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One of the major challenges towards scaling electronic devices to the nanometre-size regime is attaining controlled doping of
semiconductor materials with atomic accuracy, as at such small scales, the various existing technologies suffer from a number of
setbacks. Here, we present a novel strategy for controlled, nanoscale doping of semiconductor materials by taking advantage of the
crystalline nature of silicon and its rich, self-limiting surface reaction properties. Our method relies on the formation of a highly
uniform and covalently bonded monolayer of dopant-containing molecules, which enables deterministic positioning of dopant atoms
on the Si surfaces. In a subsequent annealing step, the dopant atoms are diffused into the Silattice to attain the desired doping profile.
We show the versatility of our approach through controlled p- and n-doping of a wide range of semiconductor materials, including
ultrathin silicon-on-insulator substrates and nanowires, which are then configured into novel transistor structures.

Scaling device dimensions down to the molecular regime presents
fundamental and technological challenges for fabricating well-
defined structures with controlled atomic composition'”. One
proposed route for achieving such fine control is the integration
of self-limiting and self-assembly processes where surface and
chemical phenomena guide the synthesis and fabrication of the
desired nanostructures'®*2. Currently, there is a tremendous need
for a new technology to demonstrate reliable nanoscale doping
of Si structures, mainly for well-defined and uniformly doped
ultrashallow junctions at the source and drain extension regions"”’.
The conventional ion implantation process, which relies on the
bombardment of semiconductors with energetic ions, suffers from
(1) the inability to achieve an implantation range and abruptness
down to the nanometre range, (2) stochastic spatial distribution
of the implanted ions, (3) incompatibility with nanostructured
materials, such as one-dimensional (1D) nanowires and (4) severe
crystal damage'™. On the other hand, the solid-source diffusion
process lacks the desired uniformity and control over the areal
dose of the dopants to be used for miniaturized device fabrication.
To overcome the difficulties of the conventional technologies,
tremendous research efforts have been taken in recent years to
develop new strategies for introducing dopants into semiconductor
materials'"7. Here, we present a facile and reliable approach for
controlled doping of nanostructured devices by using the rich
surface chemistry of crystalline silicon combined with a self-
limiting monolayer formation reaction.

The monolayer doping (MLD) strategy that we present here
is based on (1) the formation of self-assembled monolayers
of dopant-containing molecules on the surface of crystalline Si
followed by (2) the subsequent thermal diffusion of dopant
atoms via rapid thermal annealing (RTA) (Fig. 1). This approach
benefits from the well-defined and deterministic positioning of
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covalently attached monolayers featuring chemically substituted
dopant atoms on the silicon surface. In a following step, the reacted
interface is exposed to RTA, which results in the breakage of the
molecular structures and the thermal diffusion of dopant atoms to
desirable depths.

The MLD process is applicable for both p- and n-doping of
various nanostructured materials that are fabricated by either the
‘bottom-up’ or ‘top-down’ approaches, making it highly versatile
for various applications. An important characteristic of the method
is that it uses self-limiting reactions to form a highly uniform
monolayer on the pristine crystalline silicon surface, resulting
in a well-defined layer of chemically attached dopant-containing
molecules with molecular accuracy. This is crucial for the well-
controlled and uniform formation of the nanoscale doping profiles
in the following RTA step. Furthermore, the areal dopant dose
is tuned by the molecular footprint of the precursor, with the
smaller molecules enabling a higher dose, whereas the RTA time
and temperature govern the precise nature of the junction depth. As
a result, the combination of the RTA condition and the molecular
design of the precursor provides a wide spectrum of doping profiles
to meet the specific needs of the desired application.

