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ABSTRACT: Traditional approaches to achieving dopant functionalized Si
involve grafting the dopant to the Si substrates through O−Si or C−Si
bonds, resulting in indirect attachment of the dopant to the Si. Recently,
ultrahigh vacuum work has demonstrated that high densities of direct B−Si
bonds enable unprecedented electronic behaviors in Si that make it possible
for Si to be used as a next-generation electronic material. As solvothermal
approaches are inherently amenable to scale-up, there is currently a push to
develop solvothermal approaches for the formation of direct dopant-Si
bonds. Thus far, B−Si chemistries for next-generation electronic materials
have been demonstrated with boron trichloride and bis(pinacolatodiboron).
In this work, we use a combination of experimental work and computational
studies to examine the reactivity of a phenyl derivatized boron trichloride,
namely dichlorophenylborane, with H−Si(100). We determine that despite
the stability and ease for the formation of C−Si bonds, the organic component, the phenyl group remains attached to the B and does
not yield competitive formation of products via a Si−C bond. This reaction proved a new solvothermal method for the formation of
direct B−Si bonds that, with further work, can be leveraged in developing next-generation electronic materials.

■ INTRODUCTION

Developing solvothermal ways of directly attaching dopant-
containing molecules to Si has recently garnered attention as a
potentially scalable method for the development of heavily
doped electronic devices. While attachment of dopants
through tethering linkers, such as C or O species, has been
well-developed, solvothermal chemistries that form a direct B−
Si bond have only recently been an area of research. The
interest in developing direct B−Si chemistries was motivated
by the discovery using atomically precise advanced manufac-
turing (APAM) work that high densities of direct dopant-Si
bonds enable unprecedented electronic behavior of Si.1−5 Due
to the promising potential of forming direct dopant-Si bonds,
recent work has focused on expanding the process from
ultrahigh vacuum scanning tunneling microscopy method into
solvothermal processes that are more amenable to scale-up.
Unlike traditional solvothermal work, direct B−Si chemistries
for next-generation electronic materials do not require
monolayer formation. In fact, the formation of a full monolayer
would likely have deleterious electronic effects, as large, paired
clusters of boron have been found to be electrically inactive.6,7

Recent solvothermal chemistry work involving direct B−Si
bond formation includes the reaction of boron trichloride,
BCl3, with H−Si(100), and Cl−Si(100) to form a direct B−Si
bond.8 In this work, Silva-Quinones et al. demonstrated BCl3
can be used to attach B to both Cl-Si and H-Si surfaces. The
ability to react B by thermal energy alone led to a fairly clean
reaction system.9 Additionally, this work showed that temper-
ature can be leveraged to guide selectively, with temperatures

below 70 °C, leading to reactions with Cl-Si and not H-Si.8

This result provided a route toward future work leveraging this
selective chemistry on patterned hydrogen/halogen surfaces.9

Other recent work focused on the reaction of bis-
(pinacolatodiboron), B2Pin2, with H−Si(100) provided the
proof-of-principle quantification that solvothermal chemistry
on wet-prepared Si(100) can obtain B concentrations on the
order of the levels achieved using UHV processes.10 While the
B2Pin2 results were promising, catalyst involvement compli-
cated the surface chemistry.
In this work, we report a new strategy for forming direct B−

Si bonds on technologically relevant Si(100) using PhBCl2 as
the doping molecule (Figure 1). The purpose of this work was
to investigate whether a phenyl substituted BCl3, specifically
dichlorophenylborane (PhBCl2), would behave similarly to
BCl3 and allow for direct attachment of the B to the Si surface.
Given the stability and ease for the formation of C−Si bonds
and the BCl2’s potential to act as a leaving group, it was unclear
if this reaction would result in the organic component attached
to the surface via a Si−C bond or the desired direct B−Si
bonds. Using X-ray photoelectron spectroscopy (XPS) to
confirm the presence of B and density functional theory
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(DFT) to examine the energetics of potential configurations,
we demonstrate that PhBCl2 preferably reacts with H−Si(100)
through B−Si bonds. While this work does not provide
monolayer coverages, with further optimization of surface
coverage, the phenyl ring can potentially achieve patterning
akin to that achieved in self-assembled monolayers on Si.11,12

Overall, this work provides a new method to achieve direct
bonds between B and Si and is another tool in the set of
chemistries being developed for next-generation electronic
materials.

