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Monolayer Doping via Phosphonic Acid Grafting on Silicon: 
Microscopic Insight from Infrared Spectroscopy and 
Density Functional Theory Calculations
 Monolayer doping (MLD) is a promising technique for creating ultra shallow 
junctions (USJs). Here, a novel self assembled monolayer (SAM) grafting 
technique is proposed through a single oxygen atom capable of MLD. 
Consequently, this approach can use simple forms of alkylphosphonic acids 
and avoid carbon contamination altogether during the doping process. In 
this paper, density functional theory (DFT) is used to explore the way how 
alkylphosphonic acid molecules can in just one chemical step be grafted 
on H-terminated Si(111). A maximum coverage of alkylphosphonic acids 
is found at 2/3 due to steric constrain forces. It is further demonstrated by 
means of in situ infrared spectroscopy and DFT calculations that the weak 
link of an alkylphosphonic acid, such as octadecylphosphonic acid (ODPA), is 
the P-C bond, with typical release of the carbon ligand around 500  ° C. Finally, 
after release of the carbon ligand, an unsaturated electron confi guration is 
driving force for the phosphorous to start the MLD process. 
  1. Introduction 

 Density scaling and subsequent device dimension reduc-
tion continue to drive signifi cant advances in the materials, 
processing, and architectural design of advanced transistors. As 
gate lengths approach the sub-10-nm regime, junction doping 
has become an increasing concern due to its importance 
in controlling short channel effects. Source/drain junction 
depths (or more specifi cally S/D extensions) must be extremely 
shallow and abrupt, typically around 1/3 of gate length (L g ). 
Unfortunately, the conventional technique for junction doping, 
ion implantation and anneal, is incapable of producing uni-
form and abrupt junctions below 10 nm in depth due to 
random dopant fl uctuations and ion-induced damage leading 
to broadened dopant profi les. These concerns become magni-
fi ed as the industry moves to Tri-gate (or similar) architectures 
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where uniform, abrupt, non-damaged 
ultra shallow junctions (USJs) in a tight 
3-dimensional pitch array is a necessity. 

 The technique of monolayer doping 
(MLD) is conceptually very attractive and 
has yielded encouraging initial results. [  1  ,  2  ]  
The MLD technique uses the self-limiting 
nature of self-assembled monolayers 
(SAMs) to produce a uniform coverage of 
a specifi c quantity of dopant containing 
molecules. In this approach, the cov-
erage of the SAMs determines the areal 
dopant dose. Subsequent high tempera-
ture anneals drive the dopant atoms into 
the semiconductor via diffusion. Thermal 
treatment temperature and time govern 
the junction depth. Careful control of 
these parameters can provide a wide range 
of dopant profi les. Due to the control and 
uniformity of SAM attachment, precise 
dopant profi les less than 5 nm deep with an abruptness of 
sub 1 cm  − 3 /nm have been demonstrated with low sheet resist-
ance. [  1  ]  Additionally, SAM attachment can easily be attained on 
multiple surface orientations on non-planar structures making 
MLD an ideal technique for uniform shallow doping of all three 
sides of a tri-gate device. [  3  ]  

 Pioneering work in MLD has made use of dopant containing 
molecules with an alkene terminus for direct attachment to 
H-terminated Si through a standard hydrosilylation process. 
This requirement has limited the choice to allylboronic acid 
pinacol ester (for B) and diethyl 1-propylphosphonate (for P), 
and required the deposition of a relatively thick oxide overlayer 
to trap the dopant during annealing. [  1  ,  2  ]  Consequently, the key 
road-block to further MLD development has been the control of 
the overall process to achieve reliable doping levels at predeter-
mined depth without deleterious impurity incorporation since 
the dopant in these molecules is captured within a carbon net-
work. Furthermore, the lack of in situ and spectroscopic char-
acterization has prevented proper optimization of the annealing 
step. 

