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ABSTRACT: On-surface solution phase chemical reactions, which are inherently amenable to scale-up, provide a pathway
towards overcoming challenges present in gas phase processes for ultradoping of Si, a process that introduces unprecedented
concentration of dopant. Ultradoping, which can only be achieved with a direct chemical bond between dopant and Si, funda-
mentally changes the electronic properties of Si, making it a promising next-generation electronic material. Traditional pro-
cesses for solvent-based chemical functionalization attach species to the Si surface through carbon or oxygen linkers, which
limits activated dopant density. This prevents solution phase chemistry from being useful for applications involving ultra-
doped Si. Recent work has focused on forming a direct on-surface Si-dopant bond to provide a scalable ultra-doping pathway.
In this work, we expand upon that goal by demonstrating that well-known homogeneous chemistries can be usefully applied
to surface reactions for ultradoping Si. By adapting a hydrosilane borylation reaction used to synthesize silyl boranes into a
surface chemistry reaction, we successfully incorporate 1.3e14 cm2 B using scalable on-surface solvent-based chemistry. This
density is high enough to produce the overlap of dopant wavefunctions required for achieving unprecedented conductivity in
Si. Using computational studies, performed with the assumption that catalyst interaction was negligible, we predict the reac-
tion straightforwardly occurs through a Si-B bond. However, with extensive experimental characterization including infrared
spectroscopy, x-ray photoelectron spectroscopy, and secondary ion mass spectroscopy we elucidate cross-reactivity between
the substrate, Bis(pinacolato)diboron and catalyst. The reaction complexity indicates that radical initiating catalysts are not

benign in surface chemistry systems.

INTRODUCTION

Miniaturization of feature sizes is a driving force in the sem-
iconductor industry and has been key in enabling small,
low-cost, high-powered computing devices. As feature sizes
shrink, new materials challenges are being broached to
achieve the benchmarks set by the International Roadmap
for Devices and Systems.! One promising method, called
atomic precision advanced manufacturing (APAM), utilizes
ultra-high vacuum (UHV) based chemistry to form direct sil-
icon (Si)-dopant bonds. This direct bond enables dopants to
be incorporated as an ultra-thin layer containing an unprec-
edented dopant concentration (ultra-doping) in Si (e.g.
phosphorus 2D density of 2e14 cm-2 and 3D density of 1e22
cm3).23 The electronic behavior of Si is fundamentally
changed by ultra-doping, as it causes the band structure of
the material to be determined by the electrons confined in
the dopant layer rather than by the properties of the parent
material. This behavior is believed to be due to overlapping
electronic structures of the confined dopants which allow
coherent electronic transport from dopant to dopant with-
out having to interact with the host material.* These prom-
ising UHV results have limited utility due to a lack of scala-
bility.35 Solution phase procedures, which are inherently
amenable to scale-up, provide a pathway to scalable ultra-
doping, however the current chemistries are limited by
methods that require a high temperature anneal for dopant
activation, restricting their incorporation into traditional
semiconductor fabrication processes. In this work, we

addressed this limitation by adapting a well-known homog-
enous synthetic chemistry hydrosilane borylation reaction,
into an on-surface chemical reaction to provide a route for
directly functionalizing Si(100) with dopant containing spe-
cies.

Literature reviews®8 concisely summarize the wet chemical
pathways previously used to achieve doping. Self-assem-
bled monolayers (SAMs) as a standalone material have a
high degree of versatility and inherent patternability that
make them a promising material for engineering future de-
vices.?1% Molecular monolayer doping (MLD), uses dopant
containing SAMs to produce ultra-shallow (<5 nm) doping
of B (concentration 101°- 102° atom/cm3 ) in Si(100) via
solution phase chemistry.1%12 In MLD, dopant containing
monolayers are chemically attached to an H-Si(100) sub-
strate via a Si-C or Si-O bond, followed by a requisite high
temperature anneal (~1000 °C) to decompose the precur-
sor molecules, drive the dopant into the underlying Si(100)
and activate it. Updates to the MLD capping process include
using alternatives to caps, such as silsesquioxanes, 13 spin-
on-glass, * and a sacrificial SAM coated substrate.'>1¢ MLD
has also been explored for other resists such as oxides,
which helps minimize contamination from non-dopant spe-
cies.17-2t While solution phase processing allows for scala-
bility, the high temperature anneal required for dopant in-
corporation limits the utility of wet chemistry methods as it
limits dopant concentration to its solid solubility in Si and



places restrictions on incorporating ultra-doping into tradi-
tional semiconductor fabrication processes.