■ RESULTS AND DISCUSSION
XPS was used to confirm the success of the reaction (see
Figure 2). Comparing the Cl 2p region of the PhBCl2 sample
against the benzene-only sample revealed that the exposure to
PhBCl2 led to an obvious Cl 2p peak consisting of 2p3/2 and
2p1/2 components, which were not seen when only benzene
was present. This peak could be attributed to either Cl-B or Cl-
Si based on literature refs 20−22. In the B 1s region, both
samples displayed a Si plasmon peak. The PhBCl2 sample
displayed an additional small but statistically significant peak at
191.8 eV. As physisorbed species were removed by an
extensive cleaning procedure that involved copious rinsing
and sonication in benzene (described in the Experimental
Section), we are confident that the B 1s peak represents

chemisorption. Overall, the presence of Cl 2p and B 1s peaks
in XPS indicated the reaction was successful.
In an endeavor to improve the B coverage, we increased the

concentration of PhBCl2 from 2.6 to 4.4 M (1−1.5 mL), while
keeping the benzene volume constant at 2 mL. This resulted in
an increase in the amount of precursor attached to the surface,
as evidenced by a slight increase in signal of the B 1s and Cl 2p
regions (see Figure 3). The ratio of Cl/Si (normalized with Si
= 1) increased from 0.017:1 to 0.031:1 and the B/Si ratio
increased from 0.010:1 to 0.014:1 with the increase in
precursor concentration. The ratio of Cl/B was roughly 2:1,
matching computational results of likely chemisorption
configurations described later in this work. The increase in
coverage indicated that the reaction rate was in a
concentration-dependent regime, and the resulting coverages
are sub-monolayer. Further improvement of coverage could
likely be achieved by varying other parameters, such as
increasing the temperature, increasing the time, or using
sonication23,24 or light25 to activate the reaction on H−
Si(100).

Direct B−Si Bond: Combined XPS and Computational
Studies. While XPS data can confidently determine that the
reaction leads to B attached to the surface, determination of
the exact surface composition from XPS is limited by the
overlap of B with the Si plasmon peak and similarities in
binding energies of interest. While XPS results indirectly
suggested B−Si bond formation, due to the inherent
uncertainty of the characterization, we also performed
computation evaluation to further understand the Si surface
reaction of PhBCl2 and study the formation of a direct B−Si
bond.
The XPS BE of B of 191.8 eV obtained in this work could be

compared to the measured binding energy (BE) of B species,
as the BE is expected to shift to higher values with increasing
electronegativity of the substituents. As expected, the PhB(Cl)-
Si BE was higher than the BE of pure B (187 ± 0.5 ev)26,27 and
lower than BE of B-O species in other B−Si chemistries, such
as B2Pin2 on H-Si, where the B-O species in the molecule
appears at 194 ± 1 eV.10 This suggests that the B observed

Figure 1. Schematic of the reaction of dichlorophenylborane with H−
Si(100) in this work that enables (a) direct attachment between B and
Si and (b) has a phenyl group that can be further derivatized to enable
guided self-assembly.

Figure 2. XPS characterization of the reaction of H-Si with a PhBCl2/benzene solution and benzene only. (a) B 1s regions demonstrated that a
small amount of B was present when PhBCl2 was included in the reaction solution. (b) The Cl 2p region demonstrated that only the PhBCl2
exposed sample had Cl.
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post-reaction is not a B-O species. We could not do a direct
comparison as the literature data for B bound to Cl, Si, and a
phenyl ring in the same study was not available. We further
analyzed the Si 2p region to try to determine the attachment
(Figure 4). Confident confirmation of B−Si peak from the Si
region is difficult, as the B−Si occurs at a similar position to
O−Si.10,14 The peak on the PhBCl2-exposed sample occurs at
102.1 eV, which is slightly different from the 102.8 eV peak of
Si-O on the sample exposed to only benzene. The resolution is
not high enough to deconvolute the sample peak into B−Si
and O−Si, so the slight shift in the peak in the Si region does
not add additional support for the presence of a B−Si bond.
Additional support for a B−Si bond rather than a C−Si bond
was provided by the lack of a shoulder in the lower binding

energy region C 1s peak (C−Si should appear at ∼283 to 284
eV) (Figure 4). The lack of a C−Si peak provides experimental
evidence that the reaction is not happening through the phenyl
ring (with subsequent removal of BCl2) but rather directly
through a B bond. Overall, the correlation of the Cl 2p peak
with literature values for B-Cl, the position of the peak in the
B−Si region, and the lack of C−Si in the Si 2p region are
suggestive of B attachment.
To supplement the XPS data, we used density functional