 In this paper, we combine in situ infrared spectroscopy and 
ab initio density functional theory (DFT) calculations to inves-
tigate a fundamentally different grafting method, based on a 
recent discovery [  4–6  ]  that makes it possible to directly attach the 
dopant on H-terminated Si through a single oxygen atom. [  7  ]  The 
process is based on the ability to graft alcohols directly to Si-H 
with a well controlled coverage (1/3 monolayer), and has now 
been extended to acids. In both cases, the relevant atom X is 
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attached to Si by forming a Si-O-X bond, where X can be P, As
and other dopants. In this approach, simple forms of the acids
(e.g., monohydride phosphonate) can be used to avoid carbon
contamination altogether. Nonetheless, we demonstrate in force
constant studies that the weak link of an alkylphosphonic acid,
such as octadecylphosphonic acid (ODPA), is the X-C bond
(P-C bond in this case), with typical release of the carbon ligand
at 500  ° C. Therefore, even if a long alkyl chain is preferred to
better control the SAM formation, there is no need to protect
the organic layer by an oxide layer, since the dopant remains at
the surface at a temperature where all carbon ligands (potential
C contaminants) are removed. Furthermore, the hydrogen from
neighboring Si-H unit desorbs below 500  ° C, opening a path
for dopant diffusion. An unsaturated electron confi guration
after the release of the carbon chain is a rather strong driving
force to start that process.                

 2. Results and Discussion 

   Figure 1   (bottom line) shows all of the typical spectral features
of a monodentate phosphonic acid: [  11  ,  26–28  ]  the stretch mode of
the (P  =  O) at 1227 cm  − 1 , the asymmetric and symmetric stretch
modes of the (P–O) at 1078 and 1004 cm  − 1 , and the deformation
mode of the (P–O–H) feature clearly present at 956 cm  − 1 . [  29  ]  In
the aliphatic region, the spectral positions of the strong asym-
metric and symmetric stretch modes of the (CH 2 ) at 2918 and
2850 cm  − 1 , respectively, indicate an ordered arrangement on
the surface. In addition, the asymmetric and symmetric stretch
modes of the (CH 3 ) at 2966 and 2870 cm  − 1  are present. The
temperature of the sample was increased stepwise from RT to
700  ° C. In-situ taken IR measurements are shown in Figure  1 .
Heating steps to 300  ° C do not show any change in the system.
Between 400 and 500  ° C one can see a clear removal of the carbon
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verla

     Figure  1 .     Differential infrared absorption spectra: Transmission spectra
taken after heating adsorbed ODPA on oxide-free silicon surface at dif-
ferent temperatures; each spectrum is referenced to the one measured
before.  
chain, but no remove of the phosphonic acid anchor group. This 
means, that the ODPA molecules break at the P-C connection. 
The P–C bond breakage is essential and has to be substantiated. 
We fi rst integrate the area of the CH x  modes between 3000 cm  − 1  
and 2800 cm  − 1  at room temperature to use as a reference cor-
responding to 1 ML. After annealing to 700  ° C, the remaining 
amount of hydrocarbons is found to be  ∼ 23% of the starting 
amount (i.e.  ∼ 0.23 ML). It is believed that the remaining amount 
comes from the poor vacuum conditions leading to some re-
adsorption after the anneal because it is not consistent with LEIS 
data performed in UHV. An ultra-high vacuum system for the 
IR measurements would therefore be necessary to confi rm this 
point. Further experiments to substantiate the point of the P–C 
breakage and the SAMs uniformity were performed by XPS and 
AFM. Their results are shown in the supplementary information. 
A further increasing of the temperature leads to oxidation of the 
sample (Figure  1 ), which can be recognized from the peaks at 
1180 cm  − 1  (S–O) LO  and 1030 cm  − 1  (S–O) TO . These peaks shift to 
higher wavenumbers when the SiO 2  is growing.  