Covalently anchored monolayers of boron (B)-containing
molecules were formed on the surface of nearly intrinsic Si(100)
by thermal activation using mild reaction conditions following the
method of Sieval et al.'® (Fig. 1). The native SiO, layer was removed
by a treatment with 0.5% HF to form hydrogen-terminated
silicon surfaces. The samples were then immediately reacted with
allylboronic acid pinacol ester (Aldrich) as the B-containing reagent
and mesitylene as the solvent (1/4, v/v) for 2.5h at 120 °C, resulting
in direct Si-C covalent bond formation at the C=C molecular
sites. Sample preparation was carried out in a glove box with a dry
N, environment, and all reactions were carried out under argon
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Figure 1 Schematic diagram of the monolayer doping process for Si substrates.
The native silicon oxide layer is first removed by HF etching followed by a reaction
with dopant-containing molecules to form a covalently bonded monolayer. A silicon
dioxide capping layer (~50 nm thick) is then formed followed by RTA for dopant
diffusion. Finally, the capping layer is removed by HF etching.

bubbling to ensure an oxygen-free environment. On completion
of the reaction, the samples show strong resistance towards
surface oxidation owing to the stability of the covalently bonded
monolayers, therefore enabling easy handling of the substrates'*2'.
The samples were then capped with an ~50-nm-thick SiO, layer
using an electron beam evaporator. Subsequently, RTA with various
temperature and time conditions was applied as a diffusion step for
the dopants.

The formation of a covalently bonded monolayer using the
described reaction (Fig. 1) was confirmed by X-ray photoelectron
spectroscopy. As shown in Fig. 2, the Si 2p binding energy region
of the reacted wafers exhibits predominately the non-oxidized Si
peak, indicating a passivated surface consisting mainly of Si-C
bonds. In contrast, untreated wafers with native oxide show a
clear peak corresponding to the oxidized Si binding energy region.
The weak shoulder observed for the passivated sample may be
attributed to the slow oxidation of the monolayer-reacted substrate
because of microscopic pinholes or partial degradation of the
monolayer on exposure to ambient atmosphere for approximately
24h. In the future, monolayer stability towards oxidation may
be further enhanced by using long-chain-substituted dopant
molecules”. The prevention of intervening native oxide layer
formation between the dopant-containing monolayers and the Si
surface is highly beneficial for the efficient diffusion of dopant
atoms into the silicon crystal during the RTA step. The monolayers
were further characterized by ellipsometry measurements showing
a film thickness of 1.140.2 nm, which is in good agreement with
the predicted molecular length of ~0.9 nm.

Secondary-ion mass spectrometry (SIMS) measurements were
carried out on the MLD-processed samples to characterize the
doping profiles of the thermally diffused boron atoms (see the
Methods section). Figure 3a shows a representative B doping profile
obtained by MLD of a near-intrinsic Si substrate with 5s RTA at
950°C (blue line) and 1,000 °C (grey line). Both samples exhibit
a boron concentration of ~5 x 10” cm™ near the surface, which
sharply decreases to 10" cm™ at depths of ~18 and ~43 nm for
the 950 and 1,000 °C RTA conditions, respectively. The observed
‘kink-and-tail’ feature arises from the reduced diffusivity of B at
the high concentration limit (that is, >5 x 10" cm™?), which is also
a common characteristic for the conventional doping strategies®.
The temperature dependence of the doping profiles can be well
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Figure 2 X-ray photoelectron spectra of the Si 2p core region for an as-made
(after 1 day exposure to ambient air) monolayer of the boron-containing
compound and unreacted silicon with a native oxide layer (inset). Peak positions
| and Il indicate the Si—C and Si-0 binding energies, respectively.

explained by the enhancement of the diffusivity constant of B at
elevated temperatures. If desired, the junction depths can be further
reduced by using lower annealing temperatures. Our results show
that the doping profiles can be readily tuned through optimization
of the RTA conditions, with nanoscale junction depths for the low
annealing temperatures and short times. Notably, the high surface
doping density with sharp spatial decay, obtained by using our
method, is of particular interest for the formation of ultrashallow
junctions at the source/drain extensions of nanoscale devices'?.

