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Abstract 

The interplay of the librations of a covalently bound organic adlayer with the lattice 

waves of an underlying semiconductor surface was characterized using helium atom 

scattering in conjunction with analysis by density functional perturbation theory.  The 

Rayleigh wave dispersion relation of CH3- and CD3- terminated Si(111) surfaces was 

probed across the entire surface Brillouin zone by the use of inelastic helium atom time-

of-flight experiments.  The experimentally determined Rayleigh wave dispersion 

relations were in agreement with those predicted by density functional perturbation 

theory.  The Rayleigh wave for the CH3- and CD3- terminated Si(111) surfaces exhibited 

a non-sinusoidal lineshape, which can be attributed to the hybridization of overlayer 

librations with the vibrations of the underlying substrate.  This combined synthetic, 

experimental, and theoretical effort clearly demonstrates the impact of hybridization 

between librations of the overlayer and the substrate lattice waves in determining the 

overall vibrational band structure of this complex interface. 
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The realization that unsaturated hydrocarbons can form covalent bonds to 

semiconductor interfaces has spawned a rapid evolution in the tailoring of interfacial 

properties using bound organic adlayers [1].  Such organic-terminated Si surfaces 

exhibit improved oxidative and electrochemical stability relative to hydrogen-terminated 

silicon for applications including, for example, photoelectrodes in electrochemical 

cells [2–4], and biosensing electronics [5,6].  Precise knowledge of bonding and 

dynamical properties of such decorated interfaces can be acquired by combining 

experimental measurements of the surface wave dispersions across the entire surface 

Brillouin zone (SBZ) with complementary electronic structure calculations [7–9].  To 

date, such studies have focused on chemically functionalized metal surfaces [10–12].  

We describe the extension of these experimental and theoretical techniques to elucidate 

the surface vibrations of organic-semiconductor hybrid interfaces.   

Silicon surfaces have been functionalized using alkyl termination via radical 

intermediates [13,14], the Diels-Alder addition of dienes [15], and the Grignard addition 

of alkyl terminal groups [16], as well as other methods.  Methyl-termination has 

emerged as an alternative to hydrogen-termination for Si(111) interfaces due to the 

passivation of surface reconstruction and the demonstrably superior resistance to 

oxidation of CH3-Si(111) relative to H-Si(111) [14,16].  The impact of the C-Si bond on 

the surface electronic band structure [17], on the surface termination and structure  [18], 

and on the vibrations of the terminal methyl groups [19–21] has been elucidated, but the 

effect that methyl termination has on the vibrational band structure of the underlying 

silicon lattice remains unexplored.  Helium atom scattering (HAS) has been used to 

characterize vibrations in low density alkanethiols on gold [22], as well as to probe the 
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thermal motion and extent of structural perfection of both CH3-Si(111)-(1x1) and CD3-

Si(111)-(1x1) [23].  We describe herein a notable extension to the understanding of 

organically terminated semiconductor interfaces through a successful interrogation of 

the surface phonon dispersion relations.  

In this Letter we present the first characterization of the surface phonon 

dispersion relations across the entire SBZ for CH3 and CD3-Si(111) via angle- and 

energy-resolved inelastic single-phonon scattering measurements.  The experimental 

data have been leveraged by complementary, quantitative density functional 

perturbation theory (DFPT) calculations.  This combined approach allows for the 

examination of the interplay of the interatomic force constants, mass loading, and 

adlayer vibrations in determining the surface vibrations of this interface.  These results 

have been compared to the surface dispersion relations of a simpler adsorbate system, 

H-Si(111)-(1x1)  [24,25], to study the interaction of the overlayer vibrations with those of 

the underlying substrate.  H-Si(111) provides a suitable candidate for comparison 

because the H-Si(111) interface exhibits surface dynamics that are similar to those of 

the unreconstructed Si(111) interface [26], and thus the overlayer interactions do not 

significantly perturb the vibrational characteristics of the semiconductor lattice. 