 In an interesting experiment, Torun et al. removed an ODPA 
SAM from an Al 2 O 3 (0001) surface using the AFM. [  30  ]  Although 
the experiment was performed in a solvent, re-adsorption was 
not observed. This might be a hint that not the whole molecule 
but only the carbon chain has been removed. 

 In order to develop an accurate picture of the adsorption 
process described in the previous paragraph, we performed 
DFT and DFT-D simulations. First, we will describe the grafting 
method of methylphosphonic acid (MPA) on H-terminated 
Si(111) surface and discuss the kinetics of the chemical reaction:

 Si − H + CH3OP(OH)2 → Si − OCH3OPOH + H2   (1)    

 Next, we describe in detail the grafting process of the MPA 
to the Si(111) surface taking the nanopattern confi guration as 
an example. To calculate the kinetic barrier of the adsorption 
pathway one has to follow the system from the initial situa-
tion where one of the molecules is over the surface to the fi nal 
confi guration. This reaction pathway is illustrated in  Figure    2  , 
where we show the variation of the energy profi le as a function 
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     Figure  2 .     Kinetic barrier for the grafting process of the MPA on the 
Si(111) surface. The insets show the initial, transition and fi nal states, 
respectively. Yellow spheres represent Si atoms; white, H; red, O; blue, C 
and brown spheres P atoms, respectively.  
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     Figure  3 .     Relevant energy structures obtained for different coverages of 
the MPA n  (n  =  1–6) on the Si(111) surface. Yellow spheres represent Si 
atoms, white, H; red, O; blue, C and pink spheres P atoms, respectively. 
In correlation with Figure 5 the confi gurations are B-NN; C-nanopattern; 
D-island; E-fi ve and F-ring.  

     Figure  4 .     Adsorption, H-bond and strain energies of the MPA on the Si 
(111) surface as a function of the coverage. The values presented are 
calculated always for the lowest energy confi guration.  
of the distance between images used in the construction of 
the elastic band of the NEB method. The pictures in the inset 
show the initial, transition-state (TS), and fi nal confi gura-
tions, respectively. Several considerations are in order. First, 
as the molecule approaches the Si(111) surface, it undergoes 
physisorption without any kinetic barrier. The energy gain for 
this process is 0.11 eV and the lowest distance between oxygen 
and Si atoms is 3.87 Å. Second, the barrier for the chemical 
grafting of the phosphonic acid to the Si(111) surface is rela-
tively high, 2.03 eV. The reason for this is twofold: the higher 
surface energy of the Si(111) surface compared to more-open 
surfaces like Si(100), and the high coverage of our Si(111) 
model system, which is fully H-terminated and with the other 
two molecules of the nanopattern already grafted to the sur-
face. The TS shows that the surface loses its hydrogen before 
the phosphonic acid molecule. Alternative reaction paths with 
the molecule loosing the H atom fi rst or both atoms of the H 2  
molecule (the reaction product) at the same time show even 
higher barriers.  

 Our calculations indicate that the monodentate confi gura-
tion is the only chemisorption geometry possible for MPA 
adsorption on this oxide-free H-terminated Si(111) surface. The 
energy associated with bi- and tri-dentate is substantially higher 
due to large strains needed to link three H centers separated by 
3.9 Å to the oxygen atoms of the phosphonic acid head sepa-
rated by 2.3 Å. [  31  ]  

 This reaction pathway profi ts from the fl exibility of the 
silicon atoms in top position of the silicon lattice. This can 
reduce the kinetic barriers due to concerted chemical reactions 
by  ∼ 1 eV. These processes are known in the literature for long 
time as lattice assisted processes. They can be enhanced if the 
temperature is increased and thereby the silicon phonons are 
excited. These effects are commonly not observed on metal sur-
faces or play only a minor role there. They are a consequence of 
the localized nature of the covalent bonds of silicon and there-
fore probably of general importance for the understanding of 
semiconductor surfaces. 

 Next, the ubiquitous questions of maximum coverage, mol-
ecule-surface, molecule-molecule interactions and resulting 
structures are discussed in detail. 