To further characterize the MLD samples, four-point probe
measurements were carried out to obtain the sheet resistance,
R,, at various RTA conditions. Figure 3b shows the R; values of
boron-monolayer-doped Si substrate as a function of annealing
time and temperature. As expected, R, values sharply decrease
from ~10° to ~10° Q /0 after 20 s RTA at 1,050 °C, corresponding
to the rapid diffusion of B atoms from the surface into the Si
lattice, with the decrease in resistance approaching saturation for
longer annealing times owing to the limited B source. Whereas
for an annealing time of <20s, the decrease in the resistivity
is less prominent with decreasing annealing temperature (that
is, 1,000°C and 950°C), for a long annealing time, the sheet
resistance values of the three temperatures nearly converge. This
trend is well explained by the lower diffusivity of B atoms at
lower temperatures and fits the predicted ‘limited source’ model.
Assuming a fully formed monolayer and using a molecular
footprint of ~0.2nm?, the expected number of B atoms on
the surface before RTA is ~4.9 x 10" cm™2, which corresponds
to the maximum possible areal dose (see the Supplementary
Information). From the annealing time evolution of R; for
1,050 °C RTA, we deduce an experimentally attained boron dose
of ~1.7 x 10" cm™2, which suggests an efficiency of ~33% in
the number of B atoms that are effectively diffused into the Si
substrate after RTA (see Supplementary Information, Fig. S1). We
speculate that the ‘lost’ boron atoms diffused into the evaporated
SiO, capping layer during the RTA step. As expected, when the
MLD process was carried out without the SiO, layer, a substantial
decrease (approximately 2 times for 950°C RTA) of the doping
efficiency was observed, which corresponds to the enhanced escape
of the dopants from the surface and into the ambient environment.
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Figure 3 Boron monolayer doping (p-doping) of Si(100). a, SIMS prafile for 5 s annealing at 950 and 1,000 °C. b, Sheet resistance versus time at different RTA
temperatures. ¢, Sheet resistance versus time for different boron and blank molecular precursor mixing ratios, showing controlled modulation of the B dose (RTA
temperature 1,000 °C). Inset: Schematic diagram of a dodecene and allylboronic acid picanol ester mixed monolayer.

In future, the doping efficiency can be further improved by using
a more dense oxide capping material, such as a chemical vapour
deposited oxide.

Importantly, repeating the same MLD procedure with
hexylboronic acid picanol ester, the saturated analogue of
allylboronic acid pinacol ester, as the precursor does not result in an
observable doping effect (see Supplementary Information, Fig. S2).
This result is indicative of covalently bonded monolayer formation
on the Si surface involving the C=C site of the B precursor
without any significant physisorbed species. As a monolayer
is used, the junction depth and areal dose can be easily and
accurately controlled with high uniformity. Notably, the standard
deviation in the measured R, values across an entire 10cm?
substrate for any given RTA condition is only 2-5%, demonstrating
the high uniformity of the nanoscale doped surfaces with high
reproducibility from sample to sample.

An important outcome of the use of the substrate surface
chemistry is the ability to readily control the areal dose of the
dopants by forming a mixed monolayer of ‘blank’ and dopant-
containing molecules. To demonstrate dose modulation using our
approach, we reacted the Si substrate with a mixture of allylboronic
acid pinacol ester (B precursor) and dodecene (all-carbon ‘blank’
precursor) in different ratios (Fig.3c). Dodecene is known to
covalently bond to the Si surface via a chemical reaction similar
to that of our B precursor, involving the C=C molecular site. As
a result, dodecene effectively reduces the total Si sites available for
reaction with the B precursor, therefore, lowering the areal dose of
boron. The obtained sheet resistance versus time after RTA follows
the expected trend with lower R, values corresponding to the
higher concentration of B precursor used in the reaction mixture
(Fig. 3c). Interestingly, the experimentally extracted dose values
show a direct correlation to the concentration of the B precursor
in the reaction mixture, with the 1:5 and 1:20 (M:M, B/blank)
mixtures showing an approximately 5- and 20-fold decrease in
the dose as compared with the reaction with only B precursor
(see Supplementary Information, Fig. S1b). This result suggests a
similar surface reactivity for the two-terminal alkene compounds.

