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ABSTRACT: Molecular monolayer doping (MLD) presents an alternative to
achieve doping of silicon in a nondestructive way and holds potential for
realizing ultrashallow junctions and doping of nonplanar surfaces. Here, we
report the mixing of dopant-containing alkenes with alkenes that lack this
functionality at various ratios to control the dopant concentration in the
resulting monolayer and concomitantly the dopant dose in the silicon substrate.
The mixed monolayers were grafted onto hydrogen-terminated silicon using
well-established hydrosilylation chemistry. Contact angle measurements, X-ray
photon spectroscopy (XPS) on the boron-containing monolayers, and Auger
electron spectroscopy on the phosphorus-containing monolayers show clear
trends as a function of the dopant-containing alkene concentration. Dynamic secondary-ion mass spectroscopy (D-SIMS) and
Van der Pauw resistance measurements on the in-diffused samples show an effective tuning of the doping concentration in
silicon.
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■ INTRODUCTION

Downscaling of electronic devices is driven by performance
improvement and cost reduction.1,2 For decades, the semi-
conductor industry has been shrinking electronic components
to keep up with Moore’s Law. Doping of silicon is one of the
key processes to tune its electrical properties by intentionally
incorporating foreign atoms into the crystal lattice.3 Conven-
tional doping relies on ion implantation, which involves
bombarding the material with high-energy, dopant-containing
ions.3 The advantage of this technique is its independent
control of doping concentration and junction depth or doping
profile.4 However, ion implantation suffers from various
drawbacks including damage to the crystal lattice during ion
bombardment and subsequent transient-enhanced diffusion of
the dopants caused by these defects.5 This limits the application
of this technique in making ultrashallow junctions,6 which are
used to suppress short channel effects merged with the
downscaling of transistors. Alternative approaches to doping
include solid-phase diffusion. However, this technique faces
limits at controlling the doping concentration, especially near
the surface. These drawbacks constitute a great challenge for
further downscaling silicon devices.
The recently developed molecular monolayer doping (MLD)

technique offers a promising alternative.7 This technique
utilizes hydrosilylation8−12 to covalently attach dopant-
containing molecules to hydrogen-terminated silicon. The
dopants are subsequently driven in by a high-temperature
annealing process. Compared to ion implantation, it is a milder
technique to introduce dopants into a material and thus avoids

crystal damage. Furthermore, this technique has the potential to
dope 3-D structures on nonplanar silicon surfaces, which are
more vulnerable to crystal damage.13 Using MLD, dopants can
be introduced into the material from the sidewalls, as well as
from the top on such surfaces. Furthermore, sub-5 nm
junctions have been demonstrated to date,14 making MLD
ideally suited for producing ultrashallow junctions. Localized
doping on silicon has been shown by combining MLD with
nanopatterning techniques such as nanoimprint lithography,
achieving doped dot or line patterns on silicon.15,16 While the
control of junction depth and localized doping have been
established with MLD, precise control of the amount of dopant
or doping dose remains challenging.
Currently achieved doping concentrations with MLD are on

the order of 1020 cm−3. On the other hand, in the
semiconductor industry the doping of silicon ranges from as
low as parts per billion level up to a few percent, which is in the
range of 1015−1021 cm−3. We believe that extending the doping
concentration of MLD to a broader range will greatly expand its
potential, especially in electronics and solar energy collection.
Here, we report a technique in which a monolayer, consisting
of a dopant-containing compound and the dopant-free 1-
undecene, is grafted onto the silicon surface. The 1-undecene
reacts with H−Si sites, hence reducing the ones available for the
dopant-containing molecule. This reduces the amount of
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dopant atoms available for incorporation in the silicon crystal
lattice during the annealing process. Although initial attempts
were pioneered by Javey et al.,7 the use of only two mixing
ratios (1:5 and 1:20) with boron doping prevented a clear
establishment of the validity of this method to reproducibly
control the doping dose. Here we present a detailed study on
the relation between the mixing ratio in solution, the monolayer
composition resulting on the surface, and the doping dose
inside the silicon upon thermal annealing for both boron and
phosphorus doping using X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES), dynamic secon-
dary-ion mass spectroscopy (D-SIMS), and Van der Pauw
measurements.