 Starting from the lowest energy adsorption confi guration 
of a single MPA unit on the H-terminated Si(111) surface 
unit cell, the MPA coverage was systematically increased to 
six MPA units, corresponding to a 2/3 monolayer. The cor-
responding lowest energy structures obtained from various 
starting geometries for the respective coverage on the surface 
are shown in  Figure    3  .  

 Here and in the following, the notation MPA  n  l   refers to struc-
tures with  n  MPA units per unit cell and  l  describing the con-
fi guration of the molecular interaction. The adsorption energy 
E ads  as a function of the number of MPA units adsorbed on the 
H-terminated Si(111) surface following the chemical reaction 
showed in  Equation 1  has been calculated with respect to the 
MPA molecule in vacuum and the clean H-terminated Si(111) 
surface slab

 
Eads = En − Eo − n ∗ E MP A + E H2

n   
(2)

    
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3471–3477
 Additionally, the H-bond strength was calculated for every 
MPA confi guration, following an universal relationship between 
the H-bond length and strength from Jones et al. [  32  ]  Finally, the 
strain energy was calculated following the approach suggested 
by Nemanick et al. [  33  ]  All results are summarized in  Figure    4  .  

 We fi nd the adsorption energy and the H-bond strength 
to be specially low at dimers. These structures seem to be 
3473wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   Table  1.     Tilt angles and Si-O, P-O, average CH 2  and O-O (see text) 
bond lengths for the nanopattern coverage as a function of the number 
of carbon atoms of the alkyl chain, obtained with both PBE-GGA and 
DFT-D (in parenthesis) functionals. 

N Tilt Angle 
[Degrees]

Si-O [Å] P-O [Å] C-H2 [Å] O-O [Å]

1 80.00 (81.45) 1.69 (1.69) 1.47 (1.47) 1.09 (1.09)

2 79.12 (82.23) 1.69 (1.70) 1.47 (1.47) 1.09 (1.09) 4.18 (4.25)

3 78.73 (84.51) 1.69 (1.70) 1.47 (1.47) 1.09 (1.09) 4.19 (4.29)

4 89.41 (90.92) 1.70 (1.70) 1.47 (1.47) 1.09 (1.09) 4.26 (4.27)

5 87.77 (88.33) 1.70 (1.70) 1.47 (1.47) 1.09 (1.10) 4.27 (4.27)

6 87.82 (90.37) 1.70 (1.70) 1.47 (1.47) 1.09 (1.10) 4.27 (4.32)

7 86.37 (87.05) 1.70 (1.70) 1.47 (1.47) 1.10 (1.10) 4.29 (4.33)

8 90.46 (91.22) 1.71 (1.70) 1.48 (1.47) 1.10 (1.10) 4.30 (4.33)
energetically favorized on the Si(111) surface. Furthermore, the 
strain energy does not allow any higher coverage than 2/3. 

 However, the adsorption energy alone does not allow to con-
clude on the stability of a specifi c surface structure. Rather, one 
has to take into account the chemical potentials  μ (A i ) of the sur-
face constituents A i  in order to energetically compare interfaces 
with different stoichiometries. The ground state of the surface 
is determined by the minimum of the thermodynamic grandca-
nonical potential  Ω ,

 
� = F −

∑
i
μ(Ai ) ∗ nAi

  
(3)

   

where  F  =  E–TS  is the surface free energy which we approxi-
mate by the total surface energy  E  at zero temperature assuming 
similar entropy contributions  S  for different adsorption con-
fi gurations. In fact, the differences in vibrational free energy 
and electronic entropy are typically several orders of magnitude 
smaller than the adsorption energies calculated here. If one 
assumes a fl at, stoichiometric, H-terminated Si(111) surface in 
the presence of MPA, the grandcanonical potential will mainly 
depend on the chemical potential of MPA.  Figure    5   shows the 
resulting phase diagram. Interestingly, we note that again the 
dimer structures are energetically favorized.  