Methyl-terminated Si(111) wafers were prepared by a two-step 

chlorination/alkylation process, and shipped from the California Institute of Technology 

to the University of Chicago under argon.  Upon arrival, the samples were sonicated in 

1:1 methanol: water, and then were mounted in the scattering chamber of an ultra-high 

vacuum (UHV) helium atom scattering apparatus [27].  The supersonic helium beam  

(EB = 38-65 meV, ∆v/v ≤ 1%) was produced in a differentially pumped chamber, and 
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was modulated by mechanical chopping.  A series of apertures collimated the beam to a 

4 mm spot size on a target (chopper-to-crystal distance of 0.4996 m) that was mounted 

onto a six-axis manipulator in a UHV scattering chamber (base pressure 3 x 10-10 torr).  

Post collision He atoms were scattered into a rotatable detector arm (crystal-to-ionizer 

distance of 0.5782 m) with an angular resolution of 0.45o FWHM, and the atoms were 

detected through electron bombardment ionization followed by quadrupole mass 

selection.  The experimental dispersion curves were obtained from time-of-flight 

spectra.  The precision of the measurement was conservatively estimated by the energy 

distribution of a room temperature beam to be ± 0.5 meV, with improved precision at 

lower beam energies.  The precision of the momentum transfer varied with position and 

beam energy, but typically was on the order of 10-2 Å-1. 

The dynamical properties of the CH3-Si(111) and CD3-Si(111) surfaces were 

calculated using DFPT, as implemented in the QUANTUM-ESPRESSO package [28], 

using Ultrasofts pseudopotentials and the Perdew-Burke-Ernzerhof (PBE)  [29] 

approximation for the exchange-correlation energy functional.  The electronic wave 

functions were expanded in plane waves up to a 28 Ry energy cutoff and a 280 Ry 

charge density cutoff.  The modelled surface consisted of a slab geometry that 

contained 12 silicon atom layers with methyl groups adsorbed on both sides, with the 

slabs separated by a 12 Å vacuum gap.  The SBZ was sampled over a Monkhorst-Pack 

grid of 6×6×1  [30].  The atomic positions were relaxed until the forces were below a 0.1 

mRy/au threshold.  The slab thickness was increased to 30 layers through the insertion 

of bulk layers with ab initio bulk force constants between relaxed surface layers.  The 

surface force constants were obtained by interpolation of a 6×6×1 q-point mesh for the 
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SBZ, while the bulk force constants were obtained from a similar calculation employing 

a 6×6×3 q-point mesh.  

For in-plane helium atom scattering, the kinematic conditions, conservation of 

energy [Eq. (1)], and conservation of crystal momentum [Eq. (2)], collectively constrain 

the observable energy and parallel momentum exchanges through the functional form 

of a scan curve [Eq. (3)]. 
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In the equations above, Ei and Ef are the incident and scattered translational energies, 

respectively, θi and θf are the respective incident and scattered angles from the surface 

normal,  K is the parallel (in plane) component of the helium atom wavevector, ki is the 

incident wavevector, Q is the phonon wavevector, and Gmn is a reciprocal lattice vector.  

Time-of-flight spectra were obtained at a variety of kinematic conditions and beam 

energies (38-65 meV) for both the 011 , MΓ , and 112 , KΓ , crystallographic 

directions, Fig. 1(a).  TOF spectra obtained at the same beam energy and angle of 

incidence with different scattering angles are shown in Fig. 1(c).  Only data for which the 

phonon excitations were sufficiently resolved from that of the bulk band edge, and which 

showed clear dispersion under several scattering conditions, were attributed to the 

Rayleigh wave.  These spectra clearly show the dispersion of the RW near the zone 

center for the KΓ  direction.  Many such measurements allowed the complete mapping 
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of the RW dispersion across the SBZ.  Isotopic substitution of CH3 with CD3 allowed for 

the determination of the contributions from the mass loading effect to changes in the 

dispersion relations relative to H-Si(111).  The mode energy scales as C1/2Meff
-1/2, with C 

being the interatomic force constant and Meff the effective mass, so this substitution 

could significantly shift any surface vibrational modes with an effective mass close to 

that of a methyl group. 