■ RESULTS AND DISCUSSION
Preparation of the samples is schematically shown in Scheme 1.
In MLD, we used allylboronic acid pinacol ester (ABAPE) and

diethyl vinylphosphonate (DVP) with olefin terminal groups as
the dopant source. Piranha cleaning and HF etching provides
the hydrogen-terminated silicon surface. Molecules were
grafted onto the surface by hydrosilylation using mixtures of
dopant-containing alkene and 1-undecene at various mixing
ratios from 100% (pure dopant compound) to 0.1%. A capping
layer of 50 nm SiO2 was deposited on top to prevent the
dopant atoms from being released to the ambient during the
subsequent annealing step. The surface junction was achieved
after high-temperature annealing at 1000 °C for 5 min, followed
by removal of the capping layer in 1% aqueous HF.
Following the hydrosilylation reaction, the substrates were

first characterized by water contact angle (CA) measurements.

The difference in wettability of the dopant-containing
molecules and 1-undecene and their ratio will cause different
CAs to be measured. The results are shown in Figure 1. ABAPE
(boron) and DVP (phosphorus) contain a more hydrophilic
headgroup compared to 1-undecene. The advancing/receding
CAs for the monolayers formed by neat ABAPE and DVP start
at low CA and increase when diluted with an increasing amount
of undecene. This increase of the CA is observed up to the
value of approximately 105/85, where it becomes constant with
an increasing amount of undecene. This value corresponds to
the reported value for alkene monolayers on silicon.17 The
plateau is reached for monolayers formed from mixed solutions
containing 30% ABAPE and 10% DVP as shown in Figure 1a
and 1b, respectively. At lower fractions of dopant adsorbate, the
CA is not sensitive anymore to changes in the composition.
This trend can be explained by Cassie’s law, which predicts the
CA on a composite surface, θc, based on the CAs on each of the
two components and fractions of the two components

θ θ θ= +f fcos cos cosc 1 1 2 2

where θ1 and θ2 are the CAs observed for the two components
separately. With this equation and the measured advancing/
receding CAs of neat ABAPE, DVP, and 1-undecene
monolayers of 77.6/54, 54.5/0, and 105/88, we calculated
the predicted CAs for both ABAPE and DVP mixed surface.
The calculated data are shown as dashed lines in Figure 1. The
measured CAs fit well with the calculated ones, which indicates
that the fraction of ABAPE and DVP in the mixed monolayers
with 1-undecene is in a good agreement with their amounts
present in the solutions. The slight overestimation of the CA of
the DVP mixed monolayers (Figure 1b) may indicate a small
preference for the binding of DVP relative to 1-undecene in this
case.
To get quantitative results on the composition of the mixed

monolayers, samples with ABAPE monolayers were inves-
tigated by X-ray photoelectron spectroscopy (XPS). The
measurements were performed at a 20° takeoff angle to
achieve a higher relative boron signal intensity. Figure 2a shows
a spectrum acquired on a full ABAPE monolayer. The boron
signal at 191.6 eV partially overlaps with the Si 2s plasmon
signal. The higher energy edge of the Si 2s plasmon was used as
tilted background (red line in Figure 2a) in the quantification.
Figure 2b shows the C 1s region in which the two peaks at
284.8 and 286.8 eV correspond to C−C and C−O bonding in
the molecules, respectively. The ratio of the two peak areas was
calculated to be 3.3, close to the theoretical 3.5 deducted from
the atomic ratio of ABAPE (C9H17O2B). Relative boron and
carbon fractions as well as the boron to carbon ratio were
calculated for the monolayers prepared at different fractions of
dopant adsorbate in solution (see Table 1). The measured
relative boron fraction decreases dramatically from 1.09% for
the monolayer prepared with the neat compound to about
0.01% for the monolayer prepared at 6% of ABAPE. The latter
approaches the detection limit of the instrument, and lower
amounts of boron could not be unambiguously detected. The
measured carbon fraction, on the other hand, increased as more
1-undecene was added into the monolayers. We note that from
the pure compound (100% ABAPE) a B/C ratio of 0.03 is
measured, which is lower than the theoretical 0.11 deducted
from the atomic ratio of ABAPE. This could be attributed to
unintended carbon contamination from the ambient. Given that
all samples were prepared and measured under the same
conditions, implying similar amounts of contamination, the