 Next we consider alkyl chain phosphonic acid molecules 
to confi rm the understanding of the structure and interaction 
of the monodentates. We have studied the oxygen-oxygen dis-
tance (P�O to P–O–H of the neighboring phosphonic acid 
molecule) as a function of the alkyl chain lengths. As the alkyl 
chain length increases, the distance between the two oxygen 
increases ( Table    1  ). The reason is an additional gain of enthalpy 
from van der Waals forces with longer alkyl chains. The van der 
Waals forces dictate the position of the chains and thereby a 
certain tilt to optimize the chains interaction. Tilting the alkyl 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  5 .     Grand canonical potential of the different structures consid-
ered in this work as a function of the MPA n  (n  =  1–6) chemical potential. 
In correlation with fi gure  3  the confi gurations are B-NN; C-nanopattern; 
D-island; E-fi ve and F-ring.  
chain directly infl uences the position of P�O and P–O–H and 
thereby the distance.   

Table  1  also shows the tilt angles and the Si–O, P–O and 
CH 2  bond lengths obtained at 0 K, within both PBE-GGA and 
DFT-D schemes. These bond lengths do not appreciably change 
with the functional used in the calculations. The results appear 
to be remarkably different if we look into the vibrational prop-
erties. Indeed, although the phosphonic acid-alkyl chains are 
all very stable structures, specially the nanopattern confi gura-
tion, the inter-molecular CH 2  and O–O interactions, which to 
a large extent determine the main features of the IR spectra, 
cannot be fully described within the standard PBE-GGA theory. 
The relaxation process is mainly driven by the intra-molecular 
forces and the surface-phosphonic acid interactions, which 
are much more stronger in magnitude than the van der Waals 
forces. These forces lead the whole system to its minimum 
energy confi guration. 

 Nevertheless, the vibrational properties are obtained as the 
second derivative of the energy with respect to the position of 
the atoms, i.e., a small change in the position of the atoms 
in the molecule can strongly affect its vibrational motion 
and hence the frequency we measure in the IR spectra. This 
effect is well noted in the calculated vibrational frequencies of 
the CH 2  groups of the alkyl chains. If we do not include the 
van der Waals forces in our simulations, the amplitude of 
the vibrational motion of the CH 2  groups is not affected by the 
neighboring molecules and, as a consequence, the vibrational 
frequencies are higher. Taking into account the van der Waals 
forces, the frequencies are reduced by 20 cm  − 1 , approximately 
(see  Figure    6  ).  

 Our calculations also show that the coupling between the 
vibrational modes of the CH 2  groups inside the molecules are 
very strong, specially for the longer alkyl chains and for the 
CH 2  groups closer to the head of the molecule (CH 3 ). If this 
degree of freedom is not included in the calculations, all the 
modes are shifted by an average of 50 cm  − 1 . It has been widely 
shown that the antisymmetric modes always carry more energy, 
because their vibrational motion is less affected by the presence 
of the neighboring CH 2 , specially in well-ordered systems like 
alkylphosphonic acids chains supported on the Si(111) surface. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3471–3477
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work.   

     Figure  7 .     Calculated tilt angle at 0 and 300 K of the MPA (nanopattern 
confi guration) on the Si(111) surface as a function of the number of CH 2  
groups of the MPA molecules.  

     Figure  6 .     Experimental and calculated (DFT-D) vibrational spectra of the 
symmetric and asymmetric modes of the alkylphosphonic acid molecules 
(nanopattern confi guration) on the Si(111) surface as a function of the 
number of CH 2  groups of the alkylphosphonic acid molecules.  

     Figure  8 .     Kinetic barrier to desorb the top group of the octylphosphonic 
acid (OPA) on the Si(111) surface. The insets show the initial and fi nal 
states, respectively. Yellow spheres represent Si atoms, white, H; red, O; 
blue, C and brown spheres P atoms, respectively.  
Our DFT obtained frequencies follow the same trend as the 
experimental ones, and the shift induced by the van der Waals 
interactions improves the agreement with the experimentally 
obtained results, specially for the modes that carry more energy 
(asymmetric). 

