑦
𝐸𝑥𝐸𝑧
𝐸𝑥𝐸𝑦
𝐸𝑦𝐸𝑦
𝐸𝑦𝐸𝑧
𝐸𝑧𝐸𝑥
𝐸𝑦𝐸𝑧
𝐸𝑧𝐸𝑧)

 
 
 
 
 
 
 
 

    (2.3.8) 

Now I assume that 𝜒𝑖𝑗𝑘
(2)

 is symmetric in its last two indices, so 𝜒𝑖𝑗𝑘
(2)

 has 𝜒𝑖𝑗𝑘
(2)

 = 𝜒⃡𝑖𝑘𝑗
(2)

.  This assumption 

is valid whenever Kleinman’s symmetry condition is valid and in addition is valid in general for second harmonic 

generation, since in this case 𝜔𝑛 and 𝜔𝑚 are equal.  Namely the response of the medium cannot depend on the 

mathematical ordering of the fields.  The form of 𝜒𝑖𝑗𝑘
(2)

 now can be represented by a 3x6 matrix with 18 

independent elements, so the polarization of equation (2.3.8) becomes: 

(

𝑃𝑥
𝑁𝐿(2𝜔)

𝑃𝑦
𝑁𝐿(2𝜔)

𝑃𝑧
𝑁𝐿(2𝜔)

)=𝜀0

(

 
 
𝜒𝑥𝑥𝑥
(2) 𝜒𝑥𝑦𝑦

(2) 𝜒𝑥𝑧𝑧
(2)

𝜒𝑦𝑥𝑥
(2) 𝜒𝑦𝑦𝑦

(2) 𝜒𝑦𝑧𝑧
(2)

𝜒𝑧𝑥𝑥
(2) 𝜒𝑧𝑦𝑦

(2) 𝜒𝑧𝑧𝑧
(2)

    

𝜒𝑥𝑥𝑦
(2) 𝜒𝑥𝑥𝑧

(2) 𝜒𝑥𝑦𝑧
(2)

𝜒𝑦𝑥𝑦
(2) 𝜒𝑦𝑥𝑧

(2) 𝜒𝑦𝑦𝑧
(2)

𝜒𝑧𝑥𝑦
(2) 𝜒𝑧𝑥𝑧

(2) 𝜒𝑧𝑦𝑧
(2)

   

)

 
 

(

 
 
 
 

𝐸𝑥𝐸𝑥
𝐸𝑦𝐸𝑦
𝐸𝑧𝐸𝑧
2𝐸𝑥𝐸𝑦
2𝐸𝑥𝐸𝑧
2𝐸𝑦𝐸𝑧)

 
 
 
 

               (2.3.9) 

Here, let us consider in the experimental coordinate system (x, y, z), z is the interface normal, and we 

choose xz plane, to be the incident plane as shown in Fig.2.3.3.  The incident light is in the xz plane and 

the reflection of the second harmonic generation beam is also in the xz plane.  Subsequently, p- 
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polarization is defined as polarization within the xz plane, and s-polarization is perpendicular to the xz 

plane. 

 

Let us now consider in the case of an incoming p-polarization light interacting with Si surface.  Si 

surface has C3v symmetry.  We can apply the mirror transformation to determine the nonzero elements 

of the 𝜒𝑖𝑗𝑘
(2)

 matrix.  After applying mirror transformation to x-z and y-z planes and between x and y 

axis, we can find that there are only some non-zero independent 𝜒𝑖𝑗𝑘
(2)

 components, and they are, 

𝝌⃗⃡ 𝒙𝒛𝒙=𝝌⃗⃡ 𝒚𝒛𝒚= 𝝌⃗⃡ 𝒙𝒙𝒛=𝝌⃗⃡ 𝒚𝒚𝒛,   𝝌⃗⃡ 𝒛𝒙𝒙=𝝌⃗⃡ 𝒛𝒚𝒚 , 𝝌⃗⃡ 𝒛𝒛𝒛.  Now the nonlinear polarization in Eq. (2.3.9) becomes;  

(

𝑃𝑥
𝑁𝐿(2𝜔)

𝑃𝑦
𝑁𝐿(2𝜔)

𝑃𝑧
𝑁𝐿(2𝜔)

)=𝜀0 (

0 0 0
0 0 0
𝜒𝑧𝑥𝑥
(2) 𝜒𝑧𝑦𝑦

(2) 𝜒𝑧𝑧𝑧
(2)
    

0 𝜒𝑥𝑥𝑧
(2) 0

0 0 𝜒𝑦𝑦𝑧
(2)

0 0 0

   )

(

 
 
 
 

𝐸𝑥𝐸𝑥
𝐸𝑦𝐸𝑦
𝐸𝑧𝐸𝑧
2𝐸𝑥𝐸𝑦
2𝐸𝑥𝐸𝑧
2𝐸𝑦𝐸𝑧)

 
 
 
 

                (2.3.10) 

Fig.2.3.3: Geometry for SHG experiment in the reflection direction. 
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When the incoming polarization light is p-polarized, y component of the optical field is zero. In this 

condition the nonlinear polarization becomes, 

(

𝑃𝑥
𝑁𝐿(2𝜔)

𝑃𝑦
𝑁𝐿(2𝜔)

𝑃𝑧
𝑁𝐿(2𝜔)

)=𝜀0 (

0 0 0
0 0 0
𝜒𝑧𝑥𝑥
(2) 𝜒𝑧𝑦𝑦

(2) 𝜒𝑧𝑧𝑧
(2)
    

0 𝜒𝑥𝑥𝑧
(2) 0

0 0 𝜒𝑦𝑦𝑧
(2)

0 0 0

   )

(

 
 
 

𝐸𝑥𝐸𝑥
0
𝐸𝑧𝐸𝑧
0

2𝐸𝑥𝐸𝑧
0 )

 
 
 

                 (2.3.11) 

After simplification of this equation we get, 

(

𝑃𝑥
𝑁𝐿(2𝜔)

𝑃𝑦
𝑁𝐿(2𝜔)

𝑃𝑧
𝑁𝐿(2𝜔)

) = 𝜀0(
2𝜒𝑥𝑥𝑧

(2)
𝐸𝑥𝐸𝑧
0

𝜒𝑧𝑥𝑥
(2)
𝐸𝑥𝐸𝑥 + 𝜒𝑧𝑧𝑧

(2)
𝐸𝑧𝐸𝑧

)                           (2.3.12)     

From Eq. (2.3.12), we can realize that with an incoming p-polarized light, the generated second 

harmonic generation beam is also p-polarized with x and z components. 

 

 

 

 

 

 

 

 



Chapter 2: Theoretical background 

 
44 

 

References: 

[1]. Shen, Y.R., the Principles of Nonlinear Optics. 1984.  

[2]. Boyd, R.W., Nonlinear Optics, Third Edition. 

[3]. Nicolaas Bloembergen, Nonlinear optics: Past, present and future, Quantum electronics, 2000, Vol. 

6, No. 6. 

[4]. Shen, Y.R., Nature, 1989, Vol. 337,519-525  

[5]. Y. R. Shen and V. Ostroverkhov, Chemical Reviews, 2006, vol. 106, no. 4, pp. 1140–1154. 

[6]. B. D. Casson and C. D. Bain, Langmuir, 1997, 13, 5465. 

[7]. Wen-kai. Zhang, Hong-fei Wang and. De-sheng Zheng, Phys. Chem. Chem. Phys.2006,8, 4041-4052,  

[8]. X. Zhuang, P. B. Miranda, D. Kim and Y. R. Shen, Phys. Rev. B, 1999, 59, 12632. 

 

 

 

 

 

 

 

 



Chapter 3: Literature review 

 
45 

 

 

Chapter 3: Literature Review of hydrogen adsorption and desorption from the flat 

Si (111) surfaces: 

3.1 Theory of hydrogen adsorption and desorption on the Si (111) surface 

3.1.1 Hydrogen adsorption theory on the Si (111) surface 

3.1.2 Hydrogen desorption theory on the Si (111) surface 

3.2 Hydrogen desorption studied by SFG 

3.3 Hydrogen desorption studied by SHG 

3.4 Hydrogen desorption studied by other methods 

References 

 

 

 

 

 

 

 

 

 



Chapter 3: Literature review 

 
46 

 

In this chapter, I will review the previous some reported research works related to the hydrogen 

adsorption and desorption from the Si (111) surface studied by using various methods.  In the first part, 

theory also, I will review the previous work related to adsorption and desorption of hydrogen from the Si 

(111) surfaces studied by Sum frequency generation (SFG) method.  After that, I will review previous 

research work related to the desorption of hydrogen from Si (111) surface studied by Second harmonic 

generation (SHG) technique.  In the last part of this chapter, I will also review some previous research 

results, hydrogen desorption from Si (111) surfaces investigated by other methods such as TPD, LITD 

and STM etc. 

3.1 Theory of hydrogen adsorption and desorption on the Si (111) surface 

3.1.1. Hydrogen adsorption theory on the Si (111) surface 

  Takayanagi et.al. [1] characterized the Si (111)7x7 structure in 1985 by a DAS model as follows 

in Fig.3.1.1.1.  The Si (111)7x7 unit cell contain two halves, namely faulted and unfaulted triangular 

subunit cells.  The unit cell has several layers.  There are 12 adatoms on the first layer as a corner or 

center adatoms.  A corner and center adatom has one and two rest atom neighbors, respectively.  The 

second layer is about 1 Å below the first layer with 6 rest atoms.   Each adatom and rest atom contain 

one dangling bond.  Below 4.4 Å from the first adatoms layer contain the corner-hole atoms having one 

dangling bond each.  There are 19 dangling bonds on the reconstructed 7x7 unit cell as compared to the 

49 dangling bonds that an unreconstructed 1x1 surface would have in the same area.  On the clean 

Si(111) 7x7 surface , there are 12 adatoms, 6 rest atoms and 1 corner hole atoms together contribute 19 

electrons to the dangling bond surface state.  Theoretically, the transfer of electron from the adatoms to 

the rest atom and corner hole happened for the 7x7 surface.  This type of transfer of electrons makes 

double occupied dangling bond state on the rest atoms [2].  The adsorption of hydrogen on the Si (111) 

surface by molecular hydrogen dosing is a dissociative type adsorption.  
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At room temperature, the sticking coefficient of this process is low, and for this reason preparing 

the hydrogen terminated Si surfaces by using this process was not considered.  On the other hand, at 

room temperature the hydrogen dissociative adsorption process suggested that there should exist an 

adsorption energy barrier, and it was 0.87±0.1 eV reported by Bratu et. al. [3].  However, he have also 

reported that the sticking coefficient of hydrogen increases with increasing temperature.  With 

increasing the substrate temperature the adsorption probability increases and full surface coverage of 

hydrogen can be realized at sufficient high temperatures [3].  

 

Fig. 3.1.1.1: DAS model of the 7x7 structure proposed by Takayanagi et al. (a) Top view. The filled 

circles are the adatoms and the shaded circles are the rest atoms. (b) A cross sectional view along 

the long diagonal of the unit cell [1]. 
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K. Cho.et.al. has proposed one dissociative hydrogen adsorption model on the Si surfaces as follows in 

Fig. 3.1.1.2 [4].  The Si (111)7x7 surface contain different pairs of the dangling bond sites at various 

distances.  The “adatom-rest atom'' can participate the adsorption of hydrogen molecules due to small 

distance between them (4.4 Å ) as shown in Fig.3.1.1.2(a).   

 

Fig.3.1.1.2: Schematic illustration of the H
2
 adsorption mechanism as proposed in. (a) The local 

surface configuration with neighboring Si adatom and Si rest atom in the 7x7 DAS structure and 

arriving H
2
 molecule. (b) The breaking of one adatom back bond and the motion of the adatom which 

brings two dangling bonds close to the H-H bonding distance. (c) The dissociation of the H
2
 molecule 

and subsequent reformation of the adatom back bond[4]. 
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The adatom can move closer to the rest-atom site after breaking their back bond by providing enough 

kinetic energy due to the thermal fluctuation.  So, the incoming hydrogen molecules can begin to make 

the form of two Si-H bonds without changing the H-H distance.  The Si-H and H-H bonds has individual 

bond length of 1.54 and 0.76Å  , respectively, as shown in Fig.3.1.1.2 (b).  After completing the 

adsorption process, the adatom back bonds are back to their original state as shown in Fig.3.1.1.2 (c). 

 The value of binding energy hydrogen adsorption on corner and center adatoms are not so different.  

However, R. L. Lo et.al. suggested that the binding energy of corner-adatom sites is larger by 0.05 eV 

than the center-adatom sites [5,6].  In this process hydrogen adsorption is dominated by dissociative 

adsorption at neighboring AD-RA empty sites since they have the shortest distance between them and 

hence the lowest adsorption energy barrier.  After occupying the six rest atoms (RA) sites the adsorption 

will be greatly hindered, although there are still six empty adatoms (AD) sites.  Further adsorption can 

occur if hydrogen atoms (H) from rest atom site diffuse away, leaving AD-RA pair site open again.  The 

diffusion rate increases with increasing temperature.  The ideal 7x7 DAS unit cell contains 19 dangling 

bonds.  Thus, the forming structure become a monohydride Si (111)7x7:19H phase as shown in Fig. 

3.1.1.3(b).  After terminating the all (19dbs) dangling bonds, the coverage of the monohydride Si (111) 

7x7:19H phase becomes 19/49≈0.39 ML. 

In the second stage, the adatoms are breaking their back bonds to the formation of dihydride and 

trihydride species, and finally removed from the Si surface.  By this process new dangling bonds are 

created on the rest layer.  In the ideal case, the Si(111)7x7:19H structure changes to the formation of  

Si(111)7x7:43H phase as shown in Fig. 3.1.1.3(c).  The coverage of monohydride 7x7:43H phase 

becomes 43/49≈0.88 ML [7].  
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An ideal (1x1) surface can be formed by exposing of atomic hydrogen and that was recently 

suggested by Martenson et.al. [9].   

Fig. 3.1.1.3: Top view of (a) the DAS structure of the Si (111)7x7 bare surface and ideal monohydride 

surface phases on Si (111), (b) Si (111)7x7:19H, (c) Si (111)7x7:43H, (d) Si (111)1x1:1H.  Open 

circles denote Si atoms, small black circles represent adsorbed H atoms.  The unit cells are shown 

by dashed lines [8]. 
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They emphasize that an exceeding high exposure of hydrogen is required to remove all the Si 

adatoms and obtained a true saturation by formation of the remaining Si adatoms as monohydride (SiH), 

dihydride (SiH2), or trihydride (SiH3) species formed depending on the number of broken bonds.  Thus 

they exposed atomic hydrogen on the Si (111)7x7 surface at a surface temperature of 650 K and 

suggested that the hydrogen exposure of 5000 L (Langmuir) was optimal.  When the H coverage 

increases, it tends to promote the surface structure change from 7x7 to 1x1 and create more dangling 

bond pair sites for adsorption.   

Removal of one Adatom creates three dangling bond in the RA layer and therefore additional pair 

sites for adsorption.  The distance between newly created neighboring sites is shorter than that of the 

AD-RA pair.  This would lead to a lower adsorption energy barrier because a smaller lattice distortion 

is needed to assist the H adsorption.  Since removal of adatoms is a temperature dependent process, this 

type of transition occurs at lower coverage if the temperature is higher and it allows the saturation 

coverage to reach a full monolayer if the surface is dosed at sufficiently high temperature.  For corner 

hole, may be terminated by the removing adatomes diffusion.  Thus, the new structure is also become 

as a monohydride Si (111)1x1:1H phase as shown in Fig. 3.1.1.3(d).  Finally the coverage of the 

monohydride Si (111) 1x1:1H phase becomes 49/49≈1 ML (one monolayer). 

The binding energy of hydrogen adsorption on the adatoms, the rest atoms and the corner hole are 

2.9 eV, 3.2 eV and 3.5 eV, respectively calculated by Lim et.al. [10].  This calculated values of binding 

energy is also consistent with other group of Vittadini and Selloni, they suggested that the difference of 

binding energy of adatoms and rest atoms is 0.2 eV[11].  Thus, the amount of hydrogen molecules 

adsorption energy is 1.6 eV,(2.9 + 3.2-4.5)eV, here 2.9 eV, 3.2 eV and 4.5 eV are the binding energies 

for hydrogen adsorption at the adatom, the rest atom, and the H-H binding energy, respectively [12].  
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3.1.2 Hydrogen desorption theory on the Si (111) surface 

Hydrogen desorption process from the Si (111) surface is not always opposite to the adsorption, 

since the hydrogen desorption from the Si surface depends on the initial surface condition and hydrogen 

coverage.  According to DAS model the Si (111)7x7 surface contains 19 dangling bonds.  When 19 

dangling bonds are saturated by hydrogen, the formed structure as a monohydride Si (111)7x7:19 H 

phase and the coverage become 19/49≈0.39 ML.   