To obtain scalable routes to the transformational Si elec-
tronic behavior seen in APAM, we need solution phase
chemistry processes that work without an anneal, namely
processes involving direct Si-dopant chemistries. Recent
work has focused on forming a direct Si-dopant bond by re-
acting boron trichloride with hydrogen and chloride termi-
nated Si(100).22 In this paper, we expand upon that work
with a proof-of-principle demonstration showing that well-
known homogeneous chemistries can be usefully applied to
surface reactions for ultradoping Si. To do this, we adapted
a solution phase hydrosilane borylation reaction?? that uti-
lizes iridium as a radical initiating catalyst to form silyl-
boranes from alkyl functionalized monohydrosilanes and
bis(pinacolato)diboron (BzPinz) (Figure 1). As this homoge-
neous reaction works with sterically hindered Si species, we
hypothesized this would work in surface reactions which
inherently have steric restrictions. Additionally, the pinacol
ligand was expected to help circumvent the well-known in-
stability of the Si-B bond to ambient moisture.2* Since met-
als are undesirable for electronic applications, we substi-
tuted the Ir with the organic radical initiating catalyst azo-
bisisobutyronitrile (AIBN). We show that this process yields
a high concentration of incorporated B, though the radical
initializing catalyst is not benign. This enables us to estab-
lish initial rules for successful choice of precursors and cat-
alysts in on surface hydrosilane borylation reactions.
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FIGURE 1 Proposed reaction of B2Pinz with H-Si using the radi-
cal initiating catalyst, AIBN. We adapted this on-surface reac-
tion from a traditional solvothermal hydrosilane borylation re-
action, which demonstrated Si-B formation using Iridium as a
radical initiating catalyst.23

RESULTS AND DISCUSSION

The chemical reaction we used in this work is based on a
solution phase homogenous hydrosilane borylation reac-
tion. To adapt to an on-surface reaction, we performed the
setup in an Ar glovebox using high purity precursors Bis(pi-
nacolato)diboron (BzPinz, Sigma Aldrich, 99%) and Azobi-
sisobutyronitrile (AIBN, Sigma Aldrich, 99%), and

anhydrous benzene. The reaction was run at 140°C over-
night in an Ar environment, followed by sonication in anhy-
drous benzene (also performed under Ar). The latter was
done as a cleaning step to remove all physisorbed species as
evidenced by lack of any visible residue on the surface. We
characterized the surface post-reaction using a combination
of computation, x-ray photoelectron spectroscopy (XPS),
secondary ion mass spectroscopy (SIMS), and infrared spec-
troscopy (IR). A detailed description of the synthesis and
characterization can be found in the SI.

We confirmed the successful attachment of BzPin: to the
surface using SIMS (Figure 2). In order to demonstrate that
we successfully surpassed the B concentration needed to
enable the transformational Si behavior, we compared SIMS
values to well-quantified values of the dopant concentra-
tions needed for wave function overlap. The SIMS B density
was 1e20 cm3 and the integrated B sheet density was
1.3e14 cm2. These densities are indicative of a very strong
overlap of the wavefunctions on adjacent dopants, a re-
quirement to see the unusual electronic properties of ultra-
doping. Assuming a full monolayer coverage of B corre-
sponds to a surface site density of 7.3e14 cm?, our results
corresponded to ~18% monolayer coverage of B.
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FIGURE 2 SIMS B data post B2Pinz reaction showed the on-sur-
face hydrosilane borylation reaction deposited 1.2e20 cm-3 of
B at the interface (~50 nm depth). The top ~50 nm were a Si
epi cap deposited after the on-surface reaction. The width of
the trailing edge of the profile is a well-known measurement
artifact from the sputtering of light species in silicon, and the
density of atoms is expected to occur in a thin sheet. The corre-
sponding integrated B sheet density was 1.3e14 cm-2.