To further generalize our approach, we explored the doping
of silicon substrates with phosphorous (P) atoms to achieve
well-controlled and wultrashallow n-doped regions. Diethyl
1-propylphosphonate (DPP, Alfa Aesar) was used as the molecular
precursor containing a P atom. Although the precise nature of
the bonding interactions between the phosphonate compound
used here and Si substrates is not well known, we observed a
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saturation of dopant dose as a function of monolayer reaction
time for ¢ > 10 min, suggesting that the surface reaction with DPP
is indeed self-limiting (see Supplementary Information, Fig. S3).
We are currently exploring the specific reactions and bonding
configurations that take place to shed further light on the nature of
the surface chemistry of these compounds. The SIMS analysis and
sheet resistivity measurements of a Si substrate ((100), intrinsic)
after P monolayer doping are shown in Fig. 4a. Ultrashallow
junctions with a surface concentration of ~1.0 x 10? cm™ are
achieved for 5s RTA at 950 °C, which sharply decays to 10" cm™
at a depth of ~30 nm. Similar to the boron data, the observed R,
values as a function of RTA time and temperature fit the expected
trend from the limited-source modelling (see Supplementary
Information, Fig. S4). Assuming a molecular footprint of ~0.1 nm?
for the monolayer, we extract a doping efficiency of ~95% from
the sheet resistance data, corresponding to a total P dose of
7.9 x 10" cm™ (see Supplementary Information, Fig. S4). The
higher diffusion efficiency of P- as compared with B-MLD is
in agreement with the drastic difference in the diffusivity of
phosphorus (3.2 x 107** cm? s7') and boron (1.39 x 107 cm?*s™")
in the SiO, capping layer at 1,000 °C (ref. 23). As a result, during
the RTA step, B atoms have a higher probability of diffusing into
the SiO, cap than P atoms.

Besides the mixed monolayer formation, the areal dose can
be readily tuned by using the molecular structure details of the
dopant precursor. For instance, the molecular footprint of the
precursor directly governs the surface concentration of the dopants,
with larger molecules resulting in a lower dose. To demonstrate
this concept, we explored P-MLD of Si by using trioctylphosphine
oxide (TOP) as the precursor with an approximately sixfold larger
molecular footprint than DPP. The sheet resistance measurements
of the two precursors are shown in Fig.4b, with R; values
clearly higher for the bulkier TOP precursor. The total P dose
deduced from fitting the measured R, versus time values to
the limited source model is found to be ~1.3 x 10" cm™ for
TOP, approximately 6 times smaller than the dose obtained from
DPP (see Supplementary Information, Fig. S4). This result is in
good agreement with the calculated molecular footprint for the
two precursors. The ability to controllably tune the dopant dose
through the structural design of the precursor presents a unique
and novel aspect of the MLD process for attaining the desired
doping profile.

The MLD process is highly generic for various semiconductor
structures, including quasi-1D and 2D materials. As an example,
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Figure 4 Phosphorous monolayer doping (n-doping) of Si. a, Sheet resistance as a function of annealing time and temperature for the DPP precursor. The inset shows the
P concentration profile from SIMS for 900 °C, 5s RTA. b, Sheet resistance versus time for 1,000 °C RTA for DPP (footprint ~ 0.1 nm?) and TOP (footprint ~ 0.6 nm?)
precursors, showing a controlled dose modulation by using the molecular structure details of the precursor.

we applied our approach to controllably dope Si nanowires and
configured them into two-terminal devices (Fig. 5a,b). Nanowires
were grown intrinsically using chemical vapour deposition and
Au nanoclusters® (30 nm). Devices fabricated using chemically
intrinsic (undoped) nanowires with metal source and drain
contacts (Ti/Al 5/55nm) are highly resistive (R ~ 100G at
1V), which is expected owing to the large Schottky barriers
arising at the nanowire—metal interfaces that limit the carrier
injection. However, when the intrinsically grown nanowires are
heavily n-doped using our MLD process with DPP precursor
(950°C RTA for 20s in a N, atmosphere), the fabricated devices
show significantly lower resistance (R ~2MSQ at 1V) due to
the thinning of the Schottky barriers at the interfaces that lead
to near-ohmic contacts. Notably, such nanowires do not show
any significant gate response (back-gate, ~75nm Si;N,), which is
attributed to the degenerate n-doping across the entire length of
the nanowire (Fig. 5b). The nanowire (d ~ 30 nm) doping outcome
is consistent with the planar Si doping results where a depth of
~15nm is expected with a density of >10" cm™ for the same RTA
condition. However, we speculate that for a given RTA condition,
the doping profiles may not be exactly the same for nanowires
and planar structures owing to the 1D nature of nanowires and
the different facets involved which can affect both the diffusivity
and the maximum dose. The P-MLD process was also applied
to intrinsic nanowires by using the bulky TOP precursor. The
TOP-doped nanowires show clear n-type switching characteristics
with Ion/Iope ~ 10° and Roy ~ 1GS2, which is indicative of
successful p-doping of nanowires but with lower doping density
as compared with the smaller DPP precursor (Fig. 5b). The post-
growth doping of ‘bottom-up’ nanowire materials** demonstrated
here is of particular interest for a wide range of proposed electronic
applications that incorporate nanowire building blocks®*****?’. The
widely used ion implantation method is not compatible with
nanowires as the energetic ions have significant probability of
penetrating the entire width of a nanowire without remaining in
the lattice while causing significant crystal damage®. On the other
hand, whereas the conventional solid-source diffusion method
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(that is, spin-on dopants)* enables doping of nanowires™*, its lack
of control and uniformity in nanoscale presents a challenge for
scaled device fabrication.