(1)The coverage range of 0.14< 𝜃 < 0.39 ML, the hydrogen desorbed from the adatoms, because at the 

following coverage range the adatoms found to rest atoms sites, so the desorption happened reversely to 

the adsorption process.   

(2) Another coverage range of 0.02< 𝜃 < 0.14 ML, the hydrogen atoms from the rest atoms site needs 

to diffuse to the adatoms site before desorption, after that they follow the opposite process of adsorption.  

For diffusion of hydrogen from the rest atoms to adatoms site 1.5eV energy is needed [13].   

(3) At the hydrogen coverage range of 𝜃 < 0.02 ML, the hydrogen atoms need to diffuse from the corner 

hole sites to the adatoms before desorption.  This diffusion process is likely to have an energy barrier 

larger than 2.4 eV since, that was 3.5eV.  In the range of hydrogen coverage from 0.02< 𝜃 < 0.39 ML, 

the hydrogen desorption process will follow the opposite path of the hydrogen adsorption process, as 

shown in Fig. (3.1.2.1).  

Fig. 3.1.2.1(a) to Fig. 3.1.2.1(b) represents that the back bond of adatoms is broken.  Fig.3.1.2.1 (b), 

shows that two hydrogen atoms are close to the H-H bond distance, so for breaking two Si-H bonds and 

to forming the H-H bond 1.6 eV energy is only required.  The total energy for desorption is the sum of 
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adsorption energy (1.6 eV) and adsorption energy barrier (0.8eV), (total energy, 1.6+0.8 = 2.4) eV.  

After hydrogen desorption the adatom is coming back to their original state as shown in Fig.3.1.2.1(c).  

 

Fig. 3.1.2.1: Schematic illustration of the H
2
 desorption process: (a) The adatom backbond length, Si-H 

bond length, and H-to-H distance. (b) The breaking of one adatom backbond and the motion of the 

adatom which brings two H atoms close to the H-H bonding distance. (c) The desorption of the H
2
 

molecule and the subsequent reformation of the broken adatom backbond [4]. 



Chapter 3: Literature review 

 
54 

 

Many authors’ studied Isothermal measurements for H desorption from Si (111) surfaces by using 

different methods [14, 15].  They proposed a model that H desorption from Si (111) was re-combinative 

second order desorption for monohydride Si (111) surfaces.  Here, one hydrogen atom leaves Si and 

diffuses toward another neighbor Si-H site and then they combine to form a dihydride (Si-H2) species.  

Finally the molecular hydrogen desorbs from the Si atom.  S. Ciraci et.al. proposed their model that the 

hydrogen desorption occurs from dihydride species on the Si (100) surface.  Two hydrogen atoms re-

combined from the adjacent dihydride species and that was first order desorption [16].  M. L. Wish et.al. 

proposed another model of first order hydrogen desorption from the Si (100)2x1 surfaces.  In that case, 

hydrogen desorption occurs by the two hydrogen atoms combined on the same single dimer of Si-Si [17].   

Mathematical formulas is given below for the calculation of desorption order. 

The change of hydrogen coverage on the Si surface in the desorption kinetics is given by using the 

Polanyi-Wigner desorption rate equation [14, 18]: 

− 
𝑑 𝜃𝑀

𝑑𝑡
∝ 𝜃𝑀

𝑛    

− 
𝑑 𝜃𝑀
𝑑𝑡

= 𝑘 𝜃𝑀
𝑛  

Here k is the reaction rate constant.  The value of the reaction rate constant, k is 

 𝑘 = 𝜗𝑑 𝑒
{−𝐸𝑎

𝑅𝑇𝑠
⁄
} ,    

Putting this value of k into the above equation becomes: 

− 
𝑑 𝜃𝑀

𝑑𝑡
=  𝜗𝑑  𝜃𝑀

𝑛  𝑒
{−𝐸𝑎

𝑅𝑇𝑠
⁄
}                     (3.1.2.1) 
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This is desorption rate equation.  Here 𝜃  is the surface coverage,  𝜗𝑑  is the pre exponential factor, 

Ed is called the desorption activation energy, R is called the gas constant (8.31 J/mol K), and Tsurf is the 

surface temperature.   

First order desorption: n=1,  

− 
𝑑 𝜃𝑀

𝑑𝑡
= 𝜗𝑑 𝜃𝑀 𝑒

−𝐸𝑎
𝑅𝑇𝑠
⁄

 ⇒ − 
𝑑 𝜃𝑀

𝜃𝑀
= 𝜗𝑑   𝑒

{−𝐸𝑎
𝑅𝑇𝑠
⁄
} 𝑑𝑡                   (3.1.2.2) 

Now taking integration on both side at time t=0, to t=t and 𝜃 = 𝜃0 to 𝜃 = 𝜃𝑡 

∫  
𝑑 𝜃𝑀

𝜃𝑀

𝜃𝑡

𝜃0
= ∫ 𝜗𝑑  𝑒

(−𝐸𝑎
𝑅𝑇𝑠)
⁄

 𝑑𝑡
𝑡

0
 ⇒   [ ln 𝜃𝑀 ]𝜃0

𝜃𝑡  = [ 𝑘1𝑑𝑡 ]0
𝑡   

⇒     𝜃𝑡 = 𝜃0 𝑒
−𝑘1𝑡                     (3.1.2.3) 

Equation (3.1.2.3) is the solution of first order desorption.  Taking logarithm on both side of the above 

equation (3.1.2.3) and mathematically rearrangement, we can gate a new form of this equation. 

                                        𝑙𝑛  𝜃𝑡 = 𝑙𝑛𝜃0 − 𝑘1 𝑡                   (3.1.2.4) 

Here t is the time of heating of the sample.  For the correct desorption order, a plot of equation 

(3.1.2.4) ln (𝜃𝑡) versus heating time (t) gives a straight line and has a slope of (-k1) and y-intercept of ln 

(𝜃0).  This linearity of this plot ln ( 𝜃𝑡) versus heating time (t) indicates that desorption is first order. 

2nd order desorption: n=2, 

− 
𝑑 𝜃𝑀

𝑑𝑡
= 𝑘2 𝜃𝑀

2  ⇒ − 
𝑑 𝜃𝑀

𝜃𝑀
2 = 𝑘2 𝑑𝑡 

Now taking integration of both side at time t=0, to t=t and correspondingly 𝜃 = 𝜃0 to 𝜃 = 𝜃𝑡 
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∫  
𝑑 𝜃𝑀

𝜃𝑀
2

𝜃𝑡

𝜃0
= ∫ 𝑘2

𝑡

0
 dt ⇒  − [ 

𝜃𝑀
−1

−1
]𝜃0
𝜃𝑡  = 𝑘2t 

1

𝜃𝑡
 -
1

𝜃0
 = 𝑘2t ⇒  

1

𝜃𝑡
  = 

1

𝜃0
  + 𝑘2t                         (3.1.2.5) 

⇒ 
1

𝜃𝑡
  = 

1+𝑘2 𝜃0 𝑡

𝜃0
 

                          ⇒ 𝜃𝑡  = 
𝜃0

1+𝑘2 𝜃0 𝑡
                                  (3.1.2.6) 

During the isothermal desorption the hydrogen coverages for the first and second order desorptions are 

obtained using equations (3.1.2.4) and (3.1.2.6), respectively.  On the other hand, if we plot equation 

(3.1.2.5); 1/ (𝜃𝑡) versus heating time (t) gives a straight line and has a slope of (k2) and y-intercept of 1/ 

(𝜃0).  But if we are taking logarithm both side of equation (3.1.2.5) and plot ln (1/𝜃𝑡) versus heating 

time (t) yields not a straight line.  This non-linearity indicates that desorption is not first order,but it 

should be second order. 

1.5th order desorption: n=3/2,  

− 
𝑑 𝜃𝑀

𝑑𝑡
= 𝑘3/2 𝜃𝑀

3/2
⇒− 

𝑑 𝜃𝑀

𝜃𝑀
3/2 = 𝑘3/2 𝑑𝑡 

Now taking integration of both side at time t=0, to t=t and corresponding by 𝜃 = 𝜃0 to 𝜃 = 𝜃𝑡 

−∫  
𝑑 𝜃𝑀

𝜃𝑀
3/2

𝜃𝑡

𝜃0
= ∫ 𝑘3/2

𝑡

0
dt  ⇒   − [ 

𝜃𝑀
−
3
2
+1

−
3

2
+1
]𝜃0
𝜃𝑡  = 𝑘3/2t 

1

𝜃𝑡
1/2 - 

1

𝜃0
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                         𝜃𝑡   = 
𝜃0 

(1+𝑘3
2

 𝜃0

1
2 𝑡)2

                                   (3.1.2.9) 

During the isothermal desorption the hydrogen coverages for the 1.5th order is obtained using equation 

(3.1.2.9).  On the other hand, if we plot equation (3.1.2.7) 1/ (𝜃𝑡) versus heating time (t), it gives a 

straight line and has a slope of (k2) and y-intercept of 1/ (𝜃0).  But equation (3.1.2.7) ln (1/𝜃𝑡) versus 

heating time (t) does not yield a straight line.  In this case, this non-linearity indicates that desorption is 

not first order.  It should be 1.5th order. 

3.2 Hydrogen desorption studied by SFG 

Y.R. Shen’s group studied the adsorption of hydrogen on Si (111) surface prepared by dosing 

hydrogen molecules by using SFG and also SHG spectroscopies [19].  In that study, a flat hydrogenated 

Si (111) surface was prepared by dosing hydrogen molecules with pressure of 3.5 Torr in 5min on a clean 

Si (111) 7x7 surface.  Figure 3.2.1 shows that the sum frequency vibrational spectroscopy (SFVS) 

vibrational spectra in the H-Si stretching region for H-terminated Si (111) surfaces prepared by different 

flash heating temperatures compared with the other SF vibrational spectra from the sample prepared by 

wet chemical etched Si (111) surface.   

From that results, they suggested that the flash heating temperature lower than 1420 K, the H-Si 

stretch peak at 2084 cm-1 was weak and a small other dihydride peak appeared at 2130 cm-1.  At high 

flash heating temperature, the dihydride peak dropped and the monohydride peak grew rapidly. The 

monohydride spectrum stabilized to a single sharp peak at 2084 cm-1 and equally in quality to that of an 
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H-Si (111) 1x1 surface prepared by wet chemical etching above 1500 K flash heating temperature.  

Although, they suggested that the dihydride spectra obtained from flash heating at lower temperature due 

to the carbon atoms on the surface but they were not so clear how it was possible. 

 

Fig. 3.2.1: SF vibrational spectra in the H-Si stretching region for H-terminated Si (111) surfaces 

prepared by different flash heating temperatures.  The spectrum from wet chemical etched Si (111) 

surface is also shown at the top of the figure for comparison [19]. 
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Fig.3.2.2 (a) shows that at 900 K in different coverage the peak intensity is changed but spectral shape 

remains.  That means Si surface can change from 7x7 to 1x1 before this temperature and coverage 

reached 0.13 ML.   On the other hand, Fig.3.2.2 (b) with 640 K shows that both peak intensity and 

spectral shape are changed with coverage and there is non-resonant background.  This result indicates 

that the surface structure change from 7x7 to 1x1 continuously during the H adsorption and increasing 

the fraction of coverages. 

Hien et. al. studied isothermal hydrogen desorption from a hydrogenated H-Si(111)1x1 surface 

prepared by chemical etching method by using SFG spectroscopy at different surface temperatures [20].  

In that study, the pressure of the UHV chamber was high (~10-5 Pa.).  Although, they suggested that the 

Fig. 3.2.2: SF vibrational spectra of the H-Si stretching mode of H-Si (111) surface at four different 

H coverages, obtained by molecular hydrogen
 
dosing at (a) 900 K, (b) 640 K. [19]. 

(a) 900 K (b) 640 K 



Chapter 3: Literature review 

 
60 

 

hydrogen desorbed homogeneously but they did not decide the specified desorption order at the hydrogen 

coverage below ̴0.2 ML [22], because at the hydrogen coverage lower than ̴0.2 ML the resonant 

signal of SFG was indistinguishable from the non-resonance background. 

 

Figures 3.2.3 (a) and (b) show the heating time verses hydrogen coverage curves at the temperatures 

of 711 and 732 K, respectively.  The hydrogen coverage reduced from 1 ML to ~0.2 ML in ~700 s.  

The resonant SFG signal became unobservable from the non-resonant background, around ~0.2 ML.  

Thus, they did not decide the desorption order until ~0.2 ML coverage.  Until now, there is not enough 

report about the hydrogen desorption order and desorption activation energy at the low coverage from 

the H-Si (111)1x1 surface.  

Fig. 3.2.3: Isothermal hydrogen desorption from the H/Si (111) surface at surface temperatures of 

(a) 711 and (b) 732 K.  The points are experimental results.  The dotted curve, solid line, and 

dashed curve are the zeroth, first, and second orders of hydrogen desorption, respectively [20]. 
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Figure. 3.2.4. shows the SFG intensity images at temperatures from 592 to 752 K of the hydrogenated 

H-Si(111)1x1 surface.  The SFG photons are represented by white dotes.  This result suggested SFG 

intensity reduced gradually from 592 to 666 K.  Figures 3.2.4(iii) and (iv) shows the sudden reduction 

on the SFG photon density from 666 K to 728 K.  Figure 3.2.4 (v) indicate that the obtained SFG photon 

at 752 K was very close to the non-resonant background.  This result indicates that the hydrogen 

reduced homogeneously at 728 K as shown in Fig. (iv)  

 

Fig. 3.2.4: SFG intensity images of the H-Si (111) surface after heating for 10 s at several different 

temperatures [20]. 

(i) 592 K 

(iv )728 K (v) 752 K 

(ii) 625 K (iii) 666 K 
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3.3 Hydrogen desorption studied by SHG: 

H. Sano et.al. studied the linear and nonlinear response using ab initio method [21] for the Si (111) 

surfaces.  In Fig. 3.3.1 shown for the unreconstructed surface of Si, in the energy range from 0.5 to 2 

eV seen by small structures.   

Figure. 3.3.1(a) shows electronic state near the Fermi level, and thus in this surface optical resonance 

transition happened by the dangling bonds.  

Fig. 3.3.1:  Surface electronic band structures of (a) unreconstructed Si (111), (b) (1x1) H/Si (111), 

and (c) reconstructed (2x1) Si (111) [21]. 
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 Figure. 3.3.1(b) shows there is no clear electronic state because there is no dangling bond, because 

the dangling bonds are terminated by hydrogen.  This result indicates that the electronic states are 

created by dangling bonds.  

 

  Figure. 3.3.2 shows that the nonlinear susceptibility depends on incidence photon energy. The 

large peaks of calculated 𝜒(2) are shown for the unreconstructed surface in the range of 0.5< ħω <1.5 

eV but they are not seen for H/Si (111).  According to the previous band structure as shown in Fig. 3.3.1 

Fig. 3.3.2: Calculated nonlinear optical susceptibility tensor components  𝜒𝑖𝑗𝑘
(2)

, (ijk = xxx, xyy, 

yxy, xxz, yyz, zxx, zyy, zzz) as a function of the incident photon energy, unreconstructed Si (111) 

(solid lines) and (1x1) H/Si (111) surface (dashed lines) [21]. 



Chapter 3: Literature review 

 
64 

 

they suggested that the peak below 2.0 eV in Fig. 3.3.2 occurs from resonant optical transition with the 

surface states of the unreconstructed surface. 

Y. Miyauchi et.al. showed that hydrogen deficiency on a hydrogenated Si (111) surface was 

obtainable by taking SHG images [22].  Figure 3.3.3 (a) shows the SHG image of hydrogenated Si (111) 

surface without using UV light.  In that measurement obtained SHG photons are shown by black dots. 

Figure 3.3.3 (a) this black dots are not coming from the SH resonance photon, but from the background.  

Figure. 3.3.3(b) shows that the SHG photon intensity image taking after using UV laser light pulses with 

wavelength of 355 nm.  In this measurements hydrogen atoms from the Si (111) surface removed and 

creating dangling bonds, thus the black dots on SHG intensity images become stronger than first image 

as shown in Fig. 3.3.3 (a).   