Having successfully confirmed we attached a technologi-
cally useful amount of B to the surface, we set about eluci-
dating whether we had achieved a direct Si-dopant bond us-
ing a combination of computational and experimental stud-
ies. Density functional theory (DFT) calculations predicted
the reaction should proceed as desired, with the B2Pin: re-
acting with the Si substrate, and bonding preferentially
through the B species. A detailed description of the compu-
tational methods is available in the SI. As a starting point for
calculations, we assumed the catalyst strips the hydrogen
resist from the silicon. We also assumed the catalyst gener-
ated a BPin fragment, with an exposed boron radical react-
ing with the bare silicon substrate. We then calculated the
adsorption energies of binding the BPin fragment to the
bare Si through the oxygen species and through the boron



species and compared the two values to determine if there
was a preference. To minimize the computational complex-
ity of our problem we investigate a truncated BPin frag-
ment, where the boron-oxygen-carbon ring remains intact,
but the outlying methyl groups are instead truncated with
hydrogen. Since the focus of our investigation is on deter-
mining the most likely bonding route for a Bpin fragment
through either boron or oxygen, this truncation is highly un-
likely to affect the result.

The computational results indicated that Bpin fragments
are favored to bond directly to the silicon via the boron
atom, as shown in Fig. 3. We predicted an adsorption energy
of -3.61 eV for the Bpin fragment adsorbing through the bo-
ron atom and an adsorption energy of -1.16 eV for the Bpin
fragment adsorbing by bonding through one of the oxygen
atoms in the surrounding ring. While adsorption is thermo-
dynamically favorable through either route, the boron route
isnearly 2.5 eV more thermodynamically favorable, provid-
ing a strong driving force for Bpin to directly bond to Si
through boron. We found no kinetic reaction barrier to the
direct adsorption of either of these configurations. It should
be noted that our calculations were performed in vacuum
and do not include any interaction with the solution or cat-
alyst. While the computational system does not fully reflect
experimental conditions, the effects of these interactions
are often assumed to be negligible. With the assumption
that the catalyst and solution do not play a significant role
in the evolution of the system, the computation strongly in-
dicated that Bzpin: directly through boron as desired.

(a) (b)
lo) \ (o]
Ner” /
o_—-—-—‘
E,=-3.61eV E,=-1.16 eV

FIGURE 3 A side view of the calculated configurations for the
truncated Bpin fragment bonding to the silicon surface through
(a) boron and (b) oxygen. While adsorption is thermodynami-
cally favorable through either route, the boron bonded BPin is
nearly 2.5 eV more thermodynamically favorable, providing a
strong driving force for Bpin to bond to Si through boron.

Having computationally predicted that the reaction would
proceed with an Si-B bond, we turned to a combination of
XPS and IR to determine if we succeeded in experimentally
achieving a direct Si-B attachment. The XPS data of the sam-
ple exhibited a peak in the B 1s region at 192.5 eV, which
matched published data for B-O species. 3233 The XPS B 1s
region did not elucidate the B attachment, since regardless
of surface attachment (Si-B-0 or Si-O-B), the B is attached to
an O species.3* We also used the B region to assess if the
pinacol group enhanced the stability of the B. After 8 days
in ambient storage, B-O was no longer visible, indicating the