 In order to gain more insight into the molecular interactions, 
we have studied the molecular tilt angle of the phosphonic acids 
adsorbed in nanopattern confi guration and how the tilt changes 
with the length of the alkyl chain. It has already been shown 
that a change in molecular tilt can experimentally be obtained 
by comparing the s- and p-polarized IR spectra. [  34  ]  We calculated 
the tilt angle of the chains as the angle between the top C atom 
of the chain and a line connecting two Si atoms of the top layer 
of the Si(111) surface. To obtain the change in the tilt as a func-
tion of temperature, we performed ab initio molecular dynamics 
(MD) simulations. Starting from the relaxed geometries at O 
K, we gradually increased the temperature of the system by re-
scaling the velocities every 10 steps, performing at each step 
a fully relaxation of the system using the velocity Verlet algo-
rithm. [  35  ]  The time step used in our simulations is 0.5 fs and 
the fi nal temperature is 300 K. At 0 K, the tilt angle is close to 
the normal with respect to the surface, as one should expect 
because it corresponds to the most stable confi guration of the 
nanopattern. The longer the alkyl chain, the bigger the tilt angle 
obtained is (closer to 90 o ). If we increase the temperature (see 
 Figures    7   and   8  ), we can see two different regions: if the length 
of the chain is higher than 4 (number of CH 2 ), the van der 
Waals interactions of the head groups of the chain (CH 3 ) pre-
dominate over the H-bond interactions. For alkyl chains lower 
than 4 CH 2  groups, the H-bond interactions predominate over 
the van der Waals inter-molecular interactions.   

 Finally, we have performed stress tests on adsorbed MPA 
to determine the weak link in molecules described in the fi rst 
paragraph of this section. 

 Starting from the relaxed structure, we froze the Si-bulk and 
build up a force-fi eld on the CH 3 -group of the alkylphosphonic 
acids to release them from the surface. To describe in detail the 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3471–3477
desorption process of the alkylphosphonic acid from the Si(111) 
surface, taking the nanopattern coverage as an example, we 
have calculated the kinetic barrier for the desorption pathway 
followed by the system from the initial situation to the fi nal 
confi guration. This reaction pathway is illustrated in Figure  8 , 
where we show the variation of the energy profi le as a func-
tion of the distance between images used in the construction 
of the elastic band of the NEB method. The main results from 
these calculations are: (1) The weak link of alkylphosphonic 
acids, such as ODPA, is the P-C bond and (2) after release of 
the carbon chain, the phosphorous remains with a dangling 
bond. The fastest way to satisfy the unsaturated electron con-
fi guration is a relaxation of the structure and thereby starting 
the monolayer doping process. Full research of the diffusion 
pathway during the ML process is beyond the scope of this 
3475wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 3. Conclusions 

 First, we have described the grafting method of phosphonic 
acids on H-terminated silicon(111) and discussed the kinetics 
of the chemical reaction. Experimentally, we have established, 
that in a solution of phosphonic acid with alcohols as solvent 
the acid and not the alcohol is grafted. 

 Second, the ubiquitous questions of maximum coverage, 
molecule-surface, molecule-molecule interactions and resulting 
structures were discussed in detail. We fi nd the adsorption 
energy and the H-bond strength to be specially deep at dimers. 
These structures seem to be energetically favorized on the 
Si(111) surface. Furthermore, the strain energy does not allow 
any higher coverage than 2/3. 

 Finally, we have performed stress tests on adsorbed alkyl-
phosphonic acids and determined the weak link in molecules 
with typical release temperatures. The weak link of alkylphos-
phonic acids is the P-C bond and this weak link is released 
typically around 500  ° C. After release of the carbon chain, the 
phosphorous remains with a dangling bond. The fastest way to 
satisfy the unsaturated electron confi guration is a relaxation of 
the structure and thereby starting the monolayer doping process. 