theory (DFT) results to elucidate the exact bonding
mechanism of PhBCl2 in contact with Si(100). While we
initially used a clean dihydride-terminated Si(100) surface for
simulation, attempts at adsorption on this surface-induced
reconstruction to the monohydride-terminated Si(100)-2 × 1
surface, as can be seen in the supporting information. There is
also evidence for this reconstruction occurring from literature
experimental results on wet-chemically prepared Si(111)-H-1
× 1, which reconstructed to Si(111)-H-2 × 1 with desorption
of H,28 and this is generally consistent with prior calculations
looking at B2Pin2 on a Si(100) surface.10 The remainder of the
results were therefore reported on the monohydride-termi-
nated Si(100)-2 × 1 surface. While this is clearly an
approximation of the larger surface, it is representative of the
bonding trends for PhBCl2 in contact with Si(100).
PhBCl2 is not reactive in contact with a H-terminated Si

surface. As shown in Figure 5a, PhBCl2 physisorbs when placed
in direct contact with the H-terminated surface with an
adsorption energy of −0.03 eV. If no further reaction occurred,
this would result in no B attachment after cleaning the sample.
We thus explore the possibility of one of the Cl atoms from the
PhBCl2 pulling off a H from the Si resist and detaching to form
HCl, leaving a dangling bond on the Si surface at which the
remaining PhBCl could easily adsorb, as shown in Figure 5b.
This configuration is unstable, however, with an adsorption
energy of +0.94 eV. Thus, even at elevated temperatures, it is
unlikely that PhBCl2 will strip the H resist from a Si surface.
Therefore, we expect that PhBCl2 interaction with the surface
will be limited to areas where the H has already been removed.
It is well known that small amounts of defects are present, even
on UHV prepared surfaces which produce more pristine
surfaces than the wet-chemically prepared H−Si(100) surfaces

Figure 3. XPS characterization of samples exposed to 2.6 and 4.4 M
PhBCl2 in benzene. (a) XPS of the Cl 2p regions showed a slight
increase in the Cl intensity with an increased precursor concentration.
(b) XPS of the B 1s region showed a slight increase in the B intensity
with an increased precursor concentration.

Figure 4. (a) XPS spectra of the Si 2p region of H−Si(100) exposed
to PhBCl2/benzene versus H−Si(100) exposed to only benzene. With
only benzene exposure, this peak ∼102 to 104 eV is attributed to SiOx
species. With exposure to PhBCl2, this peak shows a slight shift to a
lower BE and a lower intensity, suggesting this peak contains B−Si
rather than SiOx species. (b) The XPS C 1s region of the sample
lacked a peak between 283 and 284 eV, where C−Si would appear.
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prepared in this study.13,29−35 In addition to bare Si from
defect sites, thermal energy over a long period in solution is
also sufficient to remove hydrogen from a silicon surface, as
evidenced by hydrosilylation reactions that proceed on bare Si
sites introduced on H-Si via thermal energy.25,34,36,37 A
combination of defects and thermal energy likely provides
the bare Si sites that allow for the PhBCl2 reaction.
We examined three possibilities for the reaction of PhBCl2

with a bare Si site. Placing the PhBCl2 molecule directly on the
silicon surface led to weak physisorption (Figure 6a). Next

(Figure 6b), we examined a Cl breaking off and directly
bonding to a neighboring Si atom, allowing the remaining
PhBCl to directly attach to Si through the B atom. Finally
(Figure 6c), we examined the energy for a phenyl group
detaching to the neighboring Si atom and BCl2 directly
attaching to Si through the B. Both configurations are
favorable, with the Cl removal from PhBCl2 being the more
favored option with an adsorption energy of −1.60 eV,
compared to an adsorption energy of −1.21 eV for the phenyl
ring detaching from the molecule. Both reactions are found to

be barrierless, i.e., a PhBCl2 molecule floating above a bare
silicon surface will dissociate into either configuration
spontaneously. Although both pathways are energetically
favorable, given the 0.4 eV difference in adsorption energy, a
single Cl atom coming off PhBCl2 will be almost entirely
dominant. If we assume a Boltzmann distribution of outcomes,
t h e r a t i o o f p o t e n t i a l s f o r e a c h i s