pinacol group did not significantly stabilize the B (See SI Fig-
ure 1). To further investigate the B attachment, we analyzed
the Si 2p regions of both the sample and control (Figure 4).
We performed an additional calibration to align the Si 2p3,2
peaks to the same value (99.02 eV). Both Si 2p regions show
a single higher energy peak, at 102.55 eV in the control and
102.39 eV in the B2Pin2 sample. In the control, where no B
is expected, this higher energy peak was unambiguously as-
signed to the SiO: species. In the sample, we could not con-
fidently assign the 102.39 eV. On the one hand, this could be
interpreted as an Si-B bond. The peak matched known Si-B
bond values of ~102 eV,3* and the -0.16 eV shift of the peak
relative to the control could be attributed to the lower elec-
tronegativity of B relative to 0. Additionally, the higher % Si
2p area of this peak in the sample(16.4%) versus the control
(14.1%), suggested that the sample peakis a combination of
SiO2 and Si-B species. On the other hand, this small shift
could also be attributed to differences in chemistry of neigh-
boring species?®, in other words, the presence of other spe-
cies on the surface from introducing the B2Pinz could have
affected the oxide position. Due to the similarity in position
of the peaks in the control and sample, we could not confi-
dently assign the 102.39 eV peak in the sample. Since XPS
did not provide conclusive experimental evidence of the
bonding configuration for the reaction, we turned to IR to
see if we could get further information about the surface
chemistry.
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FIGURE 4 TOP: XPS data of the B 1s region in the sample
(B2Pin2 /AIBN) and control (AIBN only). In the B 1s region,
only B2Pinz showed a B-O peak. BOTTOM: XPS data of the Si 2p
regions of the sample and control. Both displayed a broad peak
between 102 - 104 eV. Due to the similarity in Si-B and SiO2
BEs, we could not confidentially assign the sample peak.

The IR fingerprint region suggested that the B2Pin: did not
bind through O, substantiating the computational results.



However, the lack of an Si-B peak left us without conclusive
evidence of a Si-B bond. Using DFT, we predicted the IR
spectra for B2Pinz, B:Pinz-O-SiHs and B:Pin:-SiHs. The
agreement of the computed BzPinz spectrum (See SI figure
2) with the published spectrum,3¢ validated the computa-
tional methods. A detailed description of the computational
method is available in the SI. By comparing the spectra with
each other and known literature values, we identified char-
acteristic peaks for B-Si from the B2Pin2-SiH3z and B-O-Si
from the B2Pin2-0-SiH2 calculation which assumes adventi-
tious oxygen either from air or moisture and provides a B-O
peak distinctive from the B-O-C in the BzPinz. and B-Si from
the BzPinz-SiH3 (Figure 5).37-3

We used the calculated peaks to analyze the experimental
differential IR absorbance spectra (Figure 5) of a Si-H sur-
face, a control (H-Si heated with solvent/AIBN), and a
B2Pin2 sample. The B-O peak at 1482 cm was not seen,
which strongly suggested the B:Pin: was not binding
through a B-O species. The fingerprint regions of all the
samples below 1400 cm! look identical, displaying only the
Si phonon peaks. The lack of an Si-B species at 1249 cm,
could not be taken as conclusive evidence that there was not
an Si-B bond due to significant overlap with strong Si pho-
nons in that region. The main difference between the spec-
tra was a 1448 cm! peak seen only in the AIBN spectrum,
attributed to a CH: species from AIBN.38 The diminishment
of this peak in the BzPinz spectrum indicated the B2Pin. re-
acted with surface species.
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FIGURE 5 Top: Computational spectra of Bz2Pin2-0-SiHz and
B2Pin2-SiHs, which respectively provided a distinguishing B-O
peak (1482 cm-1) and B-Si peak (1249 cm-1). Bottom: IR spectra
of H-Si(100) (referenced to Si(100)), AIBN control (referenced

to H-Si(100)), and Bzpinz sample (referenced to H-Si(100)).
The flip in Si phonon absorbances in the B2Pinz spectrum was
attributed to thermal fluctuations from the glovebox purge.
The lack of a B-O peak suggested B2Pinz was not bound through
a B-0-Si bond. The calculated B-Si peak was not observed but
was potentially complicated by overlap with Si phonons.