Scheme 1. Preparation Process of the Mixed Monolayer
Doping Samplesa

a(a) Wet etching of native SiO2 with dilute aqueous HF yields the H-
terminated silicon surface, (b) hydrosilylation grafts dopant as well as
diluting molecules onto the H-terminated Si surface, (c) SiO2 capping
layer is sputtered onto the modified surface, and (d) high-temperature
rapid annealing and removal of capping layer result in a surface
junction with dopants.
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variations over the series can nevertheless be determined
reliably.
Because of the overlap of the phosphorus P 2p signal with

the Si 2p plasmon peak, we were unable to establish the
amount of DVP on silicon by means of XPS. Alternatively,
Auger electron spectroscopy (AES) was performed on those
samples. A full AES spectrum of the 100% DVP sample is
shown in Figure 3a. Signals of phosphorus, carbon, oxygen, and
silicon can be detected in the full spectrum scan. Figure 3b
shows the quantification of the amount of phosphorus
measured on monolayers prepared at different fractions of
DVP. Two locations on each sample were measured. All
samples were measured under the same conditions, with the
same instrumental settings to make sure that the sample-to-
sample trend could be determined reliably. The measured
phosphorus concentration decreases from about 1.7% to about
0.5% as the DVP fraction varies from 100% to 10%. The
phosphorus signal leveled off at DVP fractions below 6%.

Overall, both the XPS (boron) and the AES (phosphorus) data
confirmed that mixing the dopant adsorbate with 1-undecene
provides mixed monolayers on the surfaces. We also tried to
measure ABAPE samples using AES; however, the instrument’s
detection limit for boron prevented us from drawing any firm
conclusion from the data. Even though both data do not give
well quantified results, the relative trends indicate a roughly
linear relationship between the fraction of dopant adsorbate
and its presence in the mixed monolayer in both dopant cases,
in agreement with the CA data presented above.
In order to diffuse the doping atoms into the underlying

silicon substrate, a SiO2 capping layer of 50 nm was sputtered
on top to prevent the monolayer to be disintegrated and
removed from the substrate during the rapid thermal annealing
step. The diffusivity of boron and phosphorus is considerably
higher in silicon than in silicon oxide.18,19 The samples were
annealed at 1000 °C for 5 min during which the molecules
forming the monolayer decompose and the formed elements
diffuse into the silicon.
To study the diffusion process, the capping layer was

removed and dynamic secondary ion mass spectroscopy (D-
SIMS) was used to measure the depth profiles of the diffused
elements (Figure 4a and 4b). The dopant profiles follow the
diffusion profile by Fick’s law. For boron-doped samples, the
dopants diffuse to a depth of about 125 nm for the pure
compound. The diffusion depth gradually decreases to 50 nm
for the 0.1% boron-containing adsorbate. The surface
concentration reaches 1.6 × 1019 cm−3 for the pure compound,
and this concentration decreases to 4.2 × 1018 cm−3 for the
0.1% diluted adsorbate. For phosphorus-doped samples, the
measured diffusion depth also varied from about 150 nm for
the pure compound to 50 nm for the 0.1% phosphorus-

Figure 1. Contact angle measurements of silicon substrates functionalized with mixed monolayers of allylboronic acid pinacol ester (ABAPE, a) or
diethyl vinylphosphonate (DVP, b) and 1-undecene as a function of the fraction of dopant adsorbate in solution. Advancing (■) and receding (▲)
contact angles are shown separately. Predicted CAs based on Cassie’s law are shown as dashed lines.

Figure 2. XPS spectrum at 20° takeoff angle of the B 1s (a) and C 1s
(b) regions for a full monolayer of ABAPE. Due to partial overlap with
the Si 2s plasmon peak, a tilted baseline (red) was used for
quantification. Two carbon peaks at 284.8 (green) and 286.8 eV (blue)
are attributed to C−C and C−O bonding, respectively.