= = ×−( )exp 6 10
p

p
E E

kT
16Cl

Ph

Ph Cl , heavily favoring the chlorine

atom leaving. Therefore, the most favorable configuration for
PhBCl2 dissociation leaves a phenyl ring directly attached to
the boron atom.
From this information, we propose a pathway to explain the

reaction mechanism. First, the PhBCl2 was exposed to a H-
terminated Si surface and did not largely react at H-terminated
sites, at best physisorbing. However, bare Si sites present from
thermally induced H-abstraction as well as defects that are
always present from surface preparation presented open sites
for the reaction. The concentration dependence observed in
the experimental data suggests that the open sites are not the
limiting “reactant” and implies that open sites are being
continually generated throughout the thermal reaction. At
these open sites, the PhBCl2 spontaneously dissociated on the
silicon surface, forming a direct Si-B bond with the phenyl
group still directly attached to the boron.
The work reported here demonstrates that PhBCl2 can react

directly with the Si surface, which is a first step toward
developing methods for building more advanced architectures
on the surface with solvothermal chemistry. Previous research
in the development of organic electronics, where organics are
bound to Si through C−Si bonds or O−Si bonds, has already
demonstrated that lateral control of molecular spacing can be
achieved by varying substituent properties, with larger
substituents leading to increased spacing between neighboring
molecules.6,11,12 Future work improving the coverage of
PhBCl2 and incorporating bulkier substituents on the phenyl
ring may allow for control over dopant spacing using bottom-
up self-assembly. This level of spacing may be useful to avoid
boron atoms incorporating into silicon as dimers, which are
believed to be electrically inactive.7,38 Additionally, it may
enable control over ordering of dopant for tuning the
electronic behavior of the materials.39 Despite the coverage
limitation in this work, the achievement of a direct B−Si bond
using a molecule with a substituent that has previously been
leveraged for bottom-up patterning is a first step toward
processes for control over dopant placement using solvother-
mal chemistry.

■ CONCLUSIONS
Using a combination of experimental and computational work,
we have successfully demonstrated that PhBCl2 can be
attached to Si(100) via a direct B−Si bond. XPS results
demonstrate the successful attachment of B to the surface.
DFT calculations demonstrate that the most favorable
configuration for PhBCl2 dissociation results in a direct B−Si
bond, with a phenyl ring directly attached to the boron atom at
the terminating end of the molecule. While other config-
urations are energetically favorable, Boltzmann statistics
indicate the phenyl ring remaining directly attached to the
boron will be extremely dominant. This reaction establishes
the proof-of-principle that B-phenyl molecules will react with
H−Si(100) to produce B−Si(100) and enables next step
reactions with functionalized phenyl ring to allow for control

Figure 5. Calculated equilibrium positions for PhBCl2 (a)
physisorbing on a hydrogen resist and (b) pulling off a hydrogen
atom to form HCl and allowing the remaining PhBCl to directly bond
to the silicon surface. This formation of HCl is highly unfavorable,
making it unlikely that PhBCl2 will strip a hydrogen resist from silicon
on its own.

Figure 6. The calculated equilibrium positions for PhBCl2 on a bare
Si surface. (a) PhBCl2 directly approaching the surface resulting in
weak physisorption. (b) A Cl atom moved off the molecule, bonding
to the Si atom on the opposite end of the dimer, allowing the
remaining PhBCl to bond to the Si through B. (c) A Phenyl ring
broke off and bound to a nearby Si atom, allowing the remaining BCl2
to bond to the Si through B. Both dissociation configurations were
favorable and did not require overcoming a kinetic barrier. The 0.4 eV
difference in favor of (b) ensured that (b) was the heavily dominant
configuration.
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over B placement by directing the spacing of the parent
molecule via phenyl substituents. While this work focuses on B,
it is likely that this concept would similarly be applicable for
other acceptors and donors.

■ EXPERIMENTAL SECTION
Surface Preparation. Experiments were run using 1 cm ×

1 cm intrinsic Si(100) covered in 3 nm of thermal oxide.
Substrates were prepared using an RCA clean with a buffered
oxide etch (BOE) step, followed by thermal oxidation,
resulting in a pristine, buried interface. The samples were
immersed for 3 min in 5:1 BOE (J.T. Baker, microelectronics
grade), followed by a quick (5−10 s) dip into 17+ MΩ water
to remove the oxide. H-termination was achieved with a 3 min
dip in 40% ammonium fluoride (aq) (J.T. Baker, micro-
electronics grade) using the Hines method13 to prevent bubble
formation by pulling the sample through the interface every 15
s. Samples were subjected to a final rinse in 17+ MΩ water;
they were dried with N2 gun and immediately used for
chemical functionalization.
B−Si Reaction. PhBCl2 (97%) and benzene, C6H6