Furthermore, we applied our MLD process to ultrathin
Si-on-insulator (SOI) substrates (top Si thickness ~25 nm, with a
doping density of 1 x 10> cm™) to fabricate field-effect transistors
(FETs) with self-aligned heavily doped Si-metal source/drain
contacts (Fig. 5¢). The SOI surface was first patterned using
photolithography and dry etching to define the channel regions
of each transistor followed by surface functionalization with a
monolayer of the B-containing precursor. Tungsten (W) metal
source/drain contacts were then deposited using sputtering and
lift-off. A mild O, plasma (30 W, 30s) step was applied, followed
by a 5s dip in 0.5% HF solution, therefore, removing the
monolayer from the entire exposed Si surface while leaving
the dopant-containing molecules underneath the W source/drain
contacts. The subsequent RTA at 900°C for 120s resulted
in the diffusion of B atoms, and enabled the formation of
self-aligned heavily p-doped regions underneath the W contacts
while maintaining the near-intrinsic nature of the channel (Fig. 5¢).
This self-aligned configuration is highly desirable for nanoscale
devices as it enables routing of low resistive metal contacts to
the edge of the channel, minimizing Schottky interfaces while
lowering the parasitic resistance of the source/drain contacts
as compared with the conventional metal-oxide—semiconductor
field-effect transistor structures®. The electrical properties of the
SOI FETs with a global back-gate (~250 nm SiO,) configuration are
shown in Fig. 5d for both doped and undoped source/drain metal
contacts. The impact of MLD on the FET characteristics is quite
drastic with the undoped W contacts delivering ~0.1 uA at 0.5V
compared with over 1 pA for a similar device structure but with
self-aligned doped metal contacts. Furthermore, significantly better
subthreshold characteristics are observed for the doped devices.
The lower resistance and better switching properties are attributed
to the thinning of the Schottky barriers at the metal-SOI interfaces.
These results demonstrate another important aspect of the MLD
scheme where the entire nanomaterial channel can be doped to
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Figure 5 Monolayer doping of nanostructured Si devices. a, Schematic diagram (top) and scanning electron micrograph (bottom) of a back-gated Si nanowire device with
a channel length of ~3 um. b, Representative source—drain current versus voltage characteristics of intrinsically grown (undoped) Si nanowire devices with and without
P-MLD of nanowires. For the P-MLD, different nanowire doping is achieved by using TOP and DPP precursors. ¢, Cross-sectional schematic diagram and scanning electron
micrograph of a 25-nm-thick Si nanobelt device with W metal source/drain contacts, a global back-gate (~250 nm Si0,), a channel width of ~2 yum and a length of ~3 um
obtained from ‘top-down’ patterning of SOI substrates. d, /~V/ characteristics of nanobelt devices with and without B-MLD. For the sample with MLD, a monolayer is formed
only underneath the W source/drain contacts, resulting in self-aligned, heavy p-doping of the contact regions while leaving the channel near-intrinsic.

form nearly metallic structures, or the doping regions can be readily ~ substrates with well-defined areal dose and spatial distribution.
restricted to the source/drain extensions using a self-aligned process ~ The method is demonstrated for standard silicon substrates as
to form transistor-like devices. well as SOI and bottom-up nanowire materials, and can be

In summary, we have demonstrated a novel and self- readily implemented to other types of semiconductor substrate
limiting approach for introducing dopant atoms to semiconductor ~ with the appropriate surface chemistry. The applicability of
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the demonstrated method to non-planar, restricted-dimension
substrates such as nanowires may provide a highly desirable
advance towards the fine control of the physical and electrical
properties of nanomaterials for various electronic applications.