Table 1. Relative Boron and Carbon Concentrations and
Boron to Carbon Ratio from XPS Measurements on Surfaces
Modified with Mixed Monolayers with ABAPE and 1-
Undecene

sample B [%] C [%] B/C

100% ABAPE 1.09 ± 0.17 34.05 0.0320 ± 0.0050
80% ABAPE 0.69 ± 0.32 40.75 0.0169 ± 0.0078
60% ABAPE 0.68 ± 0.13 47.71 0.0142 ± 0.0027
30% ABAPE 0.14 ± 0.12 45.73 0.0031 ± 0.0026
10% ABAPE 0.06 ± 0.12 51.53 0.0012 ± 0.0023
6% ABAPE 0.01 ± 0.01 51.07 0.0002 ± 0.0002

Figure 3. (a) Full differentiated AES spectrum on a pure DVP
monolayer sample. P, C, O, and Si can be identified from this
spectrum. (Inset) Zoomed in region of P. (b) Relative amount of P
plotted as a function of the DVP fraction in the mixture used to make
the monolayers. Two points were measured on each sample (■ and
◇).
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containing adsorbate. The surface concentration varied from
2.4 × 1019 to 2.2 × 1018 cm−3. These data effectively show that
mixing the dopant molecules with 1-undecene can tune the
doping concentration. Lower concentrations can be achieved by
further diluting the adsorbate in the hydrosilylation process.
The areal doses of dopant per cm−2 were calculated by
integrating the concentration over depth as shown in Figure 4c
and 4d. For both the boron- and the phosphorus-doped cases
the total dose was reduced by a factor between 2 and 3 as the
mixing ratio decreased by 1 order of magnitude. This result
deviates from the fractions in the monolayer prior to diffusion
of the dopant atom into silicon and the contact angle
measurements done before on the monolayers. We observed
that at lower concentrations within the monolayer the dopants
are more efficiently diffused. Multiple reasons can contribute to
this behavior as the diffusion of the atoms from the monolayer
into the silicon is a complex process and depends on the
decomposition kinetics of the molecules, solubility, and
diffusivity of the specific elements in Si and SiO2 and the
related interfacial effects. Although the diffusivity of the dopants
in Si is considerably higher than their diffusivity in SiO2 it still
remains unclear how much of the dopants is lost in the capping
layer. Even though the diffusion process is nonlinear, our data
show that the doping dose can be tuned in a controlled manner
over an order of magnitude by changing the ratio between
dopant adsorbate and 1-undecene for both P and B doping
(Figure 4c and 4d).
Since the doping utilizes organic precursors, incorporation of

carbon is potentially problematic in this process. The boron-
and phosphorus-containing molecules have nine and six carbon
atoms in their structures, while the undecene molecule has 11.
The total amount of carbon could therefore be expected to be
an order of magnitude higher than the dopant. We attempted
to measure the carbon profile using SIMS. Due to the presence
of atmospheric carbon residues that cannot be removed
completely, the detection limit of carbon is restricted by a

background level of about 1 × 1018 cm−3. Consequently, we
were unable to measure reliably the carbon content in the
samples. Previous studies suggest that carbon contamination in
MLD is limited to a depth of a few nanometers close to the
surface.20 Moreover, based on previous measurements of
leakage currents, it is well accepted that the incorporation of
carbon into the silicon lattice is not of a major concern.14

To see how the amount of doping in the substrate affects the
electrical properties, the sheet resistance of the doped junctions
was measured using the four-point Van der Pauw method.21 An
estimate of the sheet resistance (RS) can be calculated from the
measured SIMS profile using the following relation

∫ μ=
R

qN x x x
1

( ) ( )d
S (1)

where q is the electron/hole charge, N(x) is the concentration
profile as a function of depth x, and μ(x) is the carrier mobility
which can be determined using Klaassen’s model22

μ μ
μ μ

= +
−

+
x

N x N
( )

1 ( ( )/ )xmin
max min

ref1
1 (2)