 

This result suggested that the hydrogen desorption happened from the Si (111) surface by UV light 

and created dangling bonds.  The surface electronic state produced by dangling bonds near the Fermi 

Fig. 3.3.3: SH intensity images of an  H-Si (111) surface (a) before and (b) after UV light irradiation 

through a striped mask and (c) after air exposure.  The dark dots represent the observed SH photons 

[22]. 
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level, resonant transition occur by this electronic state at the incident photon energy ħω = 1.17 eV, so 

that SHG is produced [23, 24].  If the surface is terminated by hydrogen atoms, it has no electronic state, 

SHG could not be produced for the H-terminated surface at ħω = 1.17 eV.  From the previous 

experimental result it was reported that the incident photon energy, ħω = 1.17 eV was suitable for the 

SHG measurements for detecting hydrogen deficiency on Si (111) [25].  

They also did other experiment for better confirmation.  In that measurement they introduced air 

for 5 min into the UHV chamber after taking the image of Fig. 3.3 .3 (b).  Thus, they took again SH 

image from the same sample as shown in Fig. 3.3.3(c) and the intensity of Fig 3.3.3(c) is smaller than 

Fig.3.3.3 (b).  This reduced SH intensity is due to the terminating of dangling bonds by adsorption of 

oxygen atoms from the air in the chamber.  This result finally indicates that the SHG is active on the Si 

dangling bond.  

 

Reiders et. al. only studied the hydrogen desorption order from H-Si(111)7x7 surface at low 

coverage below 0.2 ML at the range of temperature 680 K to 800 K using second harmonic generation 

(SHG) [25].  They investigate time dependent hydrogen desorption from hydrogenated Si (111)7x7 

surface prepared by atomic hydrogen dosing using SHG spectroscopy at different temperatures.  In that 

study, the vacuum of the UHV chamber was high (~2x10-10 mbar.).  They have considered first order, 

second order and also intermediate order by fitting in their obtained experimental data.  Finally they 

found that the result can be suggested by an intermediate reaction order of 1.56 ± 0.2 as shown in Fig. 

3.3.4. for the hydrogen coverage below 0.15 ML by using SHG measurement.   
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Fig. 3.3.4: The isothermal desorption of hydrogen from the Si (111)7x7 surface at 720K.  The solid lines 

compared to the best fit to first and second order desorption kinetics and effective order was 1.56 [25]. 

Fig. 3.3.5: The isothermal desorption of hydrogen from the Si (111)7x7 surface at various surface 

temperatures.  The solid lines corresponds to the best fit between first and second order desorption 

kinetics [25].  The inset shows an Arrhenius plot for these and other data at 0.08 ML coverage. 
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Fig. 3.3.5. shows that the isothermal hydrogen desorption  from the Si (111)7x7 surface at different 

surface temperatures.  They heated the sample at various temperatures of 680 K, 720 K, 760 K and 800 

K.  The activation energy was Ed = 2.40 ± 0.1 eV.  This observed kinetic behavior suggested that the 

hydrogen re-combinative desorption process occurs on a surface Si (111)7x7 with two distinct adsorption 

sites.   On the other hand Y.R. Shen group repeated this study of the desorption of hydrogen from Si 

(111) surface prepared by molecular hydrogen dosing by using SHG spectroscopies [19].  They heated 

their sample as shown in the Fig 3.2.6(a) of 660, 710, and 760 K.  

 

They fitted their data with 1.5th order desorption then plotted ln ( kdes) versus 1/T as shown in figure 

3.3.6(b) yielding a value of activation energy Ed = 2.38±0.13 eV which was good agreement with Raider 

et.al.[25].  Their results suggested that 1.5th order desorption can be explained by the presence of two 

adsorption sites for H on Si (111)7x7 surface.  At higher sample temperatures, desorption is faster and 

diffusion less important, for that case 1st order desorption becomes dominated to describe the large 

portions of desorption process.  Since, the temperatures higher than the desorption temperature, 

Fig. 3.3.6: (a) The isothermal desorption of hydrogen from the Si (111) surface at various surface 

temperatures. (b)  An Arrhenius plot for ln (kdes) vs 1/T. [19]. 
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desorption of H from Si is too fast an isothermal measurements, then the 1st order desorption was still 

valid consideration.  

U. Hofer demonstrated the Second harmonic generation (SHG) active on the silicon dangling bonds 

on the Si (111)7x7 surfaces clearly [29].  He suggested that the resonant optical transitions with visible 

and near infrared frequencies arising from the presence of surface states in the band gap of the volume 

for the silicon surfaces.   

 

Fig. 3.3.7: Schematic band structure of Si (111)7x7 in an extended Brillouin zone.  The shaded areas 

indicate the projected bulk valence and conduction bands.  Occupied and unoccupied surface states 

are denoted by S
1
, S

2
, S

3
 and U

1
, U

2
, respectively.  The inset at the bottom shows a side view of part 

of the 7x7 unit cell.  The adatoms (A) have partially filled dangling bonds and give rise to the surface 

band S
1
/U

1
; the dangling bonds of rest atoms (R) are filled and form the band S

2 
[29]. 
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Their origin is dangling bonds.  Figure.3.3.7 shows a diagram of the projected bulk bands and the 

occupied (S1, S2, S3) and unoccupied (U1, U2) surface states of Si (111)7x7 surface.   

The origin of the surface states has been discussed by different methods within the DAS (dimer-adatom-

stacking fault) model of the 7x7 reconstruction [30].  In the Si (111)7x7 surface, 12 adatoms per 7x7 

unit cell have partially filled dangling bonds as shown in Fig.3.3.7 by the band U1/S1.  There are 6 rest 

atoms with fully occupied dangling bonds by the charge transferring from the adatoms and represents by 

S2 state in fig.3.3.7.  The backbonds of the adatoms to the rest atoms layer are represented by U2 and 

S3 surface states.  

 

U. Hofer did another experiment of the hydrogen desorption from an H-Si (111)7x7 surface for 

coverage below 0.2 ML at the range of temperature of 680 K to 800 K using second harmonic generation 

(SHG) [29].  His investigation suggested that, at the lower coverage, the quenching of the surface 

Fig. 3.3.8:  Isothermal desorption of H
2
 from the monohydride state on Si (111)7x7.  The inset shows 

an Arrhenius plot of the desorption rate at 0.2 ML coverage obtained from these and other data [29]. 
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susceptibility 𝜒𝑠
(2)

(𝜃) due to adsorbed hydrogen linearly depends on the coverage (𝜃) by the following 

equation. 

𝜒𝑠
(2)

(𝜃) ⋍ 𝜒𝑠,0
(2) (1- 𝛽𝜃), where 𝜃 ≪ 1                         

For the hydrogenated, H-Si (111)7x7 surface, the slope is 𝛽 ⋍ 1.3 [29].  Similar measurements for 

hydrogen adsorption on H-Si (100)2x1 gives the value of a proportionality constant of 𝛽 ⋍ 3.1 [31].  

Fig. 3.2.8. shows the desorption of hydrogen from the monohydride state on Si (111)7x7.  The inset 

shows an Arrhenius plot yielding the desorption activation energy 2.4 eV.  The isothermal investigation 

of hydrogen desorption from Si (111)7x7 suggested that the deviation from the second order desorption 

happened due to the different type of dangling bonds in adatoms and rest atoms that exists on this surface 

and provided non uniform adsorption sites for atomic hydrogen dosing. 

3.4 Hydrogen desorption studied by other methods 

Y. Morita et. al. have observed the STM images at high temperature of the H-Si(111)1x1 surface 

prepared by atomic hydrogen dosing [26].  They reported that the hydrogen coverage should be larger 

than 1ML because of existence of the clusters as shown in Fig.3.4.1 (a).  However, when they elevated 

the sample temperature up to 485oC, the Si clusters on the surface was crystallized and changed their 

shapes to two-dimensional SiH islands and the top surface of the islands became flat.  Then almost all 

the surface was covered by the monohydride and the H coverage on the surface was 1ML Fig.3.4.1 (b).  

This type of behavior was also reported by another group Memmert and Behm [27].  Morita suggested 

that when the sample temperature was maintained at a certain time above 490oC, there was the migration 

of SiH species from SiH island on an unreconstructed Si (111)1x1 surface.  
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In this case there were co-existence of 1x1:H and ≡Si-H species at a time as shown in Fig 

Fig.3.4.1(c) and Fig.3.4.1 (d) where the coverage of H was larger than 0.16 ML.   

 

They suggested that hydrogen desorption happened from the two activation process due to the 

presence of ordered and disordered phase on the surface.  Below 0.16 ML of the hydrogen coverage, as 

shown in Fig.3.4.1 (e) and Fig.3.4.1 (f), there were only the ≡Si-H species such as the monohydride, and 

the hydrogen desorption was dominated by the process of the H-H recombined on the ≡Si-H species.  If 

the surface was kept longer time of heating, the Si surface would be reconstructed to √3×√3 R30o surface 

as shown in Fig.3.4.1 (e) and Fig.3.4.1 (g).  This result suggested that, the H atoms over the surface was 

Fig. 3.4.1: (a) The Schematic picture of a model for the hydrogen desorption from the Si (111)1x1 

surface [26]. 
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not uniform and the desorption kineties should be modified from the simple one. After that they study 

the hydrogen desorption by heating their sample as shown in Fig. 3.4.2(a) of 490, 505, and 5350 C.  In 

this case they used the second order kinetics to study the relation between H desorption and the behavior 

of disordered phase, because they did not know the exact order. 

They used their data with 2nd order desorption then plotted ln ( kdes) versus 1/T as shown in figure 

3.4.2(c) yielding a value of activation energy Ed = 2.89 eV which was in good agreement with G. Schulze 

et.al. with activation energy Ed= 59 Kcal/mol (2.54 eV) [38]. 

 

Fig. 3.4.2: (a) The isothermal desorption of hydrogen from the Si (111) surface at various surface 

temperatures. (b) The second order plots for the inverse coverage versus heating time. (c) An Arrhenius 

plot for ln (kdes) vs 1/T [26]. 
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Finally they described their model of hydrogen desorption by plotting the time dependence of 

hydrogen coverage based on their model as shown in 3.3.3.  Where they used the four 𝛼 values of coverage, 

1/3, 0.3, 0.26 and 0.2 ML.  They define the coverage of ≡Si-H species as dadatom (ML) and the coverage 

of remaining monohydride SiH as dSiH = 𝜃 (ML).  The total remaining hydrogen coverage was dadatom 

+ dSiH = 𝛼 (ML).  Then, the desorption order of hydrogen at low coverage becomes smaller than 

second order following the equation  

 
𝑑𝜃

𝑑𝑡
= −

𝑘𝑑 𝜃
2

(1−3α)+3𝜃
                                  (3.4.1) 

 

From this equation (3.4.1) and Fig. 3.4.3. the isothermal hydrogen desorption order is getting close 

to the first order desorption with increasing the total amount of the Si adatoms(≡Si-H species) 𝛼, and 

Fig. 3.4.3: Time dependent of the hydrogen coverage based on Y. Morita et al. model, Eq. (3.1.3.1) 

for 𝛼 = 0.2, 0.26, 0.3 and 1/3.  The isothermal desorption curve of the second order kinetics at 

535
0
C is also plotted [26]. 
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when the value of 𝛼  is 1/3 ML, equation (3.4.1) becomes the first order desorption.  This result 

suggested that,during the hydrogen desorption from the surface, each Si atom from the 2D island carrying 

one hydrogen broke its 3 back bonds (called ≡Si-H species) and immigrated out of the islands and 

combined with three Si atoms on the surface in order to reduce the number of dangling bonds.  For  𝛼 

=1/3 ML, the surface contain only Si adatoms (≡Si-H species).  They expected that the high probability 

of the H-H recombination from the Si adatoms (≡Si-H species) for the first order desorption.  This 

findings interpreted that the desorption kinetics of the H atoms from the monohydride state is strongly 

affected by the total density of the Si adatoms (≡Si-H species), above the critical coverage of the H atoms; 

which is 0.8 𝛼, the desorption order is second; below the critical coverage, the desorption order becomes 

smaller than the second order as shown in Eq. (3.4.1). 

Another research group M. L. Wise et.al. also investigated the hydrogen desorption from the Si 

(111)7x7 and Si (100)2x1surafces by using LITD and TPD methods for comparisons of their achieved 

results [32].  In that study, the pressure of the UHV chamber was high (~4x10-10 Torr.).   Fig 3.4.4 

shows the isothermal desorption of hydrogen from Si (111)7x7 surfaces by LITD.  Isothermal LITD 

studies of hydrogen desorption from Si (111)7x7 surfaces revealed that the desorption order was second 

order hydrogen desorption with activation energy of 62 kcal/mol.  In the case of Si (100)2x1surfaces 

the desorption of hydrogen predict first order desorption.  

Their TPD results were also consistent with the measured LITD results by second order 

desorption observed on Si (111)7x7 surfaces and first order desorption on Si (100)2x1.  Their suggested 

second order desorption on Si (111)7x7 were consistent with recombinatory desorption mechanisms 

reported by other researchers, involving randomly positioned hydrogen atoms.  Here two hydrogen 

atoms migrate to the adjacent sites and recombined for desorption as a hydrogen molecule. 
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Fig.3.4.5 shows the isothermal hydrogen desorption from Si (100)2x1 surfaces studied by LITD 

method.  Their calculated desorption activation energy from TPD data was 63kcal/mol for Si (111)7x7 

surface for the second order desorption and 66kcal/mol for Si (100)2x1 surfaces in the first order 

desorption.  This values were also very similar to that they have gotten from isothermal desorption study 

by using LITD method and consistent with G. Schulze et. al’s. calculation [33].   

G. Schulze et.al also studied the hydrogen desorption by using TPD (Temperature program 

desorption) process from the H-Si (111) 7x7 surfaces at low coverage.  They also suggested that the 

desorption of molecular hydrogen for monohydride species suggested the second order desorption with 

activation energy Ed = 59 kcal/mol (2.54 eV) and the first order desorption with the activation energy (Ed 

= 48.5 kcal/mol (2.1 eV) [33].    

Fig. 3.4.4: (a) Isothermal hydrogen desorption from the Si (111)7x7 surface at various surface 

temperatures by LITD.  The solid line corresponds to second orders of H2 desorption, respectively. 

(b)  Arrhenius plot for second order desorption [32]. 

(b)  (a)  
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They suggested that their results were first order desorption with activation energy of 58 kcal/mol.  They 

explained mechanism for first order desorption of two hydrogen atoms combined on a single dimer on the Si 

(100)2x1 surfaces as shown in Fig 3.4.6. 

 

(a)  (b)  

Fig. 3.4.5: (a) Isothermal hydrogen desorption from the Si (100)2x1 surface at various surface 

temperatures by LITD. The dashed lines corresponds to first orders of H2 desorption. (b)  Arrhenius 

plot for first order desorption [32]. 

Fig. 3.4.6: Desorption of H2 from two hydrogen atoms paired on a single dimer on Si (100)2x1 surface 

[32]. 
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4.1 Sample preparation 

Hydrogen terminated of Si surfaces has an attractive technological importance [1, 2].  Since many 

years ago hydrogen terminated Si surfaces have been prepared by using various techniques.  Atomic 

hydrogen dosing technique is one of the commonly used method for hydrogen adsorption on the Si 

surfaces in UHV [3].  Wet chemical etching treatment of Si surfaces by buffered HF solution [4, 5, and 

6] is also a very useful method for preparing hydrogen adsorption on Si surface.  Wet chemical etching 

treatment method used widely to prepare better quality samples.  Atomic hydrogen dosing method 

produce the sample with less order surface [7].  In atomic hydrogen dosing process hydrogen atoms 

produced by H2 dissociation at the hot filament are highly energetic and their bombardment on the sample 

make surface rough.  

More recently, an alternative method has been investigated for preparing H-terminated Si surfaces 

namely molecular hydrogen dosing [8, 9,].  This is one of the dissociative adsorption process on Si 

surface.  

At room temperature this process was not considerable to prepare hydrogen terminating Si surface due 

to the low of sticking coefficient.  On the other hand, at room temperature the dissociative adsorption 

suggested that there should exist a significant adsorption-energy barrier, of 0.9 eV by Bratu et. al [10,11].  

However, another group suggested that the sticking coefficient increases with temperature [10, 11, and 

12].   

Molecular hydrogen dosing at high temperature gives fully hydrogen terminated Si (111) surface with 

a quality as good as the one prepared by the wet-chemical-etching method [12].  To produce a well-

ordered H-terminated Si (111) surface with good quality is possible by molecular hydrogen dosing 

process at sufficiently high substrate temperature and will be comparable with the sample that was 

obtained from wet chemical treatment as shown in Fig 4.1.1. 
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In this study, I have prepared the sample by using molecular hydrogen dosing method.  The hydrogen 

adsorption theory that I have explained in details in second chapter in this thesis.  Here, I explain the 

sample preparation and hydrogen molecular dosing system.  