METHODS

Si0, CAPPING LAYER DEPOSITION

The SiO; layer was deposited by an electron beam evaporator (Edwards EB3)
with a base pressure of ~4 x 107° torr. The chamber temperature was ~50°C
during the deposition process and SiO, pellets (1-5 mm, Kurt J. Lesker) were
used as the evaporation source material. The evaporated SiO, film is expected
to be oxygen deficient in this high vacuum environment. We note that the exact
stoichiometry and composition of the capping layer can affect the diffusion
efficiency of our process. In future, further enhancement of the efficiency may
be attained through capping layer optimization.

SIMS MEASUREMENTS

The SIMS measurements were carried out using a Physical Electronics
ADEPT-1010 quadrupole set-up. 1B, ''B and *°Si were monitored under OF
bombardment with an impact energy of 650 eV incident at 45°, whereas *°Si
and P +*°Si were monitored as negative ions under Cs* bombardment with an
impact energy of 1,000 eV incident at 60°. The analysis chamber was backfilled
with a partial pressure of O, to reduce ion yield variations at the surface and
improve quantification. Secondary ions were collected from the centre 10% of a
450 x 450  raster area. Stylus profilometry was used to determine the depth of
sputtered craters and calibrate the depth scale assuming a constant sputter rate
for the entire profile. Concentrations of '°B, ' B and P in the Si were calculated
using a relative sensitivity factor determined from a standard sample. The B and
P profiles were normalized on a point-to-point basis to the **Si profile before
the relative sensitivity factor was applied.
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Doping profile modeling

For a “limited source” condition, with a surface dose of N, the doping density can

be expressed using the following equation as a function of RTA temperature and time:>*

N —x214Dt
N(x,t)=—=¢
(x,t) JDt Eq. S1

N: Dopant density
No: Surface dose
t: Diffusion time
D: Diffusivity

x: Depth

Additionally, the resistivity, p, and sheet resistance Rs can be described using the

following:>

R =F Eq. S2
Pt
pot
quN
t: thickness of semiconductor
g: charge
K mobility of the carrier
N: dopant density

Finally, the mobility is a function of doping density, using the following empirical

expression:™*

U= n Hinax _N/umin o s
1+ ()" +
NI’
Phosphorous Boron
Umin (CM?/V/S) 68.5 44.9
Umax (cM?/V/s) 1414 470.5
N; (cm”) 9.20x10"° 2.23x10"
o 0.711 0.719
S2
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Then the sheet resistance, Rs, can then be calculated as the following:
R,™ = [ aquN (x,t)dx
0

Eq. S4

P — U N 2
R 1 — q ,Umin + :umax :umln 0 efx /4Dth
) '! N, g’ 14Dt v 7Dt

LD

N

r

Xy : effective thickness of the conducting layer

It is important to note that the presented equations for analysis are oversimplified with the
diffusivity of the dopant atoms considered to be constant as a function of concentration.
In practice, the diffusion of dopant atoms is more complex, with dependence on the

impurities (such as carbon) as well as dopant concentrations.
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Molecular footprint approximations, from DFT calculations, for the B and P
containing molecules are used to estimate the surface dose, assuming a fully formed

monolayer:

For the boron containing molecule (allylboronic acid pinacol ester):
0.21nm? area footprint
Surface density=4.9x10"cm™

For the phosphorous containing molecule (diethyl 1-propylphosphonate):
0.12nm? area footprint