(anhydrous, 99.8%), were used as purchased from Sigma-
Aldrich (USA). The H-terminated Si(100) substrates were
introduced into a N2-filled glovebox and placed into individual
15 mL glass pressure vessels prefilled with a solution composed
of 2 mL of benzene and 0−1.5 mL of PhBCl2, as described in
the Results section. Controls were run with only C6H6. The
pressure vessels were sealed, removed from the glovebox, and
heated in an oil bath at 120 °C overnight (∼18 h). The
pressure vessels were removed from the oil bath and returned
to the glovebox for sample work-up. The samples were rinsed
with ∼1 mL C6H6 and then placed in 20 mL scintillation vials
filled with 2 mL of C6H6. The vials were capped and sealed
with Teflon tape and parafilm before being removed from the
glovebox for sonication, thereby maintaining the N2 atmos-
phere during sonication. After sonication, the samples were
returned to the glovebox, rinsed 3× with ∼1 mL C6H6, and
dried by blowing N2 from the glovebox environment over the
samples with a pipette. The samples that reacted with PhBCl2
were noticeably harder to dry, i.e., they retained more C6H6
than samples exposed to only benzene. This indicated that
exposure to PhBCl2 led to functionalization, while the
benzene-exposed samples were not. As functionalization
involved depositing a phenyl group, it was consistent that
reacting the samples with PhBCl2 increased the hydro-
phobicity.
X-ray Photoelectron Spectroscopy (XPS). To minimize

the exposure to ambient conditions, samples were sealed in the
glovebox for transport and briefly exposed during transfer to
the N2 filled load lock. A Kratos Ultra DLD spectrometer with
a monochromatic Al Kα source was used to obtain spectra. It
was operating with 200 mW power, a base pressure of ∼10−10
Torr throughout the analysis, and a grazing incidence angle of
60° from surface normal to increase surface sensitivity. Survey
scans were collected with a pass energy of 100 eV, and high-
resolution scans were collected with a pass energy of 20 eV.
Spectra were processed and analyzed using CasaXPS using the
Si 2p peak for calibration. Baseline subtraction and peak fits
were done using automated baseline and component fit
options in CasaXPS, with 2p regions fit with a Shirley
background and 1s regions with a Linear background.
Analyzed data was then exported and replotted in Origin.
The Si plasmon peaks were further smoothed with a Loess 0.05

fit. Peaks were referenced to the NIST XPS database unless
otherwise specified.14

Computational Details.We predict the adsorption energy
of each configuration with DFT using

= − −E E E Eads slab/molecule slab molecule

where Eads is the DFT calculated adsorption energy, Eslab/molecule
is the DFT energy of the slab with the molecule of interest
adsorbed, Eslab is the DFT energy of the silicon slab exposed to
vacuum, and Emolecule is the DFT energy of the molecule of
interest, PhBCl2, in vacuum. A negative adsorption energy
indicates that the configuration is thermodynamically favor-
able.
We performed all adsorption energy calculations on the 4×4

supercell of a seven-layer-thick silicon (100) slab with a 20 Å
vacuum region. On one side of the slab, silicon is exposed to a
hydrogen resist. On the other end of the slab, the dangling
bonds of the silicon are tied off with a selenium atom to
prevent spurious surface effects. Selenium was determined to
be optimal for completing the silicon bonds with minimal
strain effects. We independently measured the energy of the
PhBCl2 molecule in a 15 Å3 box. Molecules were allowed to
adsorb on the surface, and then the structure was relaxed until
forces converged below 50 meV/ Å.
All electronic structure calculations were performed using

the plane wave Quantum ESPRESSO software package.15 We
used norm-conserving pseudopotentials with Perdew−Burke−
Ernzerhof exchange correlation16 from the PseudoDojo
repository.17 We used a kinetic energy cutoff of the Kohn−
Sham orbitals and charge densities of 50 and 200 Ry,
respectively, with 0.0001 Ry of Marzari−Vanderbilt electronic
smearing.18 We used a 2 × 2 × 1 Monkhorst−Pack grid.19

Reaction barriers were calculated using the nudged elastic band
method, as implemented within Quantum ESPRESSO, with
seven images used for each reaction.
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