 Our DFT calculated results were confi rmed in an in-situ 
infrared study. We adsorbed ODPA on an H-terminated oxide-
free silicon(111) sample and heated it up under vacuum condi-
tions. Around 500  ° C, the carbon chain was released while the 
phosphonic anchor stayed at the surface.   

 4. Experimental Methods and Computational 
Details 

  Sample Preparation : A 3.8 cm  ×  1.5 cm wafer of Float Zone (FZ) Si(111) 
double side polished is cleaned in piranha solution (H 2 SO 4  (Fisher 
98%):H 2 O 2  (Fisher 30%) 3:1) for 30 min, intensely rinsed with deionized 
H 2 O (18.2 M Ω  cm Mili Q), and fi nally dried in a stream of N 2 . Samples 
were H-terminated by a 30 s dip in 10% HF(aq) followed by a 2.5 min 
dip in 40% NH 4 F(aq), and a fi nal rinse in H 2 O for 30 s. This produces 
an atomically smooth (111)-oriented Si surface for tens to hundreds of 
nanometers. Afterward the sample is coated with ODPA by immersion 
into a 10 − 3 mol methanol solution at 65  ° C for 12h (in a glovebox). The 
environment control is critical to avoid oxidation of the surface. [8–10]  In 
Situ Surface Analysis: The surface analysis is performed in a Quartz 
chamber capable of working in continuous vacuum (p  =  10 − 4 Torr) or 
under the fl ow of different gas phase molecules. Samples can also be 
resistively heated to 1000  ° C. [11]  An infrared (IR) spectrometer (Thermo 
Scientifi c, Nicolet 6700) allows in situ analysis of the sample during 
the execution of the process. IR measurements are performed with a 
deuterated triglycine sulfate (DTGS) detector with 3000 averaged scans 
to ensure an optimal signal-to-noise ratio. Computational Details: The 
calculations were performed using DFT within the generalized gradient 
approximation (GGA) as implemented in the Vienna ab initio simulation 
package (VASP). [12–16]  The electron-ion interaction was described within 
the projector-augmented wave (PAW) scheme. The electronic wave 
functions were expanded into plane waves up to a kinetic energy of 360 eV. 
The surface was modeled by periodically repeated slabs. The supercell 
used here consisted of 8 atomic layers of Si plus adsorbed molecules and 
a vacuum region equivalent to 16 atomic layers. The 7 uppermost layers 
of Si as well as the adsorbate degrees of freedom were allowed to relax 
until the forces on the atoms are below 10 meV/Å. The Brillouin zone 
integration was performed using 4  ×  4  ×  1 mesh within the Monkhorst-
Pack scheme. [17]  The PBE functional was used to describe the electron 
exchange and correlation energy within the GGA. [18]  Eigenmodes were 
calculated by the force-constant (FC) approach, diagonalizing the mass 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
weighted second derivative matrix (Hessian) in case of the adsorbed 
species and the top Si layer. [19,20]  The restriction to the atoms of the top 
layer and the adsorbed species is legitimate because the Eigenmodes of 
these atoms do not overlap with the Eigenmodes of the bulk material. 
Kinetic barriers were calculated by the nudged elastic band (NEB) 
method, [21]  using a string of geometric confi gurations to describe the 
reaction pathway of the system. A spring interaction between every 
confi guration ensured continuity of the reaction pathway. Although 
density functionals that account for nonlocal vdW interactions have been 
developed, see, for example, ref. [22,23], the numerical cost restricts their 
application to relatively simple systems. A pragmatic, numerically far less 
demanding way to treat dispersion forces is been given by the DFT-D 
approach, [24,25]  where the vdW forces are obtained as a sum over pair-
wise, parametrized interactions. In the following study we use the DFT-D 
parameters suggested by Grimme. [24]     
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