 

4.1.1 Sample cleaning 

The preparation of clean silicon surfaces in a UHV condition has been reported by many literatures.  

There are mainly three cleaning procedures employed to prepare the cleaning sample.  Such as (i) 

Annealing (ii) Cleavage and (iii) Ion bombardment.  Annealing is one of the commonly used method 

for cleaning the Si sample in a UHV.  In the annealing method at temperature about ~12000 C is used 

to clean the sample surface from contamination [13].  This cleaning procedure gives good ordering of 

Fig. 4.4.1: SFG vibrational spectra in the H–Si stretch region for three H-terminated Si (111) surfaces 

prepared by different methods [12] 
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Si surfaces.   Ion bombardment is another method used to clean the sample.  However, this method 

has side effect to produce clean surface namely the disordering (amorphization) of the surface by the 

penetration of Ar to the substrate region.  To make the order surface it is needed to anneal of the sample 

again at about 7000-8000 C.  Cleavage is another method used to prepare the sample surface.  But in 

this method the prepared sample will be metastable and differ from the sample prepared by using other 

two methods.  In this study, I cleaned the sample by using annealing process that makes our sample 

well ordered.  In the flowchart is shown in Fig.4.1.1.1 the basic steps of the sample cleaning process by 

annealing. 

The Si (111) samples (25x5x0.1 mm3 in dimension) used in my work were cut from an N type flat 

Si wafers.  The resistivity of the sample was 1~5 Ω cm.  For sample preparation, the flat Si (111) 

sample was first dipped in a Teflon-cup with acetone.  For cleaning the Si substrate, the Teflon-cup was 

kept in an ultrasonic bath in 10 min.  Then the substrate was taken out from acetone very carefully and 

slowly for drying and then was put on the sample holder in a UHV chamber.  The chamber was baked 

at an average temperature ~1500 C in a few days and achieved pressure was at ~10-8 Pa.  Within the 

UHV chamber baking period the Si sample was connected to a DC power source (18A-40 V) for heating.  

In this process the sample in a UHV was resistively heated at 6000 C for a 6 (six) hours.  After UHV 

chamber baking the DC current was switched by using the same DC power source (18A-40 V) for flash 

heating at high temperature of the sample.  In this experiment, the maximum current of 8.6 A was used, 

which corresponded to 11600 C.  The heating temperature was calibrated from the I-V curve prepared 

in the Si (111) sample previously [14]. 

The samples were cleaned carefully to remove all contaminations remaining on the surfaces.  In this 

study, I cleaned the sample by the following chart as: 
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Sample preparation by heating for hydrogen dosing 

For preparing clean samples in a UHV chamber, the Si sample was degassed at 6000 C for at least 6 

hours for removing the impurities.  For completely removing the impurities, the Si sample was flashed 

to 11600 C for several times.  Each time the sample was heated for 10-15 s.  This step was done to 

diffuse carbon contaminant from the surface into the bulk.  After that, it was heated at 11600 C in few 

seconds for the final flashing.  Then it was cooled fast to the transition temperature from 7x7 to 1x1 

structure.  And then it was cooled to room temperature gradually in 5 min (〜2.8 0 C/S).  This cooling 

process makes the 7x7 reconstruction in well order [15, 16]. There are some different reports about the 

transition temperature from 7x7 to 1x1 structure.  For example one reported that it was about 8300 C 

which was observed by reflection electron microscopy [17, 18].  The other report was 8670 C [19].  In 

my experiment, I checked this transition temperature by observing LEED patterns and that was 8620 C.  

Therefore, I considered the transition temperature between 7x7 to 1x1 as 862 0 C. 

Sample cleaning process 

1. The flat Si (111) sample was first dipped in a Teflon-cup with acetone (99.5%) 

(CH
3 

CO CH
3
). 

2. A Teflon-cup was kept in an ultrasonic bath in 10 min. Then the substrate was 

take out from acetone very carefully and slowly for drying and then kept the 

sample holder in a UHV chamber 

3.  The chamber was baked at an average temperature ~150 
0
C in a few days 

and achieved pressure was at ~10
-8

 Pa. 

Fig. 4.1.1.1: Si (111)1x1 sample cleaning steps. 
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4.1.2 Dosing of hydrogen molecules on the Si (111) surface 

Molecular hydrogen dosing: 

Fig. 4.1.2.2. shows the diagram of the process of molecular hydrogen dosing.  For molecular 

hydrogen dosing the Si(111) substrate was heated at 〜6400 C and ultrapure hydrogen molecules were 

introduced into the UHV chamber through a leak valve .  Before going into UHV chamber, it was further 

purified by passing through a 20 m length of steel tube coil which was kept in liquid nitrogen to filter out 

the residual impurities.  The pressure of hydrogen molecules was 〜3.5 Torr.  To avoid contamination 

of the sample, the filament in the UHV chamber was turned off during H2 dosing.  After 10 min of 

hydrogen dosing, one monolayer of hydrogen coverage was expected to be formed.  The surface was 

reconstructed into the 1x1 structure which was observed by LEED patterns. 

Sample surface preparation steps by heating. 

4. For sample surface preparation, the sample in a UHV was resistively heated at 

600
0
C for a few (6h) hours for removing impurities. 

SiO
2 

(111)1x1 

5.  Flashing the sample in a few seconds for removing the carbon from the 

surface into the bulk. 

Si
 
(111)1x1 

6.  Si
 
(111)7x7 clear structure observed by LEED 

Flash at 1160
0 

C for a few times 

600
0 

C for a few hours (6h)  

Fig. 4.1.1.2: Si (111)7x7 sample surface preparation steps by heating. 
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Step1. Flashing the sample at 1160
0
C several times, each time 10∼15 s. During the flashing, the 

pressure should be controlled smaller than 5x10
-6

 Pa. 

Step 2. At final time of flashing, Si sample is heated at 1160
0
 C in a few second, then it was 

cooled fast to the transition temperature from 7x7 to 1x1 structure (860
0
c). Then it was cooled to 

room temperature gradually in 5 min (∼2.8
0
c/s). 

Step 3. Taking LEED for observing 7x7 structure of Si (111) sample 

Step 5. Before going into UHV chamber, the hydrogen molecules passed through a 20 m length 

of steel tube coil which was kept in liquid nitrogen. 

Step7.Taking again LEED for observing 1x1 structure of Si (111) sample after hydrogen dosing. 

Step 6. During 10 minutes hydrogen was kept into the UHV chamber. Turn off heating, waited 

for one min before opening the windows to remove H
2 

out of the UHV chamber. 

Step 4. Hydrogen molecules were introduced into the UHV chamber with pressure of 3.5 Torr 

during the Si substrate was heated at 〜640
0
C. 

Flowchart for molecular hydrogen (H
2
) dosing process    

Fig.4.1.2.1: Flowchart for molecular hydrogen (H
2
) dosing process. 

At 640
0 
C for a H

2
 dosing 10 min 

times
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Fig. 4.1.2.2: The diagram of the hydrogen dosing process. 
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4.2 Optical setup 

4.2.1 Optical system for SFG/SHG spectroscopy measurements 

4.2.2 Advantage of SFG/SHG spectroscopy measurements  
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4.2 Optical setup 

In this section, I explored the optical system of SFG and SHG spectroscopy measurements.  

Nonlinear optical spectroscopies such as SFG and SHG techniques are used as useful nondestructive and 

sensitive tools to study the properties of surfaces and interfaces.  Both SFG and SHG are the second 

order nonlinear optical process.  In this study, I have used both SFG and SHG spectroscopy for 

investigating the hydrogen desorption mechanism from a flat H-Si (111)1x1.  SFG spectroscopy will 

be used to observe vibrational spectrum of H-Si surface before and after heating.  When hydrogen 

coverage became low, the SFG signal was close to the background and the vibrational mode could not 

be seen.  On the other hand, SHG is very sensitive to dangling bonds on the surface.  Therefore, I 

applied the SHG spectroscopy to measure the remaining hydrogen coverage when the coverage became 

low.   

 

4.2.1 Optical system for SFG/SHG spectroscopy measurements 

Optical system for SFG measurement: 

Hydrogen desorption mechanism from a flat H-Si (111)1x1 surface was studied by using sum 

frequency generation (SFG) spectroscopy.  The SFG spectroscopy system was set up as shown in Fig. 

4.2.1.  As an incident visible light, I used doubled-frequency light pulses at wavelength 532 nm with 

photon energy of 〜2.33 eV generated by a mode-locked Nd3+: YAG laser operating at a repetition of 

10 Hz and a pulse width of 30 ps.  Tunable infrared light pulses at wavelength of 〜4.8 m was output 

from an optical parametric generator with an amplifier (OPG/OPA) system with photon energy 〜0.26 

eV pumped by the fundamental and SHG output of the same Nd3+:YAG laser.  The incident visible light 

was passed through a Glan polarizer, a band pass filter, a lens with focal length f=300 mm, and the CaF2 
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window of the UHV chamber with the pulse energy of 〜15 J/pulse .  The IR light was focused by 

a CaF2 lens with a focal length of f=250 mm with the pulse energy of 〜70 J/pulse at the sample.  

The angles of incidence of the visible and IR light beams were 〜450 and 600, respectively.  A delay 

line was used to adjust the temporal overlap of the IR and the visible pulses at the sample.  The SFG 

light generated from the sample in the reflective direction was passed through a glass window of the 

chamber, band pass filters (Asahi SV0490), a polarizer plate (Sigma Koki, SPF-30C-32),and finally the 

SFG signal was focused onto the monochromator entrance by a lens and reached a photomultiplier as 

shown in Fig.4.2.1. 

 

The SFG signal was obtained as a function of the IR light wavenumber.   The SFG spectra were 

measured from 2060 cm−1 to 2110 cm−1 with a scanning step of 1 cm−1.  The acquisition time for one 

Fig. 4.2.1: A schematic diagram of a SFG spectroscopic system. 
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SFG data point was 〜30s and that for one SFG spectrum was 〜25 min.  The typical photon count 

rate at the SFG peak was 〜10 photons per second and the energy resolution for SFG spectra was 〜2 

cm-2.  Each measurement was conducted in the polarization combination of PPP (SFG in p-polarization, 

visible in p-polarization and IR light in p-polarization).   

I investigated the hydrogen desorption from the H-Si (111)1x1 surfaces.  In this experiments, the 

sample was heated for each 10s many times and then cooled it down to RT, and the SFG spectrum was 

taken.  This procedure was repeated for 20 s, 30 s, 40 s, 50 s, 60 s, 70 s, 80 s, 90 s, 100 s, 110 s…up to 

the SFG signal closed to the background.  The same process was applied to different heating 

temperatures of 711, 730, 750 and 770 K. 

 After SFG measurement, I switched to SHG measurement and detected Si dangling bonds and 

monitored the hydrogen coverage when it was unobservable at lower hydrogen coverage at various 

heating temperatures of 711, 730, 750 and 770 K.  I discussed the Optical system for SHG measurement 

in the next section. 

Optical system for SHG measurement: 

Hydrogen desorption mechanism from a flat H-Si (111)1x1 surface studied by using Second 

Harmonic Generation (SHG) spectroscopy at the low hydrogen coverage.  The SHG spectroscopy 

system was set up as shown in Fig. 4.2.2.  As the excitation light source of SHG signal from the sample, 

I used a mode-locked Nd3+: YAG picosecond laser (EKSPLA PL2143B) with a fundamental wavelength 

of 1064nm with photon energy 1.17 eV.  Its operating output pulse width of 30 ps and the repetition 

rate of 10 Hz was used.  The incident laser light pulse with energy of 〜380 J/pulse was passed 

through a half wave plate (λ / 2), a Glan polarizer, a color filter, a lens with focal length f=250 mm, and 
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the CaF2 window of the UHV chamber and finally reached to the sample.  A color glass 2𝜔 cut filter 

was placed between the polarizer and the sample to block unwanted SHG background light from the 

optics generated prior to the interaction with the sample.   

 

The SHG light generated from the sample in the reflective direction was passed through a glass 

window of the chamber, focusing lens with focal length f=300mm, and 𝜔 cut color glass filters was 

used to block the fundamental radiation light beams reflected by a mirror as shown in Fig.4.2.2.  Near 

the entrance slit of the monochromator, the reflective SHG signal was passed through a focusing lens 

with focal length f=300mm, a colored glass (𝜔) cut filters to block the fundamental radiation light 

beams before coming into the monochromator.  A polarizer plate (Sigma Koki, SPF-30C-32) was put 

before the double monochromator and a photomultiplier to select the polarization of the SHG signal.  

The SH intensity spectra were obtained as a function of the sample heating time.  The energy of each 

Fig. 4.2.2: A schematic diagram of a SHG spectroscopic system. 
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laser pulse was measured by using pyroelectric detector.  Each measurement was conducted in the 

polarization combinations as Pin / Pout.  The incident fundamental and second harmonic beam were 

polarized parallel to the plane of incidence (pp polarization) 

After the SFG experiment I continued the hydrogen desorption for the same sample as above and 

started the SHG measurement.  In that case, I heated the sample for each 50s and then cooled it down 

to RT, and the SHG spectrum was taken.  Then I heated the sample in different interval of times up to 

finish the SHG experiment.  The same process for heating the sample, I was applied to different heating 

temperatures of 711, 730, 750 & 770 K.   

 

4.2.2 Advantage of SFG/SHG spectroscopy measurements  

Sum frequency generation (SFG) is a second order nonlinear spectroscopic method.  According 

to the surface selectivity rule SFG is very sensitive on the molecular vibration on the surfaces [20–22].  

Another two vibrational spectroscopic methods such as IR and Raman scattering are also used to 

investigate molecular structures.  IR and Raman signals are usually active on the centrosymmetric and 

noncentrosymmtric media.  On the other hand, SFG is active only in a noncentrosymmetric medium.   

 

Total view Light source side Detection side 
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Figure.4.2.2.1 (a) shows an IR process, when the frequency of the incoming photons is in 

resonance with a vibrational frequency of a molecule in the sample, then the photon absorbed by the 

molecule.  Figure.4.2.2.1 (b) and (c) shows the Raman scattering process here photons interacted with 

molecules by the gain and loss of energy.  

     For SFG process two photons incoming at the different frequencies on the sample and the 

outgoing photon have frequency of the sum of two incoming photons frequencies. The outgoing photon 

has the sum frequency of the input photons as shown in Fig.4.2.2.1 (d).  In SFG process the frequencies 

mixing occurs only at the interface or surface.  SFG is a strong method to studying Si-H bonds and 

identifying hydride species on a Si surfaces [14].  In the vibrational SFG, I assume visible light at 𝜔𝑣𝑖𝑠 

and IR light at 𝜔𝐼𝑅  as the incident beams.  With 𝜔𝐼𝑅  near vibrational resonances, 𝜒𝑠
(2)

 can be 

described as  

                            𝜒𝑠
(2)
= 𝜒𝑁𝑅

(2)
+ ∑

𝐴𝑞
↔ 

𝜔𝐼𝑅 −𝜔𝑞+𝑖Г𝑞
𝑞                          (4.2.2.1) 

Where 𝜒𝑁𝑅
(2)

 is the nonresonant nonlinear susceptibility, 𝜔𝐼𝑅 , is the frequency of IR light, 
𝐴𝑞
↔ , ωq and 

Гq are the strength, resonance frequency and damping constant of the resonance mode, respectively. 

  When an infrared light with energy ђ𝜔𝐼𝑅  is scanned near the vibrational resonance of a molecule, 

the SFG intensity is enhanced, thus yielding SF vibrational spectra [22].  On the other hand the total 

SFG intensity can be calculated by the following equation: 

𝐼𝑆𝐹𝐺~|𝜒𝑠
(2)
|
2

= |𝜒𝑁𝑅
(2)
+ ∑

𝐴𝑞
↔ 

𝜔𝐼𝑅 −𝜔𝑞+𝑖Г𝑞
𝑞 |

2

                  (4.2.2.2) 
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Here, 𝐼𝑆𝐹𝐺  is the intensity or peak height of the SFG signal.  By this following expression the non-

resonant nonlinear susceptibility can be considered, where the other conventional process, Raman and 

IR signal is couldn’t do that.  The SFG spectrum makes asymmetric by this non resonant component. 

From this asymmetric SFG spectrum can differ the SFG signal from the background and inhomogeneous 

distribution of adsorbate.  

Another optical method, SHG is one of the special case of SFG, here two photons with same 

frequencies fall on the surface and outgoing photon have double of frequency of the incoming signal.  