We used SIMS, XPS and IR to obtain further insight into the
catalyst involvement. Both SIMS and XPS showed a signifi-
cant presence of C, O and N on the surface (Figure 6). While
we expected C and O from B2Pinz, the observed ratios in
SIMS for C:B and 0:B were ~30:1, which was higher than
expected ratios for B2Pinz of 6:1 for C:B and 2:1 for O:B. In
XPS, the N1s region of the substrate after Bz2Pinz reaction
(Figure 6) had three distinct peaks at 402.6 eV, 400.4 eV,
and 397.9 eV; corresponding to the C=N, N-(C=0) and N-Si
species respectively. The C=0 was further confirmed in the
Cls region. The presence of N-C and N-C-O species ex-
plained the unexpectedly high concentration of C and 0. As
the AIBN catalyst was the only potential N source, this data
confirmed the catalyst was not benign, and indicated AIBN
reacted with the surface (Si-N species) as well as decom-
posed into species that underwent further oxidation (N-C=0
species).
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FIGURE 6 Top: SIMS of the sample post B2Pinz reaction had sig-
nificant C, O and N. Bottom Left: N 1s XPS indicated AIBN bound
to the surface (Si-N) and further reacted (N-C=0). Bottom
Right: C 1s XPS further confirmed the C-O seen in the N-C=0.

IR substantiated the conclusion that AIBN reacted with the
surface and further demonstrated that the AIBN reacted
with the B2Pin: (Figure 7). After exposing an Si-H substrate
to BzPinz or AIBN, the only difference in the spectra was a
peak at ~2260 cmin the AIBN only spectrum, correspond-
ing to C=N. This indicated that in the presence of B2Pinz the
C=N group further oxidized into additional C=0 species. As
the AIBN and B:Pinz systems had similar levels of adventi-
tious O exposure, the only potential source of additional ox-
ygen was the BzPing, thereby indicating the decomposition
products of AIBN directly reacted with BzPin..
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FIGURE 7 IR spectra of H-Si(100) (referenced to Si(100)), AIBN
control (referenced to H-Si(100)), and Bzpinz sample (refer-
enced to H-Si(100)). The IR data substantiated the AIBN cross-
reacted with B2Pinz and the H-Si(100) substrate.

From the consilience of SIMS, IR and XPS characterization,
we determined that the bonding is more complicated than a
straightforward singular Si-B bond and the catalyst actively
reacted with both the surface and B2Pinz. This is important
as radical initiating catalysts are known to most commonly
proceed through decomposition reaction mechanisms,*°
but common surface chemistry catalysts containing only C
and O species, such as benzoyl peroxide, can be difficult to
differentiate from solvent and precursor species using tra-
ditional characterization methods. The complexity intro-
duced by cross-reactivity with AIBN resulted in an ensem-
ble of chemistries and binding modes on the Si surface.

CONCLUSION

We successfully reacted B2Pin; with a Si(100) surface using
AIBN as a radical initiating catalyst. Using SIMS, we deter-
mined we achieved 1.3e14 cm of B, comfortably in the
range needed to fundamentally change the electronic be-
havior of Si. The presence of B confirms that the B2Pinz re-
acted with the underlying Si. Computational results, per-
formed with the common assumption that the catalyst and
solution interactions are negligible, predicted the bonding
would occur directly through a Si-B bond. However, by us-
ing multiple characterization techniques of SIMS, IR and
XPS, we determined that the bonding is more complicated
than a Si-B bond alone. The presence of N and C=0 con-
firmed the active participation of the AIBN as a reactant
with both the surface and B2Pinz. The cross-reactivity of the
catalyst led to a complicated surface chemistry resulting in
an ensemble of binding modes.

Overall, while we demonstrated a method of attaching B to
the surface, it is unclear if the adventitious chemistry will
ultimately hinder electrical investigation. However, the high
concentration of B is a proof-of-principle demonstration
that solution phase on-surface chemistry can provide a scal-
able route towards the transformational Si behavior cur-
rently achieved using processes limited by ultra-high vac-
uum requirements. This opens up a pathway for using on-
surface solution-based chemistry as a process for introduc-
ing dopants in future electronic devices. Our results demon-
strate the continued need for synthetic chemists to adapt
their knowledge of existing chemical processes in on-sur-
face reactions. We will be investigating other chemical pre-
cursors and alternative catalysts, such as light and

sonochemical activation, to achieve this goal and to estab-
lish further understanding of what chemistries we incur
from these solution processes.
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