Surface density=8.3x10"cm™

The surface density corresponds to the maximum possible areal dose of the
dopants (atoms/cm?). In theory, if all surface dopant atoms are diffused into Si during
RTA, then an efficiency of 100% is attained. However, in practice, not all dopant atoms
make it to the Si lattice, and instead some are lost through diffusion into the capping
layer. The doping efficiency can be readily obtained from the ratio of the experimentally

extracted dose by that of the expected maximum dose.
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Figure Sla. Sheet resistance vs. annealing time for B-MLD (1050°C RTA in Ny).
Experimental data and modeling results (from Eq. S4) are shown. For modeling, a dopant
dose No=1.6x10"cm™ was used to fit the experimental data. This dose corresponds to a
doping efficiency of ~33%, assuming a perfect monolayer formation on the Si surface
prior to RTA, and is also in good agreement with the dose that is extracted from SIMS
measurements (No=7.5x10" cm™). The small discrepancy in the dose values obtained
from the two methods may be due to the measurement uncertainty of the SIMS analysis

near the Si surface.
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Figure Sl1b. Sheet resistance vs. annealing time for B-MLD (1000°C RTA in Ny).
Experimental data and modeling results (from Eq. S4) are shown for various ratios of
allylboronic acid pinacol ester and dodecene precursor mixtures. For modeling, a dopant
dose No=4.9x10™ cm? No=1x10" cm? and N,=3x10** cm? were used to fit the

experimental data of 1:0, 1:5 and 1:20 (B:blank precursor ratio) mixtures, respectively.
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Figure S2. a, Schematics of allylboronic acid pinacol ester (compound 1) and
hexylboronic acid picanol ester (compound 2) used as the B containing molecules for
surface reactions. b, Sheet resistance vs. annealing time obtained for the two compounds
with 1000°C RTA in a N, atmosphere. The sample treated with compound 2 does not
show a clear doping effect after RTA due to the lack of formation of a monolayer for this
compound during the surface reaction. This result shows the key role of the C=C
molecular site of compound 1 for the formation of covalently bonded monolayer on Si
surfaces, furthermore, ruling out a simple physisorption of the molecular species. The
covalently bonded monolayer formation is highly desirable for achieving well controlled

and highly uniform doping profiles.
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Figure S3. Sheet resistance as a function of the surface reaction time between the
intrinsic Si substrate and diethyl 1-propylphosphonate, the phosphorous containing
compound. After the reaction, and the deposition of a SiO, cap layer, RTA at 950°C, 15
sec in a N, atmosphere was conducted on each sample. The sheet resistance was then
measured after the removal of the cap. It is quite evident that the sheet resistance, and
therefore the P dose, saturates for reaction time longer than ~10 min. This shows that the
surface reaction between the P containing molecule and Si is self-limiting, which is

highly optimal for achieving a well controlled dopant dose and profile.
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Figure S4. Sheet resistance vs. annealing time for P-MLD (1000°C RTA in Ny).
Experimental data and modeling results (from Eq. S4) are shown for both DDP and TOP
precursors. From sheet resistance measurements, dopant areal dose of N,~7.9x10* cm™

and No~1.3x10" cm™ are extracted for DDP and TOP, respectively.

S9

© 2007 Nature Publishing Group



References

S1. Sze, S. M. Physics of Semiconductor Devices: Physics and Technology 2™ ed.
(Wiley, New York, 2001).

S2. Zeghbroeck, B. V. Principles of Semiconductor Devices, (University of Colorado,
http://ece-www.colorado.edu/~bart/book/book, 2004).

S10

© 2007 Nature Publishing Group



	Controlled nanoscale doping of semiconductors via molecular monolayers
	Methods
	SiO _{2} capping layer deposition
	SIMS measurements

	Figure 1 Schematic diagram of the monolayer doping process for Si substrates.
	Figure 2 X-ray photoelectron spectra of the Si 2p core region for an as-made (after 1 day exposure to ambient air) monolayer of the boron-containing compound and unreacted silicon with a native oxide layer (inset). 
	Figure 3 Boron monolayer doping (p-doping) of Si(100).
	Figure 4 Phosphorous monolayer doping (n-doping) of Si.
	Figure 5 Monolayer doping of nanostructured Si devices.
	References
	Acknowledgements
	Author contributions