SHG is very sensitive to dangling bonds on the surface at the low coverage of adsorbed or electronic 

state on the molecules [23, 24].  Recently, this high sensitive technique (SHG) has been for 

determination of small coverage on the surface [25].  According to the symmetry rule SHG active only 

surface and interface where the symmetry is broken.  In this cause SFG and SHG both are not active on 

the bulk materials [26].  Fig. 4.2.2.1 shows the IR, Raman, SFG, and SHG processes.   

Combined using of SFG and SHG has a good advantageous method. 

The SFG spectroscopy will be used to observe vibrational spectrum of H-Si bonds on the surface.  

When the SFG signal became comparable to the background at the lower hydrogen coverage, the 

vibrational peak of Si-H bonds could not be seen.  On the other hand, SHG is very sensitive method to 

dangling bonds on the surface.  Therefore, the SHG spectroscopy will be used to measure the remaining 

hydrogen coverage by detecting the Si dangling bonds when the coverage became unobservable by SFG.  

In situ combining the SFG and SHG analysis on the same sample, the desorption order could be clarified 

in the whole hydrogen coverage range. 
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  Compared to IR and Raman, SFG is a much better surface specificity.  Different from SFG, the 

surface sensitivity of IR is limited by the penetration depth of the IR light, which is on the order of 

hundreds of nanometers to a few micrometers.  From a single reflection of incoming light SFG photons 

getting much stronger signal, on the other hand, for IR there is multiple reflection needed for getting the 

better signal.  In the single reflection in IR produces week signal.  In microscopically SFG is most 

useful methods.  In IR could not be used in microscopically.  In the conclusions, SFG is more surface 

sensitive method than other conventional methods like IR and Raman.  

 

 

Fig.4.2.2.1: Energy level diagrams for (a) IR absorption, (b) Stokes and (c) anti-Stokes Raman 

scattering, (d) SFG, and (e) SHG 

(a) IR 
(b) Stokes-Raman 

(c) Anti-stokes Raman 

(d) SFG 

(e) SHG 
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5.1 Hydrogen desorption kinetics from H-Si (111) surfaces  

I have investigated the hydrogen desorption mechanism from a flat H-Si (111)1x1 surface at 711K 

by observing sum frequency generation (SFG) spectra and second harmonic generation (SHG) spectra. 

Flat H-Si (111) surfaces were prepared by dosing hydrogen molecules (as shown in Fig.4.1.2.2 chapter 

4 in this thesis) in an UHV chamber with a base pressure of 〜10-8 Pa.  SFG spectra were measured to 

investigate hydrogen coverage from 1ML to 0.18 ML since SFG signal was close to background at low 

hydrogen coverage.  SHG spectra were measured to investigate hydrogen coverage when the coverage 

was lower than 〜0.18 ML.  The hydrogen desorption order is difficult to analyze at low hydrogen 

coverage by SFG.  Therefore, the SHG spectroscopy is a powerful tool to detect hydrogen coverage 

below 0.18 ML.  Combining the SFG and SHG signal, the desorption order could be clarified on the 

whole hydrogen coverage from 1 ML to 0 ML.  There is no other measurement like this elsewhere.  

First, I investigated the hydrogen desorption process with each 10s of heating time at 711K using 

SFG spectroscopy system.  After heating for each 10 s, the sample was cooled down to RT, and the SFG 

spectrum was taken.  This procedure was repeated for 20 s, 30 s, 40 s… and up to 230 s. SFG spectra 

of each experiment were taken from 2060 cm−1 to 2110 cm−1 with a scanning step of 1 cm−1.  Each 

measurement was conducted in the polarization combinations as ppp (SFG in p-polarization, visible in 

p-polarization and IR light in p-polarization).  The coverage of hydrogen was calculated from SFG and 

SHG intensity spectra as a function of heating time.  The SFG spectra were obtained as a function of 

the IR light wavenumber.  I have discussed in details of the optical system of SFG spectroscopy in 

previous chapter 4 in this thesis as shown in Fig.4.2.1.  
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5.1.1 SFG response from H-Si (111) surfaces 

In order to confirm the hydrogen desorption order from H-Si (111)1x1 surfaces, I investigated the 

time dependence of isothermal desorption at temperature 711 K by taking the SFG spectra.  Figure 

5.1.1.1 shows a typical SFG spectrum of the H-Si (111)1x1 surface observed at room temperature.  The 

peak at 2083.7 cm-1 is assigned to the stretching vibration of monohydride on the Si surface.  This result 

is consistent with literatures [1, 2].  

 

In  general  the  hydrogen coverage 𝜃 can be estimated approximately from the height of 

SFG peaks by the following expression: 

𝜃 ∝ √𝐼𝑆𝐹𝐺 ∝ 𝜒
(2)                                 (5.1.1.1) 

χ⃡s
 (2)

  ~  
A⃡ 

ωIR − ωq + iГq
     

Fig. 5.1.1.1: SFG spectrum of the H-Si (111)1x1 surface at RT. A sharp peak appears at  

2083.7cm
-1

. 
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Here ISFG is the peak height and   𝜒(2) is the nonlinear susceptibility.  However, if there is interaction 

between Si-H oscillators, the coverage 𝜃 is not proportional to the value of  𝜒(2) any more [3].  Y. 

Miyauchi et. al. proved that there was dipole coupling among Si-H oscillators on the flat Si (111) 1x1 

and calculated the relation between 𝜃 and 𝜒(2) based on the coherent potential approximation method 

[4].  In this study, I will calculate the hydrogen coverage with respect to the SFG signal (𝜒(2)) following 

Miyauchi’s report using this relation in Fig.5.1.1.2. 

 

Fig. 5.1.1.2: Nonlinear susceptibility as a function of hydrogen coverage on the Si (111)1x1 surface 

calculated by coherent potential approximation (CPA) method.  The horizontal axis represents 

coverage, and the vertical one shows the absolute value of the nonlinear susceptibility  𝜒.  In this 

calculation, we set the wavenumber of an isolated Si-H oscillator as 2079.8 cm
-1

, and the peak width 

as 0.1 cm
-1

.  We also set the distance between Si-H oscillators as 3.84 Å, and the permanent and 

dynamic dipoles as 5.7 and 0.043 Å
 3
, respectively.  We simulated the nonlinear susceptibility using the 

calculation method reported by Backus and Bonn [5]. 
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The hydrogen coverage reduction on the Si surface in the desorption kinetics is given by using the 

Polanyi-Wigner desorption rate equation [1, 6]: 

                          − 
𝑑𝜃

𝑑𝑡
= 𝜗𝑑  𝜃

𝑛𝑒
−𝐸𝑑

𝑅𝑇𝑠𝑢𝑟𝑓
⁄

                           (5.1.1.2) 

Here 𝜃  is the surface coverage,  𝜗𝑑   is the pre-exponential factor, Ed is the activation energy for 

desorption, R is the gas constant (8.31 J/mol K), and Tsurf is the surface temperature.  For n=1, 1.5 and 

2 the solutions of desorption rate equation (5.1.1.2) become as below: 

1st order desorption:     𝜃𝑡 = 𝜃0 𝑒
−𝑘1𝑡                                            (5.1.1.3) 

1.5th order desorption: 𝜃𝑡 = 𝜃0(1 + √𝜃0 𝑘1.5𝑡)
-2                                  (5.1.1.4) 

Second order desorption: 𝜃𝑡 =  𝜃0(1 + 𝜃0𝑘2𝑡)
-1                                   (5.1.1.5) 

Desorption kinetics by SFG:  

Figure 5.1.1.3 represents the heating time dependence of the hydrogen coverage at the heating 

temperature of 711 K.  The hydrogen coverages during the isothermal desorption were analized to the 

nth order, first order and second order theoretical curves.  The solid dots are hydrogen coverage 

corresponding to the SFG intensities.  The reduction of hydrogen coverage from 1 ML to 0.18 ML in 

Fig. 5.1.1.3 shows that the second order is the best fitted data with the coverage larger than 0.4 ML as 

other report’s results.  This result is consistent with the one by M. L. Wish et al. [7] using LITD method 

with the surface temperature of 725 K.  In the second-order process, one hydrogen atom leaves a Si 

atom and diffuses toward another Si-H site, and then they combine with each other to form a dihydride 

(Si-H2).  For a while, the dihydride state sustains.  Finally, the hydrogen atoms go beyond the highest 
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potential barrier in the reaction coordinate, associate themselves with each other and desorb from the Si 

atom [8].  In this way, the hydrogen re-combinative desorption occurs at a single Si atom.  My 

investigation confirmed that the hydrogen desorption was assigned as second order as in literatures’ 

reports [9] in the coverage range of 1.0 ML-0.18 ML. 

 

5.1.2 SHG response from H-Si (111) surfaces 

Since SFG signal is unobservable at lower hydrogen coverage, the SHG spectroscopy is a powerful 

tool to detect hydrogen coverage below 0.18 ML.  Reider et al. proved that SHG is sensitive to dangling 

bonds, especially when hydrogen coverage is lower than 0.3 ML [9].  When the SFG signal became 

Fig. 5.1.1.3: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 

711K heated for 10s intervals.  The solid dots are experimental results, and error bars represent the 

standard deviations.  The solid, dashed and dash- dotted lines correspond to the first order, second order 

and n
th 

order desorption kinetics. dn is the deviation of the fitting curve from the experimental coverage. 

711 K 

1
st
 order: d

1
=0.1340 

2
nd

 order: d
2
=0.0526 

(n=2.056)
th

 order: d
n
=0.0542 

SFG: 1 ML ~ 0.18 ML 
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comparable to the background at the lower hydrogen coverage, the vibrational peak of Si-H bonds could 

not be seen.  Then, I switched to SHG measurement and detected the Si dangling bonds.  The sample 

was heated for each 50 s at 711 K and then was cooled down to RT, and the SHG signal was observed.  

The SHG intensities was not enough for consideration at each of 10 s heating, so the sample was heated 

each of 50 s.  This procedure was repeated after total time heating of 230 s, 280 s, 330 s, and 380 s…up 

to 3880 s.  Then, I heated the sample in different intervals of time and measured SHG signal intensity 

up to the total heating time of 18330 s.  The coverage of hydrogen was calculated from SHG intensity 

spectra as a function of heating time. 

 

   Figure 5.1.2.1 shows the heating time dependence of SHG intensity of the H-Si (111)1x1 surface.  

The fundamental light of wavelength 1064 nm with power of 380 J/pulse was used as excitation.   

Fig. 5.1.2.1: The SHG intensity of the H-Si (111)1x1 surface as a function of heating time.  

Excitation light wavelength is 1064 nm, the polarization of incident light and SHG light was 

P
in

 / P
out

.  The solid dots are experimental SHG intensities. 
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In this experiment I used the polarization configurations Pin Pout.  The heating time dependent SHG 

intensity curve showed that the intensity initially increased rapidly as a function of heating time and then 

gradually saturated when the number of dangling bonds were saturated.  

Now, let me show the calculation of hydrogen coverage from SHG signal.  Following the U. 

Hofer’s report using the equation 5.1.2.1 the coverage was calculated.  At the low coverage, the 

quenching of the surface susceptibility 𝜒𝑠
(2)

(𝜃 ) due to adsorbed hydrogen linearly depends on the 

coverage (𝜃) by the following equation 5.1.2.1 and as shown in figure 5.1.2.2. 

𝜒𝑠
(2)

(𝜃) ⋍ 𝜒𝑠,0
(2) (1- 𝛽𝜃), where 𝜃 ≪ 1                    (5.1.2.1) 

 

5.1.2.2: Dependence of the nonlinear susceptibility 𝜒𝑠
(2)

(𝜃) of Si (111)7x7 on the coverage with 

atomic hydrogen for an excitation wavelength 1064 nm.  The coverage referred to the density 

of dangling bonds of Si (111)7x7, 1 ML=0.30 x 10
15

 H atoms /cm
2
. For low hydrogen coverage 

(𝜃 < 0.4 ML), |𝜒𝑠
(2)|  is directly proportional to the number of unreacted Si dangling bonds 

with a proportionality constant 𝛽 = 1.3 [10]. 

  𝛽 = 1.3 
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Here 𝜃, is the coverage of hydrogen, 𝜒𝑠
(2)

(𝜃) is the susceptibility at 𝜃  coverage and 𝜒𝑠,0
(2)

 is the 

susceptibility at zero coverage.   Here, 𝛽  is a constant of proportionality, namely ratio between 

susceptibility and coverage.  In the case of H-Si (111)7x7 surfaces, the slope is 𝛽 ⋍ 1.3 [10].  Similar 

measurement for hydrogen on H-Si (100)2x1 surfaces gives a proportionality constant of 𝛽 ⋍ 3.1 [11].  

Until now, there is no report about the value of 𝛽 for H-Si (111)1x1 surfaces.  In my case of H-Si 

(111)1x1 surfaces, the proportionality constant of  𝛽 ⋍ 5.08 was obtained by using the equation (5.1.2.1) 

and Fig.5.1.2.1.  Here 𝜒𝑠
(2)

(𝜃) is proportional to the square root of SHG intensity  √ISHG , and 𝜒𝑠,0
(2)
⋍ 

16.47 is the susceptibility at 𝜃~0 ML obtained from Fig.5.1.2.1, and 𝛽 was determined at  𝜃 = 0.18 

ML.  When the SFG signal was unobservable at lower hydrogen coverage, the vibrational peak of Si-H 

bonds could not be seen, then I switched to the SHG measurements.  In that case, the starting coverage 

was 0.18 ML in the SHG measurements.  That’s way the final coverage of SFG was used for the 

calculation of the value of  𝛽. 

Desorption kinetics by SHG   

Figure 5.1.2.3 shows the hydrogen coverage reduction with respect to the heating time from the H-

Si (111)1x1 surface, calculated via equation (5.1.2.1).  The initial coverage in the SHG measurement 

was 0.18 ML.  The hydrogen coverages during the isothermal desorption was fitted with the ( nth ) order, 

first (1st), intermediate (1.5th) and second (2nd) order theoretical curves as shown in Fig. 5.1.2.3, using 

previous equations (5.1.1.2), (5.1.1.3), (5.1.1.4) and (5.1.1.5), respectively.  The reduction of hydrogen 

coverage in Fig. 5.1.2.3 shows that it is fitted to the first order curve best.  On the other hand, the 1.5th 

order and 2nd order are not well fitted.  In the next section, I will try to explain the mechanism of the 

first order desorption. 
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5.1.3 Summarized results 

In this study, I have investigated the hydrogen desorption order from the H-Si (111)1x1 by combining 

SFG spectroscopy and SHG spectroscopy for the first time in the world.  Isothermal desorption was 

observed at temperature of 711 K.  I suggest that the hydrogen desorption was confirmed as second 

order in the coverage range 1.0 ML-0.18 ML by SFG, and it was assigned as first order in the coverage 

range 0.18 ML-0.0 ML by SHG.  The mechanism of hydrogen desorption with 2nd order and 1st order 

will be discussed in detail later after the activation energy is calculated in the next part.  

Fig. 5.1.2.3: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface 

temperatures of 711K by using SHG spectroscopy.  The solid dots are experimental hydrogen 

coverage.  The solid line, dashed line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
  

1.5
th

 and (n =1.29)th order desorption kinetics. 

711 K 

SHG: 0.18 ML ~ 0.00 ML 

1st order: d1=0.0021 

2nd order: d2=0.0102 

1.5th order: d3=0.0043 

n=1.29 
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5.2 Desorption activation energy consideration 

5.2.1 Hydrogen desorption by SFG investigation at different temperatures 

5.2.2 Hydrogen desorption by SHG investigation at different temperatures 
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5.3 Discussion on hydrogen desorption kineties and activation energy  
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5.2 Desorption activation energy consideration 

In previous part, I presented the hydrogen desorption from a flat H-Si (111)1x1 surface at 711K by 

observing sum frequency generation (SFG) and second harmonic generation (SHG) spectra.    

Combining the SFG and SHG methods, the desorption order has been clarified on the whole hydrogen 

coverage range from 1 ML to 0 ML.  I suggested that the hydrogen desorption was confirmed as second 

order in the high coverage range of 1 ML-0.18 ML by using SFG spectroscopy and it was assigned as 

first order in the coverage range of 0.18 ML-0.0 ML by using SHG spectroscopy.   