The measured and calculated RS values are shown in Figure 5.
Both sets of data follow the same trend: as the amount of

dopant atoms decreases, the resistance of the silicon increases.
Thus, qualitatively, we can conclude that controlling the
monolayer doping dose provides a way to control the electrical
properties of the substrate.
The measured RS is in good agreement with the predicted

one for phosphorus-doped samples. For the boron-doped ones,
the measured RS trend is steeper than the theoretical one but
still in good agreement. As a control experiment a sample
modified with pure 1-undecene and annealed under the same
conditions was prepared and characterized as well. The
resistance measured for this carbon-doped silicon substrate is
shown in Figure 5 (dashed line). RS of an intrinsic piece of Si
without any modification was also measured and indicated as
the solid line. The resistance of the carbon-doped sample,
although lower than the intrinsic one, is still in the same order
of magnitude. This indicates that the presence of carbon has a
minor effect on the silicon resistance.

Figure 4. Dynamic SIMS dopant profiles of (a) boron- and (b)
phosphorus-doped surface junctions after capping layer deposition and
high-temperature annealing. Black, red, blue, magenta, and green lines
show the doping profile of 100%, 10%, 3%, 1%, and 0.1% mixing ratios,
respectively. (c and d) Total dose of dopant per cm−2; dashed line
indicates the decreasing trend with the fraction of adsorbate. All
concentration and total dose measurements have an error below 10%.

Figure 5. Sheet resistance measurements (▲) on (a) boron- and (b)
phosphorus-doped samples as well as the estimated values (■) based
on the doping profile measured by SIMS. Dashed and solid lines
indicate the RS measured on “carbon doped” and intrinsic Si without
any doping. Standard deviations of all data points were found to be
below 5%, apart from the 1% boron absorbate case, which has an error
of 16%.
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■ CONCLUSIONS
We demonstrated tunable silicon doping using MLD for both
p- and n-type dopants. The doping-containing precursor
molecules are mixed with undecene and grafted onto the
silicon surfaces by hydrosilylation to control the amount of
dopants at the interface. A surface junction was formed by
deposition of a capping layer and high-temperature annealing
to drive in the dopant atoms. Measurements on both the
modified surface and the in-diffused junctions showed that
tuning of the doping level by mixing the monolayers is feasible.
Water contact angle goniometry on the modified surface
indicated that the monolayer composition is proportional to the
fractions of doping-containing molecules in the solution. The
surface concentrations achieved are 4.2 × 1018 cm−3 for boron-
doped and 2.2 × 1018 cm−3 for phosphorus-doped silicon. Both
the surface concentration and the doping dose can be varied
over 1 order of magnitude. The high concentration measured at
lower dopant atom fractions suggests a suppression of the
dopant atom migration into the silicon at higher concentration.
Further dilution of the boron or phosphorus adsorbate could in
principle achieve a lower level of doping. We also demonstrated
that the resistance of the samples correlates with the amount of
dopants introduced via the monolayer. This shows that using
mixed monolayers constitutes an important control parameter
in the MLD technique and will dramatically enhance its
potential use in the formation of nanoscale functional devices.
It further underscores the general and high potential of
molecular monolayers in achieving nanomaterials properties.
The monolayer-doped substrates thus achieved may find
application in nanoelectronic and solar energy-related devices.

■ MATERIALS AND METHODS
Monolayer Formation. Allylboronic acid pinacol ester (97%,