The RW dispersion relations obtained from DFPT were in excellent agreement 

with the HAS measurements for both CH3-Si(111), Fig 2(a), and CD3-Si(111), Fig 2(b).  

For CH3- and CD3-Si(111), inelastic scattering events were observed below the RW 

along KΓ ; these data arise from multiple phonon scattering events.   Such multiple 

phonon inelastic scattering events were only observed in spectra that were obtained 

with high beam energies of 54 meV to 63 meV, and are not observed at lower collisional 

energies.  In this beam energy range, and at the sample temperatures used, the Weare 

parameter is near the threshold of where single phonon scattering dominates [31], thus 

being consistent with the observation of multiple phonon inelastic collisions.  The 

sagittal polarization of the total atomic displacement of the methyl group, Fig. 2, 

indicates the shear vertical displacement associated with each mode across the SBZ.  

HAS is most sensitive to sagittal displacements, thus the total sagittal displacement is a 

good guideline for determining the observable modes using neutral atom scattering.  

The data agree well with the theoretical mode polarization in that single phonon inelastic 

transitions were observed only where the atomic displacements contain some sagittal 

component.     
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At the M  point, the RW energies for both the CH3 and CD3 terminated surfaces 

are almost resonant with the bulk transverse acoustic band, and the proximity to the 

energy of the band edge is within the precision of the helium atom scattering 

measurements.  The energies of the RW, as obtained from theory, are 13.3 meV and 

17.9 meV for the M  and K  points, respectively, on the CH3-Si(111) surface, and are 

13.4 meV and 17.3 meV for the M  point and K  points, respectively, on the CD3-

Si(111) surface.  On the CD3-Si(111) surface, the RW crosses with the hindered rotation 

of the CD3 group about the C-Si bond axis, and thus the lowest band (about 16 meV) at 

K  is this surface libration.  The RW frequency is very similar for CH3-Si(111), CD3-

Si(111), and H-Si(111) [25] at the M  point but deviates significantly along the KΓ  

azimuth.  For the two alkyl terminated surfaces, the K  point frequency is higher than 

that of H-Si(111) and the RW dispersion relation deviates from a normal sinusoidal 

shape as it evolves across the SBZ.   

The H-Si(111) and CH3-Si(111) surfaces showed quantitatively similar surface 

charge distributions, based on a comparison of the silicon lattice charge density for both 

interfaces.  The methyl-terminated surface exhibited a small (7.0 x 10-4 atomic unit) 

charge density increase in the region above the second layer Si atom as compared to 

the H-terminated surface, while CH3-Si(111) exhibited a 2.1 x 10-4 atomic unit reduction 

of charge density between the second and third layer Si atoms relative to H-termination.  

These minor variations in the CH3-Si(111) surface charge density of the silicon lattice 

resulted in a decrease in the calculated Si-Si force constants in the first silicon bilayer of 

about 6% with respect to H-Si(111).  The lack of significant differences in the silicon 

lattice charge densities of these two surfaces indicates that altered local force constants 
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are not solely responsible for the deviation in the methyl-Si(111) RW dispersion relative 

to H-Si(111).  Rather, changes to the RW dispersion relation, as shown below, can be 

attributed to interactions with adlayer librations. 

The displacement fields that were obtained from the DFPT calculations did not 

exhibit the linear sagittal polarization at the M  point that is expected for the Rayleigh 

wave of an ideal fcc surface  [7].  Instead, the surface waves of the Si lattice hybridized 

with a low energy libration of the methyl group.  The two librational modes of particular 

interest for the CH3-Si(111) and CD3-Si(111) interfaces are a hindered rotation about 

the Si-C axis and a rocking libration that involves a bending of the Si-C bond angle, Fig. 