Desorption activation energy may also be the minimum energy required to start the desorption of the 

adsorbates from the surfaces.  Here in this section, I investigated the hydrogen desorption activation 

energy for second order hydrogen desorption in the high coverage by using SFG spectroscopy and as 

first order in the low coverage by using SHG spectroscopy.  In order to do that, I heated the samples at 

several different temperatures.  By SFG, I detected Si-H vibration and investigated hydrogen desorption 

at the high hydrogen coverage from 1ML to the coverage lower than〜 0.44ML  at different heating 

temperatures of 711, 730, 750 and 770 K, since SFG signal was close to background at low hydrogen 

coverage.  In this experiments, the sample was heated for each 10s many times and then was cooled 

down to RT, and the SFG spectrum was taken.  This procedure was repeated for 20 s, 30 s, 40 s, 50 s, 

60 s, 70 s, 80 s, 90 s, 100 s, 110 s…up to the SFG close to the background.  The same process was 

applied to different heating temperatures of 711, 730, 750 & 770 K. 

 After SFG measurement I switched to SHG measurement and detected Si dangling bonds and 

monitored the hydrogen coverage when it was lower than〜0.44 ML at various heating temperatures of 

711, 730, 750 and 770 K.   
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5.2.1 Hydrogen desorption by SFG investigation at different temperatures 

In order to obtain the hydrogen desorption activation energy of H-Si (111)1x1 surfaces with high 

hydrogen coverage, I investigated the time dependence of isothermal desorption at temperatures of 711, 

730, 750 and 770 K by taking the SFG spectra.  In this part, I will calculate the hydrogen coverage with 

respect to SFG signal following the previous calculation way of  𝜃, which I discussed in previous result 

part.   

The hydrogen coverage reduction on the Si surface in the desorption kinetics is given by using the 

Polanyi-Wigner desorption rate equation [1, 6], 

                  − 
𝑑𝜃

𝑑𝑡
= 𝜗𝑑  𝜃

𝑛𝑒
−𝐸𝑑

𝑅𝑇𝑠𝑢𝑟𝑓
⁄

                               (5.2.1.1) 

Here 𝜃  is the surface coverage,  𝜗𝑑   is the pre-exponential factor, Ed is the activation energy for 

desorption, R is the gas constant (8.31 J/mol K), and Tsurf is the surface temperature.   

For n=1, the solutions of desorption rate equation (5.2.1.1) become as below: 

1st order desorption:     𝜃𝑡 = 𝜃0 𝑒
−𝑘1𝑡                                           (5.2.1.2) 

If I solve this desorption rate equation (5.2.1.1), I find the general solution as below: 

 𝜃𝑡 = 𝜃0{1 + (𝑛 − 1)𝜃0
(𝑛−1) 𝑘𝑛𝑡}

1

1−𝑛                                          (5.2.1.1′) 

For n = 1.5 and 2 the solutions of desorption rate equation (5.2.1.1′) become as below: 

1.5th order desorption: 𝜃𝑡 = 𝜃0{1 + (
1

2
)√𝜃0 𝑘1.5𝑡}

-2                               (5.2.1.3) 

2nd order desorption: 𝜃𝑡 = 𝜃0(1 + 𝜃0𝑘2𝑡)
-1                                      (5.2.1.4) 

Although, I showed these equations in the previous part of this thesis as (5.1.1.2), (5.1.1.3), (5.1.1.4) 

and (5.1.1.5), but I wrote again here for easier understanding.   
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From the desorption rate Eq. (5.2.1.1) one can rewrite the expression of desorption rate constant as 

below 

                   𝑘 = 𝜗𝑑  𝑒
−𝐸𝑑

𝑅𝑇𝑠𝑢𝑟𝑓
⁄

                                 (5.2.1.5) 

Now taking logarithm of both side of eq. (5.2.1.5) one gets 

                 ln(𝑘) = ln(𝜗𝑑) + 
−𝐸𝑑

𝑅

1

𝑇𝑠𝑢𝑟𝑓
                            (5.2.1.6) 

The plot ln (k) versus (1/Tsurf) gives a straight line, whose slope and y-intercept can be used to determine 

the activation energy (Ed) and pre-exponential factor 𝜗𝑑. 

Figures 5.2.1.1 (a, b, c, d) represent the time dependence of the hydrogen coverage at the heating 

temperatures of  (a) 711 K, (b) 730 K, (c) 750 K and (d) 770 K, respectively.  The solid dots are 

hydrogen coverages corresponding to the SFG intensities.  The solid, dashed and dash-dotted curves 

represent the hydrogen desorption and was analyzed with first, second order and nth order corresponding 

to the equations 5.2.1.2, 5.2.1.4 and (5.2.1.1′), respectively.  Analyzing to equation (5.2.1.1′), I found 

the value of n is 2.056.  Mathematically, the desorption order 2.056 is difficult to physical explanation.  

However, from this result, I believe the second order curve is the best fitting curve.  The second order 

is very closed to the 2.056 order curve.  The dashed curves represent that the hydrogen desorption was 

best fitted with second order with the hydrogen coverage from 1 ML to 0.18 ML, 1 ML to 0.43 ML, 1 

ML to 0.44 ML and 1 ML to 0.29 ML corresponding to the heating temperatures at 711 K, 730 K, 750 

K and 770 K, respectively.  This result is consistent with a report of B.G. Koehler et.al.  In that study, 

the hydrogen desorption from the Si (111) 7x7 surface was studied by using laser-induced thermal 

desorption (LITD) process at various surface temperatures of 710 K, 720 K, 730 K and 750 K.  They 

suggested that the desorption order of hydrogen molecules above 0.2 ML displayed second order kinetics 

[6].   
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On the other hand, my results are also consistent with M. L. Wish et al. [15] using LITD method 

with various surface temperatures of 690 K, 705 K and 725 K.  In detail, the hydrogen coverage reduced 

to 0.2 ML after 〜 200 s, (725 K), 0.4 ML after 〜 400 s, (705 K) and  0.45 ML after 〜 500 s, (690 

K).  At higher heating temperature, the hydrogen desorbed with faster rate.  
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Fig. 5.2.1.1: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 

(a) 711, (b) 730, (c) 750 and (d) 770 K heated for 10s intervals.  The solid dots are experimental results, 

and error bars represent the standard deviations.  The solid, dashed and dash-dotted lines correspond to 

the first order, second order and n
th

 order desorption kinetics. 
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Figure 5.2.1.2 shows the time dependence of the reciprocal coverage of hydrogen at the heating 

temperature of 5.2.1.2(a) 711 K, (b) 730 K, (c) 750 K and (d) 770 K.   A second order rate equation 

gives straight line when (1/ 𝜃) is plotted versus heating time.   From the slope of this curve, I have 

calculated the values of desorption rate constant (k) at several heating temperatures. 

 

(a) 711 K 

(b) 730 

K 
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Fig. 5.2.1.2. Second order plots for (1/  𝜃 ) versus time (s) during H
2 

desorption at various    

surface temperatures (a) 711 K, (b) 730 K, (c) 750 K and (d) 770 K. 

(c) 750 K 

(d) 770 K 
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Figure 5.2.1.3 shows the Arrhenius plot ln (k) versus inverse temperatures (1/T) for the various hydrogen 

desorption temperatures of 711 K, 730 K, 750 K and 770 K.   This curve ln (k) versus inverse heating 

temperature (1/T) shows also a straight line.   From the slope of this curve I have calculated the values 

of desorption activation energy (Ed) for second order desorption.  This plot ln (k) versus (1/T) yields a 

desorption activation energy of Ed = 45.22 kcal/mol (1.96 ± 0.49 eV). 

 

My investigation showed that the hydrogen desorption was confirmed as the second order in the 

coverage range 1 ML-0.18 ML, 1 ML-0.43 ML, 1 ML-0.44 ML and 1 ML-0.29 ML for all of the heating 

Fig. 5.2.1.3: Arrhenius plot for 2
nd

 order hydrogen desorption from the H-Si (111)1x1 surfaces heated 

at 711, 730 750 & 770K temperatures. 
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temperatures at 711, 730,750 K and 770 K, respectively, with activation energy Ed = 45.22 kcal/mol 

(1.96 ± 0.49 eV).  Until now, there is no report about the value of activation energy for Si 

(111)1x1surfaces.  However, the reported values of the desorption activation energy of the re-

combinative second order desorption for monohydride phase varied from 1.7 eV to 3.5 eV calculated 

from different Si surfaces [7, 9, 11, 15].  

B.G. Koehler et.al. [6] studied the hydrogen desorption from a Si (111) 7x7 surface by using laser-

induced thermal desorption (LITD) and the activation energy was Ed = 61kcal/mol (2.6 eV).  On the 

other hand, G. Schulze et.al [15] studied the hydrogen desorption from the H-Si (111) 7x7 surfaces 

using temperature-programmed desorption (TPD) measurements.  In that study, they suggested that 

the desorption of hydrogen molecules for monohydride species follows the second order kinetics with 

activation energy Ed = 59 kcal/mol (2.54 eV) and for the first order kinetics with the activation energy 

(Ed = 48.5 kcal/mol (2.1 eV).  These values of calculated activation energy are little different from our 

calculated value of activation energy.  The difference between the other group and my results may be 

caused by different sample surface structures.  In my case of H-Si (111)1x1surfaces, for the first time 

the activation energy was calculated of Ed = 45.22 kcal/mol (1.95 ± 0.49 eV) in the second order 

hydrogen desorption.  

5.2.2 Hydrogen desorption by SHG investigation at different temperatures: 

I have used SFG spectra to investigate hydrogen desorption at the high hydrogen coverage from 1 

ML to 0.18 ML, 1 ML to 0.43 ML, 1 ML to 0.44 ML and 1 ML to 0.29 ML for the heating temperatures 

at 711, 730, 750 K and 770 K, respectively.  Since SFG signal is unobservable at lower hydrogen 

coverage from 1 ML to lower than〜 0.44 ML, the SHG spectroscopy is a powerful method to detect  
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Si dangling bonds and monitored the hydrogen coverage when it was lower than〜0.44 ML.  Reider et 

al. proved that SHG is sensitive to dangling bonds, especially when hydrogen coverage is lower than 0.3 

ML [9].  After the SFG experiment, I continued the hydrogen desorption for the same sample as above 

and started the SHG measurement.  In that case, I heated the sample for each 50s and then cooled it 

down to RT, and the SHG spectrum was taken.  Then I heated the sample in different interval of times 

up to the end of the SHG experiment.  The same process for heating the sample was applied to different 

heating temperatures of 711, 730, 750 & 770 K.   

 Insets of figs.5.2.2.1, 5.2.2.3, 5.2.2.5 and 5.2.2.7 show the time dependence of SHG intensity of the H-

Si (111)1x1 surface when the surface was heated for 50 s intervals at 711, 730, 750 K and 770 K, 

respectively.   The fundamental light wavelength 1064 nm with power of 380 𝜇J/pulse was used as the 

excitation light.   In this experiment I used a polarization configurations Pin Pout.  The heating time 

dependent SHG intensity curve showed that the intensity initially increased rapidly as a function of 

heating time and then gradually saturated when the number of dangling bonds saturated as in the insets 

of figs.5.2.2.1, 5.2.2.3, 5.2.2.5 and 5.2.2.7. 

Now, let me show the calculation of hydrogen coverage from the SHG signal.   Following the U. 

Hofer’s report, the coverage was calculated using the equation 5.2.2.1.  At the lower coverage, the 

quenching of the surface susceptibility 𝜒𝑠
(2)

(𝜃 ) due to adsorbed hydrogen linearly depends on the 

coverage (𝜃) by the following equation [10]. 

𝜒𝑠
(2)

(𝜃) ⋍ 𝜒𝑠,0
(2) (1- 𝛽𝜃), where 𝜃 ≪ 1                    (5.2.2.1) 

Here 𝜃 is the coverage of hydrogen, 𝜒𝑠
(2)

(𝜃) is the susceptibility at 𝜃 coverage and 𝜒𝑠,0
(2)

 is the 

susceptibility at zero coverage.  Here, 𝛽 is a constant of proportionality, ratio between susceptibility 
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and coverage.  In the case of the H-Si (111)7x7 surface, the slope is 𝛽 ⋍  1.3 [10].  Similar 

measurement for hydrogen on H-Si (100)2x1 surfaces gives a proportionality constant of 𝛽 ⋍ 3.1 [11].  

On the other hand, in my case of H-Si (111)1x1 the proportionality constant of 𝛽 ⋍ 5.08, 1.85, 1.72 

and 2.55 was obtained by using the equation (5.2.2.1) and insets of Figs.5.2.2.1, 5.2.2.3, 5.2.2.5 and 

5.2.2.7.  Here 𝜒𝑠
(2)

(𝜃) is proportional to the square root of SHG intensity  √ISHG , and 𝜒𝑠,0
(2)
⋍  16.46, 

13.81, 7.97 and 8.99 is the susceptibility at 𝜃~0 ML obtained from the insets of Figs.5.2.2.1, 5.2.2.3, 

5.2.2.5 and 5.2.2.7, respectively, and 𝛽 was determined at   𝜃 =  0.18 ML, 0.43 ML, 0.44 ML and 

0.29 ML for all of the various heating temperatures at 711, 730, 750 K and 770 K, respectively.   

When the SFG signal was unobservable at lower hydrogen coverage, the vibrational peak of Si-H 

bonds could not be seen, then I switched to the SHG measurements.  At that time, the starting coverage 

was different for different heating temperatures due to the difference of their desorption rate.  So, the 

starting coverage were not the same in the SHG measurements.  For this reasons, different starting 

coverage was used for the calculation of the value of  𝛽.  In this case the value of 𝛽 was not the same. 

Figures 5.2.2.1, 5.2.2.3, 5.2.2.5 and 5.2.2.7 show the hydrogen coverage reduction with respect to the 

heating time from the H-Si (111)1x1 surface at 711, 730, 750 K and 770 K, respectively, calculated via 

equation (5.2.2.1).  The initial coverages in the SHG measurement were 0.18 ML, 0.43 ML, 0.44 ML 

and 0.29 ML.  Similar to SFG analysis, the hydrogen coverages during the isothermal desorption was 

analyzed with the (nth) order, first (1st), intermediate (1.5th) and second (2nd) order using previous 

equations (5.2.1.1′), (5.2.1.2), (5.2.1.3) and (5.2.1.4), respectively.   The value of n was found as 1.29.  

The reduction of hydrogen coverage shows that the first and 1.5th order are closed to nth curve.   
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In this fitting, the 0 ML coverage definition is very important and effects on the fitting curves.  In 

order to confirm that 1st order desorption is surely better fitted than 1.5th order and 2nd order desorption, 

I checked the fitting by expanding the fitting curves at short time heating.  Now, I will discuss the 

hydrogen desorption fitted at short time heating and expanding the fitting curves.  Figures 5.2.2.2, 

5.2.2.4, 5.2.2.6 and 5.2.2.8 show the hydrogen coverage reduction with respect to the heating time at 711, 

730, 750 K and 770 K, respectively, short time heating and expanding the fitting curves.  The reduction 

of hydrogen coverage in figs. 5.2.2.2, 5.2.2.4, 5.2.2.6, and 5.2.2.8 shows clearly that the first order is 

remain the best fitted for all of the different heating temperatures at 711, 730, 750 K and 770 K, 

respectively. 

 

Fig. 5.2.2.1: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 

711K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid line, 

dashed line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
 , 1.5

th
 and (n=1.29)th order 

desorption kinetics. 

SHG: 0.18 ML ~ 0.00 ML 

711 K 

1st order: d1=0.0021 

2nd order: d2=0.0102 

1.5th order: d3=0.0043 

n=1.29 
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SHG: 0.18 ML ~ 0.00 ML 

711 K 

Fitted until 4000s heating time 

Fig.5.2.2.2: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 

711 K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid 

line, dashed line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
 , 1.5

th
  and(n=1.29)th order 

desorption kinetics fitted at short time heating and expanding the fitting curves. 

730 K 

1st order: d1=0.0195 

2nd order: d2=0.0409 

1.5th order: d3=0.217 

n=1.03 

SHG: 0.43 ML ~ 0.00 ML 

Fig. 5.2.2.3: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 730 

K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid line, dashed 

line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
 , 1.5

th
 and( n=1.03)th order desorption kinetics.  
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Fig.5.2.2.4: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 730 

K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid line, 

dashed line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
, 1.5

th
 and ( n=1.03)th order 

desorption kinetics fitted at short time heating and expanding the fitting curves. 

Fitted until 2000s heating time  

SHG: 0.43 ML ~ 0.00 ML 

K

730 K 

750 K 

SHG: 0.44 ML ~ 0.00 ML 

1st order: d1=0.019 

2nd order: d2=0.0624 

1.5th order: d3=0.0345 

n=1.06 

 

Fig. 5.2.2.5: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 750 

K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid line, dashed 

line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
, 1.5

th
 and ( n=1.06)th order desorption kinetics.  
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 750 K 

 SHG: 0.44 ML ~ 0.00 ML 

 Fitted until 4000s heating 

Fig.5.2.2.6: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 750 

K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid line, 

dashed line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
, 1.5

th
 , ( n=1.06)th order desorption 

kinetics fitted at short time heating and expanding the fitting curves 

Fig. 5.2.2.7: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 

770 K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid line, 

dashed line and dotted line corresponds to the 1
st
, 2

nd
 and 1.5

th
 order desorption kinetics.  