ABAPE), diethyl vinylphosphonate (97%, DVP), 1-undecene (97%),
and mesitylene (puriss, >99.0%) were ordered from Sigma-Aldrich and
used as received. ABAPE or DVP were mixed with 1-undecene at
various fractions from 100% (pure dopant molecule) to 0.1%. This
precursor mixture was then diluted with mesitylene at a ratio of 1:19
v/v. The mixed chemicals were transported into a reaction flask and
degassed using the freeze−pump−thaw method for at least three
cycles. Single-side polished intrinsic silicon ⟨100⟩ wafers were diced
into 1 × 1 cm pieces and cleaned in acetone sonication for 10 min to
remove particles generated during dicing and then in Piranha (98% of
H2SO4 and 30% H2O2 mixed at 3:1 v/v) for 30 min to remove any
possible organic contaminant on the surface. Thereafter, the pieces
were dipped in 1% aqueous HF to remove the native silicon oxide
layer and yield a hydrogen-terminated surface. After rinsing in Milli-Q
water (resistivity >18 MΩ·cm) and drying in a N2 stream, the cleaned
silicon pieces were transported into the reaction flask in a glovebox
filled with nitrogen. Hydrosilylation, which grafts the chemical
compounds onto the H−Si surface, was performed by heating the
reaction flask equipped with a condenser up to 180 °C in an oil bath
overnight under continuous nitrogen inflow. The reaction was stopped
by removing the heating. The pieces were taken out, rinsed with an
excessive amount of toluene (puriss), acetone (puriss), methanol
(absolute), and Milli-Q water, and followed by sonication in acetone
for 10 min to remove any physisorbed material. Contact angles were
measured immediately after the hydrosilylation. Then the pieces were
sealed in a nitrogen glovebox and stored under nitrogen prior to
further measurements or high-temperature annealing.
XPS. XPS measurements were performed on a Physical Electronics

Quantera scanning XPS setup. Monochromatic Al Kα X-rays at 1486.7
eV were used. The chamber was evacuated to below 3 × 10−9 Torr.
Measurements were performed with argon neutralization, and the
working pressure was maintained at around 2 × 10−8 Torr throughout
the measurement. A takeoff angle of 20° and acceptance angle of 20 sr

were used for collecting signals from the monolayers. Collected spectra
were calibrated setting the C 1s peak at 284.8 eV.

AES. AES measurements were performed at room temperature with
a scanning Auger electron spectroscope (JEOL Ltd. JAMP-9500F field
emission scanning Auger microprobe) system. AES spectra were
acquired with a primary beam of 10 keV. The takeoff angle of the
instrument was 0°. We used the differential energy spectrum to
subtract background from the direct Auger spectrum for calculating
the peak-to-peak intensity. The first differential d(N(E))/d(E) Auger
spectra were obtained by numerical derivation of the direct N(E)
integrated Auger data displaying an absolute scale with counts/second
units by a universal Savitzky−Golay (SG) Quadratic differential filter
using seven points and used to calculate the peak-to-peak intensity of
Auger electrons and derive the elemental compositions. The
differential spectrum is simply the differential of the direct spectrum
with respect to energy. All AES spectra were evaluated by CasaXPS
software (version 2.3.16 Prerel 1.4). The spectra were calibrated with
the carbon peak at 263.0 eV.

Capping Layer Deposition and Annealing. Fifty nanometers of
SiO2 was sputtered onto the monolayer-modified silicon surface using
a custom-built sputtering system. The chamber was backfilled with 1
sccm of oxygen to achieve stoichiometric SiO2 layers. The power
applied on the target was 400 W, resulting in a deposition rate of 3.4
nm/min. High-temperature annealing was performed in a furnace set
at 1000 °C for 5 min. After annealing, the samples were taken out and
cooled down to room temperature.

SIMS Measurements. In-diffused samples were first dipped in HF
to remove the capping layer and then cleaned with Piranha to remove
any organic residuals from the surface. SIMS depth profiles were
recorded using a Cameca IMS 6f system with 3 keV O2

+ primary ions
in positive mode. The error for all data was within 10% as determined
from multiple measurements on different positions on the same
sample. Secondary ions of 11B and 31P were detected. The measured
11B concentration was converted to total boron coverage using the
known isotopic ratio. The measurement chamber was backfilled with
O2. Quantification and depth calibration were based on reference
samples with known profiles.

Sheet Resistance. The four-probe Van der Pauw method21 was
used to determine the sheet resistance of samples on a probe station.
The current was swept between two neighboring connections, while
the voltage was measured between the other two. The slope extracted
from the measured I−V curve gave the resistance. Swapping the
current source and voltage measurement electrodes provides another
measurement of the same resistance. The average of these two gave
the resistance RA. The resistance RB was measured at rotated polarity
using the same method. Sheet resistance RS was then determined from
the equation

+ =π π− −e e 1R R R R/ /A S B S

The two resistances used to calculate RA and RB were used separately
to determine the standard deviation of the sheet resistance data.
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