2(c).  The hybridization occurs between the rocking libration and the Rayleigh wave, 

Fig. 2(c).  Unlike H-Si(111), in which the motion of the hydrogen is adiabatic with 

respect to the underlying lattice [32], the rocking libration of the methyl group couples 

with the underlying lattice wave near the zone edges, inducing an observable deviation 

of the Rayleigh wave dispersion along KΓ .  To confirm the role of methyl librations in 

perturbing the RW energy and lineshape relative to the properties of H-Si(111), DFPT 

calculations were employed that simulated a “frozen” surface methyl group.  The methyl 

group was removed, with the surface silicon atom’s mass artificially modified to be the 

sum of a silicon atom and a methyl group, and the dispersion curves were obtained 

using the silicon force field obtained in the earlier calculations.  The actual CH3-Si(111) 

and CD3-Si(111) curves deviate from the frozen calculation curves near the same 

region of the SBZ, Fig. 3, although the exact location of the crossing of modes in the 

CD3 terminated surface was difficult to discern.  The curves obtained from the frozen 

calculations were in excellent accord with those of H-Si(111), with only a minor 
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decrease in frequency due to mass loading between the two methyl isotopes.  At the K 

point, the frozen CD3-Si(111) curves exhibited a RW energy that was depressed by less 

than 1 meV with respect to CH3-Si(111), which is to the same degree as the depression 

observed in the actual curves, so the treatment of mass loading is appropriate.   

These results indicate that the mass loading effect and changes to the local force 

field induced by the C-Si dipole are not responsible for deviations in the RW energy and 

lineshape for the methyl-terminated surfaces with respect to H-Si(111).  Rather, the 

hybridization of the lattice waves with the organic adlayer rocking libration is responsible 

for the increased energy at the K  point and for the non-sinusoidal dispersion relation of 

the RW.  This behavior is in contrast to similar experiments and calculations performed 

for  As:Si(111)-(1x1), in which the heavier mass substitution of arsenic was the primary 

contributor to changes in the surface wave energies  [26].   

These HAS and DFPT studies of alkyl-terminated Si(111) have demonstrated the 

importance of adlayer librations in determining the overall vibrational band structure of 

surface waves, and show the power of combining these techniques for examining the 

vibrational characteristics of a hybrid organic-semiconductor interface.  In the case of 

silicon, alkyl termination has been a successful strategy for tailoring interfacial 

properties.  We have shown that the consequence of such functionalization is the 

perturbation of the interfacial phonons due to coupling between adlayer and lattice 

vibrations.  These results have revealed new aspects of interfacial vibrational dynamics 

for organic-functionalized semiconductor interfaces. 
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Figure Captions 

FIG. 1.  A schematic of the methyl-terminated Si(111) surface, with the real space unit 

cell highlighted, showing the crystallographic orientations of the reciprocal lattice MΓ , 

011 , and KΓ , 112 , (a).  Diffraction spectra for both of these orientations are 

overlaid along with an inset displaying the reciprocal space unit cell, (b).  An overlay of 

TOF spectra from the CH3-Si(111) surface at TS = 150 K along KΓ , (c).  The arrows 

indicate single-phonon creation peaks, and the inset displays scan curves for each 

spectrum (colors).  The black points indicate the energy and momentum transfers for 

the observed inelastic peaks, and the gray lines are the Rayleigh wave dispersion 

curves.  Figure 1(d) is the corresponding energy transfer spectra of the TOF data from 

(c), with inelastic peaks indicated by black arrows.  Spectra are offset for clarity. 

FIG. 2.  HAS single phonon data overlaid on the dispersion curves (black lines) 

obtained from DFPT calculations for (a) CH3-Si(111) and (b) CD3-Si(111).  Multiple 

phonon scattering events are not shown here for improved clarity.  The total sagittal 

displacement of the terminal CH3 and CD3 groups is presented in the color scale.  The 

single phonon HAS data coincide with modes that contain significant sagittal 

displacements.  Schematics of the displacement patterns for the rocking libration, the 

hindered rotation, and the RW are presented, with arrows proportional to the real 

components of the mode eigenvectors, (c). 
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FIG. 3.  Overlay of the actual curves with the “frozen” calculations for CH3-, (a), and 

CD3-Si(111), (b).  Fig 3(c) overlays the frozen curves with those obtained from H-

Si(111) calculations.   

FIG. 1. 
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FIG. 2. 
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FIG. 3. 

 

 