SHG: 0.29 ML ~ 0.00 ML  

770 K  

1
st
 order: d

1
=0.0069 

2
nd

 order: d
2
=0.0085 

1.5
th

 order: d
3
=0.0073 
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Now, I will discuss the desorption activation energy for the first order desorption. 

For the calculation of activation energy I have first calculated the different values of hydrogen 

desorption rate constants (k) for different temperatures using ln (𝜃) versus time (t) curve for first order 

desorption in Figs. 5.2.2.1, 5.2.2.3, 5.2.2.5 and 5.2.2.7, at the heating temperature of 711, 730 , 750  and 

770 K, respectively.  A first order rate equation gives straight line when ln (𝜃) was plotted versus 

heating time.   From the slope of these lines, I have calculated the values of desorption rate constant 

(k) at several heating temperatures.  Using this (k) values of different heating temperatures, I made 

Arrhenius plot following the Eq. (5.2.1.6) as shown in Fig 5.2.2.9. 

Fig.5.2.2.8: Isothermal hydrogen desorption from the H-Si (111)1x1 surface at surface temperatures of 

770 K by using SHG spectroscopy.  The solid dots are experimental hydrogen coverage.  The solid 

line, dashed line, dotted line and dash-dotted line corresponds to the 1
st
, 2

nd
 and 1.5

th
order desorption 

kinetics fitted at short time heating and expanding the fitting curves.  

770 K 

SHG: 0.29 ML ~ 0.00 ML 

Fitted until 2000s heating 
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Figure 5.2.2.9 shows the Arrhenius plot of ln (k) versus inverse temperatures (1/T) for the various 

hydrogen desorption temperatures of 711 K, 730 K, 750 K and 770 K.   This curve ln (k) versus inverse 

heating temperature (1/T) shows also a straight line.   From the slope of this lines I have calculated the 

values of desorption activation energy (Ed) for the first order desorption.  This plot of ln (k) versus (1/T) 

yields a desorption activation energy of, Ed = 32.63 kcal/mol (1.41 ± 0.35 eV).  My investigation 

showed that the hydrogen desorption was assigned as the first order in the coverage below 0.44 ML to 

0.0 ML, with the activation energy to Ed = 32.63 kcal/mol (1.41 ± 0.35 eV).    This value of activation 

energy is very close to the results of the TPD measurements at low coverage with activation energy Ed = 

Fig. 5.2.2.9: Arrhenius plot for 1
st
order hydrogen desorption from the H-Si (111)1x1 surfaces heated 

at 711, 730 750 & 770K temperatures. 
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1.8eV by Ch. Klient et. al [17].   Another research group, G. Schulze et.al studied the hydrogen 

desorption from the H-Si (111) 7x7 surfaces by using the temperature-programmed desorption (TPD) 

measurements.  They suggested that the desorption of hydrogen molecules for monohydride species 

follows the first order kinetics the activation energy Ed = 48.5 kcal/mol (2.1 eV) [15].  

 

5.2.3. Summarized Results 

In this work, I have investigated the hydrogen desorption from a flat H-Si (111)1x1 surface at 

different surface heating temperatures of 711, 730, 750 and 770 K by using sum frequency generation 

(SFG) and second harmonic generation (SHG) spectroscopy.  By SFG, I detected Si-H vibration and 

investigated hydrogen desorption at the high hydrogen coverage from 1 ML to lower than〜 0.44 ML 

since SFG signal is close to background at low hydrogen coverage.  After SFG measurement, I switched 

to SHG measurement and detected Si dangling bonds and monitored the hydrogen coverage when it was 

lower than〜0.44 ML.  I suggest that the hydrogen desorption was assigned as the second order in the 

coverage range 1 ML to 0.18 ML, 1 ML to 0.43 ML, 1 ML to 0.44 ML and 1 ML to 0.29 ML for all of 

the heating temperatures at 711, 730, 750, and 770 K, respectively, with activation energy Ed = 45.22 

kcal/mol (1.96 ± 0.49 eV).  At the low coverage, hydrogen desorption was assigned as the first order 

in the range 0.18 ML to 0.0 ML, 0.43 ML to 0.0 ML, 0.44 ML to 0.0 ML and 0.29 ML to 0.0 ML for all 

heating temperatures at 711 K, 730 K, 750 K and 770 K, respectively, with activation energy Ed = 32.63 

kcal/mol (1.41 ± 0.35 eV).  Combining the SFG and SHG analyses, the desorption order and also 

desorption activation energy has been clarified on the whole hydrogen coverage from 1 ML to 0 ML. 
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5.3 Discussion on hydrogen desorption kineties and activation energy 

Isothermal measurements for hydrogen desorption and activation energy from Si (111) surfaces 

have been studied by several authors by using different methods [6, 12].  They proposed a model that 

H desorption from Si (111) was re-combinative second order desorption for monohydride Si (111) 

surfaces.  My results confirmed that the hydrogen desorbed in second order kineties by SFG 

spectroscopy.  In this investigation as shown in Figs. 5.2.1.1(a, b, c, d), the hydrogen desorption was 

assigned as the second order in the coverage range 1 ML to 0.18 ML, 1 ML to 0.43 ML, 1 ML to 0.44 

ML and 1 ML to 0.29 ML for all of the heating temperatures at 711, 730,750 K and 770 K, respectively, 

with activation energy Ed = 45.22 kcal/mol (1.96 ± 0.49 eV).  In the previous studies, some research 

groups proposed that H desorption from Si (111) was re-combinative second order desorption for 

monohydride Si (111) surfaces and completely desorbed maximum at 5000C [18] to 5400C [15].  The 

reported values of the desorption activation energy of the re-combinative second order desorption for 

monohydride phase varied from 1.7 eV to 3.5 eV, but the recent experimental works indicate that it was 

about 2.5 eV [ 7,9,11,15 ] .  This result was in good agreement with the density function calculation [8] 

which yields H2 desorption activation energy of 2.4 eV from the monohydride unit and 1.7 eV from the 

dihydride species.  From my experimental value of activation energy, Ed = 45.22 kcal/mol (1.96 ± 0.49 

eV) shown in Fig. 5.2.1.3 is close to the theoretical calculated value of desorption activation energy.  

During the hydrogen desorption the adatom back bond becomes broken, two H atoms close to the 

equilibrium H-H distance.  So, 1.6 eV energy is required to break two Si-H bonds and to form the H-H 

bond.  The desorption barrier is the sum of the adsorption energy and adsorption energy barrier [1.6 

eV+0.9 eV=2.5 eV].  
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In order to understand the mechanism of the first order desorption at low hydrogen coverage, let’s 

see literatures as below.  First, S. Ciraci et.al. proposed their model that the first order hydrogen 

desorption occurs from dihydride species on Si (100) surface.  Two hydrogen atoms re-combined from 

the two adjacent silicon dihydride species [13].  Second, M. L. Wish et.al. proposed another model for 

the first order desorption from Si (100)2x1 surfaces.  In this case, hydrogen desorption occurs from two 

hydrogen atoms paired on the same single dimer of Si-Si [7].  Until now, there is no report about the 

first order hydrogen desorption on Si (111) surface.  My observation showed that the hydrogen 

desorption was assigned as the first order in the coverage below 0.44 ML to 0.0 ML, with activation 

energy was Ed = 32.63 kcal/mol (1.41 ± 0.35 eV).   In order to explain the mechanism of the hydrogen 

desorption on the H-Si (111)1x1 surface, I suggest three candidate models:  

First, similar to Y. Morita et. al., let me assume that there exist small islands of Si atoms and hydrogen 

atoms on the surface.  After heating several hundred of seconds, these islands become crystalized into 

two dimensional (2D) islands containing one double layer of Si (111)1x1 atoms terminated by 

monohydride [14].  During the hydrogen desorption from the surface, each Si atom from the 2D island 

carrying one hydrogen broke its three back bonds (called ≡Si-H species) and immigrated out of the 

islands and combined with three Si atoms on the surface in order to reduce the number of dangling bonds.  

Let me again imagine now that there were two types of Si-H bonds on the surface.   One is remaining 

monohydride Si-H from 1x1 phase created by original hydrogen dosing.  The other is ≡Si-H species 

coming from 2D islands as shown in Fig.5.3.1.  When the number of monohydrides Si-H on the 1x1 

phase is large (〜1 ML ), the hydrogen desorption on the 1x1 phase is dominant because the distance 

between H-H atoms on the 1x1 phase is shorter 〜3.8 Å.  Therefore, the second order desorption is 

reasonable in spite of the co-existence of small amount of ≡Si-H species.  After most of the 
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monohydride Si-H desorbed, the coverage becomes lower and the surface contains H atoms on the 1x1: 

H phase and from the ≡Si-H species.  

 

 

Fig. 5.3.1: The model of islands for understanding the coexistence of monohydride Si-H from 

1x1 phase created by hydrogen dosing and ≡Si-H species coming from 2Disland islands [14].   

Fig. 5.3.2: Time dependence of the hydrogen coverage based on Y. Morita et al. model, Eq. 

(5.3.6) for 𝛼 = 0.2, 0.26, 0.3 and 1/3.  The isothermal desorption curve of the second order 

kinetics at 535
0
C is also plotted [14]. 
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For the better understanding of H desorption, the re-combinative desorption can be described by the 

following equation [14]:  

𝑑𝜃

𝑑𝑡
= −𝑘𝑑𝜑𝜃                                (5.3.1) 

Here 𝜃 is the H coverage, over the hole of the surface, 𝜑 is a H (migrating species) coverage in a local 

area and 𝑘𝑑 is a rate coefficient defined by Eq. (5.2.1.6) 

𝜃 = 𝑑SiH                                   (5.3.2) 

𝜑 =
𝑑SiH

1−3𝑑adatoms
                              (5.3.3) 

Here 3dadatom means one Si adatom terminates three dangling bonds on the 1x1 surface.  Now from 

(5.3.2) and (5.3.3) one get 

𝜑 =
𝜃

1−3𝑑adatoms
                                     (5.3.4) 

Now putting the value of 𝜑 from equation (5.3.4) to (5.3.1) one get 

𝑑𝜃

𝑑𝑡
= −

𝑘𝑑𝜃
2

1−3𝑑adatoms
                                   (5.3.5) 

We define 𝛼 = 𝑑adatoms +  𝑑SiH, now from (5.3.5) one get 

𝑑𝜃

𝑑𝑡
= −

𝑘𝑑 𝜃
2

(1−3α)+3𝜃
                                     (5.3.6) 

As in the paper of Y. Morita et al. [14], I define the coverage of ≡Si-H species as dadatoms (ML) and the 

coverage of remaining monohydride SiH as dSiH = 𝜃 (ML).  The total remaining hydrogen coverage is 

dadatoms + dSiH = 𝛼 (ML).  Then, the desorption order of hydrogen at low coverage becomes smaller 

than second order following the equation  

 
𝑑𝜃

𝑑𝑡
= −

𝑘𝑑 𝜃
2

(1−3α)+3𝜃
                                   (5.3.7) 
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This equation (5.3.7) and Fig. 5.3.2. show that the isothermal desorption order is 2nd order when 𝛼 

is small and getting close to the first order kinetics with increasing the total amount of the ≡Si-H species 

(adatoms)  𝛼.  At the value of 𝛼 =1/3 ML, equation (5.3.7) becomes the equation (5.2.1.2) and the 

hydrogen desorption is the first order.  The value of 𝛼 is small when the number of monohydride is 

large, and vice versa.  These findings indicated that the desorption kinetics of the H atoms from the 

monohydride state is affected by the total density of the ≡Si-H species (adatoms).  Above the critical 

coverage of the H atoms of 0.8 𝛼 , the desorption order is second; below the critical coverage, the 

desorption order becomes smaller than the second order shown in Eq. (5.3.7).  This suggestion of Morita 

et al. is consistent with my experimental results.   In my case, when the total coverage of monohydride 

and ≡Si-H species is below 0.44 ML, the experimental data is best fitted with the first order desorption.  

Therefore, when the surface was heated at various temperatures at 711, 730, 750 and 770 K, very small 

amount of 1x1: H atoms existed within the larger amount of the ≡Si-H species and I expect the high 

possibility of the H-H recombination there.  

Second, I suggest another model for the first order desorption.  After hydrogen adsorption, the 

surface might have the remaining local areas of Si (111) 7x7 or there might be small surface defects, and 

thus Si-H2 and Si-H3 might exist.  G. Schulze et.al. suggested that the dihydride and trihydride should 

desorb from 573 K to 770 K while monohydride should desorb from 680 K to 900 K [15].  In my case, 

the surface was heated at 711 K to 770 K.  At high hydrogen coverage, the hydrogen desorbed from 

both monohydride and dihydride but desorption from monohydride was dominated.  At very low 

hydrogen coverage, two hydrogen atoms of a Si-H2 can combine and desorb in the first order kinetics.  

Previously we proved in the SFG spectrum that there was no peaks of dihydride and trihydride after 

hydrogen dosing [1].  But in that case, the amount of these SiH2 and SiH3 was too small, and SFG 
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method could not detect their vibration.  This is just like that, when the number of monohydride become 

too small due to desorption, SFG could not detect its vibration.  This suggestion of existence of SiH2 

and SiH3 is consistent with another report of A. Ichimiya et. al. [16] studied by reflection high energy 

positron diffraction (RHEPD). 

 

Third, I also suggest another model for the first order desorption.  After hydrogen adsorption, the 

surface might have the remaining small surface defects, and thus step dihydride (SiH2), step monohydride 

(SiH) and Si-H3 might exist.  At very low hydrogen coverage, two hydrogen atoms of a step dihydride 

(step SiH2) can combine and desorb in the first order kinetics.  This suggestion of existence of surface 

defects is also consistent with another report of G.A. Reider et. al. [9] studied by second harmonic 

Fig. 5.3.3: The model of dihydride and trihydride for understanding the surface defects coexistence 

of monohydride Si-H [15, 16].   
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generation (SHG) method.  They found that the result for coverage below 0.2 ML over a range of 

temperature of 680 K<T<800 K could be adequately characterized by an intermediate reaction order of 

1.5 ± 0.2.  The observed kinetic behavior has been explained using a simple model in which two sites 

with different binding energies were considered. 

 

The hydrogen terminated Si surface can be prepared by the chemical etching method.  Using 1% 

HF or 40% NH4F aqueous solution makes the hydrogenated Si surface atomically flat with 1 ML of 

hydrogen coverage.  For termination of hydrogen with low coverage by wet chemical etching method, 

it may have some conditions.  But until now, there is no evidence about the sample prepared by chemical 

etching method for the low hydrogen coverage.   

Fig. 5.3.4: The model of step dihydride and step monohydride for understanding the surface defects 

coexistence of monohydride Si-H [9].   
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Beside the SHG method for low hydrogen coverage investigation, people could use TPD and LITD 

methods, but there was no IR method.  In IR method, it has needed multiple inter reflection and the 

system is very complicated.  On the other hand, we can get SFG output signal peak by single reflection.  

At low coverage, IR may be possible for investigating the hydrogen desorption from Si, but we don’t 

have that experimental setup combining with UHV chamber.  So, if we want to do that, we need to take 

out sample from UHV chamber.  However, the contamination from air will be adsorbed on the sample’s 

surface very soon.  In that point of view, in situ combination of SFG and SHG is the best way to 

investigate hydrogen coverage on the whole range from 1 ML to 0 ML.    
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5.4 Conclusions and comparisons with literature 

In this study, I have investigated the hydrogen desorption mechanism from the H-Si (111)1x1 surface 

by applying SFG and SHG spectroscopy.  Isothermal desorption was observed at 711 K temperature.  

I suggested that the hydrogen desorption was assigned as second order in the coverage range 1.0 ML-

0.18 ML by SFG, and the hydrogen desorption was assigned as first order in the coverage range 0.18 

ML-0.0 ML by SHG.  For better understanding the hydrogen desorption kinetics I have considered the 

calculation of hydrogen desorption activation energy for second and first order. 

In another part of my research work, I have investigated the hydrogen desorption from a flat H-Si 

(111)1x1 surface at different temperatures of 730, 750 and 770 K by using sum frequency generation 

(SFG) and second harmonic generation (SHG) spectra.  By SFG, I detected Si-H vibration and 

investigated hydrogen desorption at the high hydrogen coverage from 1ML to lower than〜 0.44ML  

since SFG signal is close to background at low hydrogen coverage.  After SFG measurement I switched 

to SHG measurement and detected Si dangling bonds and monitored the hydrogen coverage when it was 

lower than〜0.44ML.  I suggested that the hydrogen desorption was assigned as the second order in the 

coverage range 1 ML to 0.43 ML, 1 ML to 0.44 ML and 1 ML to 0.29 ML for all of the heating 

temperatures at 730, 750, and 770 K, respectively, with activation energy was Ed = 45.22 kcal/mol (1.96 

± 0.49 eV).  The low coverage hydrogen desorption was assigned as the first order in the range 0.43 

ML to 0.0 ML, 0.44 ML to 0.0 ML and 0.29 ML to 0.0 ML for all heating temperatures at 730 K, 750 K 

and 770 K, respectively, with activation energy was Ed = 32.63 kcal/mol (1.41 ± 0.35 eV).   Combining 

the SFG and SHG analyses, the desorption order and also desorption activation energy has been clarified 

on the whole hydrogen coverage from 1 ML to 0 ML. 
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Reiders et. al. only studied the hydrogen desorption from Si (111) 7x7 surface using second harmonic 

generation (SHG) and the H-Si surface was prepared by dosing hydrogen atoms [9].  The desorption 

order for coverage below 0.2 ML over a range of temperature of 680 K<T<800 K was investigated.   

They found that the result could be adequately characterized by an intermediate reaction order of 1.5 ± 

0.2 with the activation energy, Ed = 2.40 ± 0.1 eV.  This value of activation energy was considerably 

higher than the results of the TPD measurements at low coverage with an activation energy, Ed = 1.8eV 

by Ch. Klient et. al [17] and also my calculated activation energy at low coverage Ed = 1.41± 0.35 eV 

using second harmonic generation (SHG).  On the other hand, Reiders et. al. calculated value of 

activation energy was lower than that obtained by G. Schulze et.al using TPD (Ed = 2.54 eV) [15] and 

by B.G. Koehler et. al using TPD (Ed = 2.6 eV) [6], this both studies were second order desorption. 

The difference in the Reiders et. al. studied results and to my results may be caused by different sample 

preparation and experimental procedures that, I listed in some candidate points as below: 

(i). In my study, I have used SFG spectroscopy for investigating the hydrogen desorption at the high 

hydrogen coverage, and the SHG for low hydrogen coverage on the hydrogenated Si (111) surfaces.  

Usually I heated the sample up to 8000s~12000s depending on heating temperature at the low coverage 

during SHG measurement.  On the other hand, Reiders et.al. heated the sample up to 3000s~5000s 

depending on their heating temperature at the low coverage during SHG measurement.  In my SHG 

experiment, the sample was heated in much longer time than Reiders et.al. [9] in order that the fitting of 

the desorption curve may be much more exact. 

(ii). Reiders et. al.[9] observed SHG experiment on the flat H-Si(111)7x7 surface for only one 

temperature of 720 K and decided that the hydrogen desorbed as 1.5th order with the coverage below 0.2 

ML.  On the other hand, I have investigated the hydrogen desorption from a flat H-Si (111)1x1 surface 
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at different temperatures of 711, 730, 750 and 770 K by in situ combining the sum frequency generation 

(SFG) and second harmonic generation (SHG) spectra.  In my experiment the first order of hydrogen 

desorption at low coverage was reproducible several times for several surface temperatures of 711, 730, 

750 and 770 K.  Therefore, I believed these results.  Starting coverage of SHG experiment was clearly 

defined.  In order to get the best fitting the various surface temperature experiment help me to decide 

the desorption order as a more exactly fitted. 

(iii). I have used SFG spectra to investigate hydrogen desorption at the high hydrogen coverage.  

Since SFG signal is unobservable at lower hydrogen coverage, the SHG spectroscopy is used as a 

powerful tool to detect dangling bonds on the surface and monitored the hydrogen coverage at the low 

coverage.  After the SFG experiment, I continued the hydrogen desorption for the same sample in the 

SHG measurement.  In my experiments the ending coverage of SFG was used as a starting coverage in 

the SHG measurement.  Therefore, starting coverage for SHG measurement is very clear.  In the 

Reiders et.al. [9] experiment, they used their TPD data as a starting SHG measurements.  That may help 

to get the better fitting curve at low coverage in my experiments.  
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Chapter 6: General conclusion  

In this study, the strong point is the in situ combination of SFG and SHG technique in order to 

investigate the hydrogen desorption kinetics from flat H-Si (111)1x1 surfaces on the whole coverage of 

1 to 0 ML on the same sample in the UHV chamber.  After each time of heating surface at high 

temperature, SFG spectroscopy was used to observe vibrational spectrum of H-Si bonds.  When the 

hydrogen coverage was high enough, the vibrational mode of H-Si bonds could be seen clearly with high 

intensity.  When hydrogen coverage became low, the SFG signal was close to background and the 

vibrational mode could not be seen.  At that time, the measurement was switched to SHG in order to 

detect the number of dangling bonds on the surface, because SHG signal was believed to be very sensitive 

with dangling bonds on the surface.  From SFG and SHG spectroscopies, the hydrogen coverage was 

calculated and considered as the first order or second order desorption kinetics.   

In detail, for the investigation of hydrogen desorption on the flat Si (111) surface, the time 

dependence of isothermal hydrogen desorption at temperatures 711 K were observed by taking SFG 

spectra.  Each measurement was conducted in the polarization combinations as ppp (SFG in p-

polarization, visible in p-polarization and IR light in p-polarization).  From the resonant SFG signals, 

the hydrogen coverage was calculated to decrease from 1 ML to ~0.18 ML in ~230 s.  This reduction 

of hydrogen coverage was best fitted to second order desorption.  This result was consistent to several 

literatures.  When the hydrogen coverage became lower than ~0.18 ML, I have applied SHG 

spectroscopy in order to detect the Si dangling bonds.  The fundamental light of wavelength 1064 nm 

with power of 380 µJ/pulse was used as the excitation light.  In this experiment, I used the polarization 

configurations Pin Pout.  The sample was heated for each 50 s at 711 K and then cooled down to RT, and 

the SHG signal was taken.  The heating time dependent SHG intensity curve showed that the intensity 
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initially increased rapidly as a function of heating time and then gradually saturated when the number of 

dangling bonds were saturated.  The hydrogen coverage of SHG measurement was considered from 

0.18 to 0 ML.  This reduction of hydrogen coverage was fitted with the first (1st), intermediate (1.5th) 

and second (2nd) order.  However, the results showed that the first order was the best fitted.  The 

hydrogen desorbed as the first order at low hydrogen coverage on the H-Si (111)1x1 surface is big finding 

of my research. 

In order to understand the mechanism of hydrogen desorption as the second order at high 

coverage and as the first order at low coverage, I have measured and calculated the activation energies.   

Beside the isothermal desorption of the H-Si (111) 1×1 surface at temperatures of ~711 K mentioned 

above, it was investigated at other temperature of 730, 750 and 770 K also by SFG and SHG 

spectroscopies.  These measurements showed the similar results to temperature of 711 K.  By SFG 

observation, the high hydrogen coverages reduced from 1 ML to lower than ~0.44 ML and were assigned 

as second order desorption.  From the hydrogen reduction curves, the activation energy of the second 

order was assigned as 1.96 ± 0.49 eV.  After SFG measurement, I switched to SHG measurement and 

detected Si dangling bonds and monitored the hydrogen coverage when it was lower than ~0.44 ML.  

The low coverage hydrogen desorption was assigned as the first order in the range below ~0.44 ML to 

0.0 ML and the calculated activation energy was 1.41 ± 0.35 eV.  These calculated activation energies 

were closed to estimated results of literatures.  Especially, the first order hydrogen desorption activation 

energy of the H-Si (111)1x1 surface was calculated experimentally for the first time in this research.  

Although the mechanism of hydrogen desorbed as the first order has been well understood, I suggested 

that the hydrogen desorption order was lower than second order due to the existence of ≡Si-H species.  
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Future plan 

In this thesis work, the in situ combination of SFG and SHG spectroscopies successfully 

performed for investigation of hydrogen desorption kinetics from the flat H-Si (111)1x1 surfaces.  SFG 

used to study for higher coverage hydrogen desorption kinetics and SHG used for low coverage hydrogen 

desorption kinetics.  The surface was heated at different surface temperatures at 711,730,750 and 770 

K with each tens of seconds, then SFG spectra were observed.  The hydrogen coverage was reduced as 

a function of the heating time.  After finished the SFG experiment, I switched to the SHG experiment 

for low coverage hydrogen desorption investigation.  By the following application of the in situ 

combination of SFG and SHG spectroscopies the desorption order of hydrogen from the Si (111) surface 

has already been clarified for high and low coverage.  

For clarification of the suggested models for 1st order desorption of existed SiH2 and SiH3, it is 

necessary to investigate the hydrogen desorption from step Si (111) surfaces.  The step Si (111) surfaces 

with some miscut angles toward [1̅1̅2] directions are very ideal sample for checking dihydride desorption 

at steps.  By combining SFG and SHG measurements, the desorption rate from monohydride and 

dihydride from the step Si (111) surface will be investigated.  This results may give information about 

desorption order of dihydride on step.  I expect it is first order desorption. 

Although hydrogen-terminated silicon surfaces have been studied extensively, there are few 

reports of its isotope deuterium.  Deuterium-terminated silicon surfaces could be formed by similar wet 

chemical etching process.  The recent research found that the replacement of hydrogen (H) with 

deuterium (D) at the Si/SiO2 interface could significantly increase the life time of metal-oxide-
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semiconductor field-effect transistor (MOS-FET).  This device has attracted attention due to isotope 

effect at D and H termination on Si.  This achievement indicates that the Si-D bond is more resistant to 

hot electron excitation than the Si-H bonds.  Another future plan is to elucidate an isotope effect of D 

and H terminated simultaneously on Si surfaces.  Person et al. proved that the adsorbed isotopic 

molecules interact mainly through their dipole fields on the metal surface.  Therefore, I hope that with 

randomly replacement of hydrogen (H) with deuterium (D) on the Si surface can make strong enough 

the isotope effect.  In this study, in order to investigate how much do Si-H and Si-D dipoles interact 

each other, I will concentrate on adsorbed hydrogen and deuterium in a ratio of 1.0:0.0, 0.9:0.1, 0.8:0.2, 

0.7:0.3, 0.6:0.4, 0.5:0.5, 0.4:0.6, 0.3:0.7, 0.2:0.8, 0.1:0.9, and 0.0:1.0 by using molecular dosing process 

for co-adsorbed hydrogen and deuterium on the Si (111) surface.  I will investigate the isotopic effect 

of D and H atoms and also the dipole-dipole interaction between D-Si bonds and H-Si bonds on the Si 

(111) surface using Sum Frequency Generation (SFG) method.  The theoretical calculation of dipole-

dipole interaction will be employed too. 
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APPENDIX (I) 

Flowchart for getting output SFG signal of Si-H bonds: 

Step1. LASER Preparation: After hydrogen dosing we first start our LASER, It takes 1(one) hour for 

warmup the LASER.   

Step 2. After finishing the Laser preparation we turn on the visible light source 532nm.The SFG system 

was checked by using GaAs sample first. Then we measured the power of visible and IR light. We used 

the pulse energy of the visible light was〜5 𝜇J/pulse (For GaAs sample) and that of the infrared (IR) 

was about〜75 𝜇J/pulse at the sample. 

Step 3. Before setup the Vis and IR to surface, we start the software controlling the focusing lens of Vis 

and IR. Set position at center 4.5mm. 

Step 4.The incident visible light of 532nm, was focused on the sample by hand first using on lens with 

focal length f=300mm. The IR light was focused on the sample surface by a CaF2 lens with a focal length 

of f=250mm.The focusing points of Vis & IR should be the same position on GaAs surface. 

Step 5. The angle of the SFG signal from the reference sample (GaAs) should be controlled first by guide 

the Vis light to monochromator without any lens. Then set the lens for focusing Vis light well in the slit 

of monochromator. For getting better SFG signal we control the angle by using software. 

Step6. We were adjust roughly the delay line before exactly controlling the position of the incoming 

beams. A delay line was used to adjust the temporal overlap of the IR and the visible pulses.  

Step 7. After checking delay line we control the angle of the SFG signal from the sample (GaAs) again. 

Then scan IR light position using software by controlling X-Y position until getting best signal. 
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Change GaAs sample to Si (111) sample by using software. 

Step7. After getting best signal from GaAs sample we change reference sample to Si (111) sample first. 

Then set the pulse energy of the visible light was〜20 𝜇J/pulse for Si(111) sample and that of the infrared 

(IR) was about〜 75𝜇J/pulse at the sample. 

Step 8. We control the angle of the SFG signal from the sample Si (111).Then set the lens for focusing 

the Vis Light to monochromator. For getting better signal we control the angle by using software. 

Step 9.  Again delay line check for Si (111) sample 

Step 10. After checking delay line we control the angle of the SFG signal from the Si (111)) sample 

again. Then scan IR light position using software by controlling X-Y position until getting best signal. 
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APPENDIX (II) 

ABSTRACT OF SUBTHEME RESEARCH: 

Subtheme Supervisor: Associate Professor Dr. Keisuke Ohdaira 

Student: MD. ABDUS SATTAR 

Student number: s1340203 

Professor Dr. Goro Mizutani lab 

School of Materials Science (JAIST, Japan) 

Fabrication of Crystalline Silicon Solar Cells Using a Cat-CVD Silicon Nitride Layer 

Solar photovoltaic power generations are ever increasing in capacity, yet at a low scale.  It is 

essential to fabricate a large scale commercial production of solar cells for producing more electricity.  

For producing large scale of solar cells, there is a large variety of solar cell structures proposed with 

various types of materials, of which p-type crystalline Si (c-Si) solar cell has been one of the most popular 

and widely used materials in commercial production.  In this study, I intend to fabricate c-Si solar cells 

by using Cat-CVD method for the formation of a silicon nitride (SiNx) anti-reflection and passivation 

layer.  The fabrication of a c-Si solar cell starts with a 300μm-thick (100)-oriented Czocharlski-grown 

p-type Si wafer.  Wafer resistivity was 1-5𝛺.cm and size 2x2 cm2. After preparation by cleaning the 

sample a heavily phosphorus-doped layer is formed on one side of the Si wafer by diffusing phosphorus 

atoms from a spin-coated phosphorus silicate glass (PSG) layer during annealing at 850°C.  The wafer 

is then dipped into diluted hydrofluoric acid (HF) solution to remove a remaining PSG layer.  Next, I 

deposit a SiNx film for both anti-reflection and passivation on the n-type layer by using Cat-CVD.  

Finally I form back-side and front-side electrodes using Al and Ag metal pastes, respectively, by screen 

printing and successive co-firing at a suitable temperature that was 8000C.  After co-firing I did edge 

isolation by using sand paper for removing some shunt path over the edge of the solar cells. 
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In this study, the crystalline silicon solar cells was fabricated by using Cat –CVD method.  There 

were three types 10s ,15s and 20s of firing heating of solar cells prepared for study.  I-V characteristics 

and External quantum efficiency was investigated on the solar cells.  The fill factor and efficiency 

results shows that increases with increasing contact firing heating time.  On the other hand the external 

quantum efficiency also increases with the heating time of firing in the range of 400 nm to 900 nm 

wavelength of incoming light.  The external quantum efficiency reaches from maximum 74% to 97%.  

Such EQE response indicates that a very wide spectral range of incident photons is almost completely 

absorbed and photo generated carriers are effectively collected.   In my study shows the efficiency 

varies from 1% to 6% only, that is so small efficiency of the silicon solar cells.  There were some reasons 

might be happened due to the study.  For that reasons I did not get good efficiency and good fill factor.  

Some of them are listed below: 

Sample cleaning:  Due to the cleaning process sometimes drop of the samples which may be effect the 

fabrication process. 

Sample contact firing:  The moving of the open tube was not so perfect in the middle and also edge of 

the belt furnace that may be effect the efficiency of the solar cells.  Because there have been temperature 

effect on the efficiency on the solar cells during the firing contact.  Sometimes undesired firing happen 

for that case the metal electrode contact to the p type region through over the n type region.  In this case 

the solar cells shows low fill factor and also the efficiency should be low.  On the other hand if the firing 

did not perfect the electrode did not reach to the n type region, in this also we get low efficiency.  

I-V measurements:  Finally during the I-V measurements the contact to the sample surface and sensors.  

May be that was not perfect touching so efficiency could not increase.  For getting good efficiency it is 

needed to exact touching to the sample surface to the sensor. 
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