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Advanced hydrogen lithography techniques and low-temperature epitaxial overgrowth enable the pat-

terning of highly phosphorus-doped silicon (Si:P) monolayers (ML) with atomic precision. This approach

to device fabrication has made Si:P monolayer systems a testbed for multiqubit quantum computing

architectures and atomically precise 2-D superlattice designs whose behaviors are directly tied to the

deterministic placement of single dopants. However, dopant segregation, diffusion, surface roughening,

and defect formation during the encapsulation overgrowth introduce large uncertainties to the exact

dopant placement and activation ratio. In this study, we develop a unique method by combining dopant

segregation/diffusion models with sputter profiling simulation to monitor and control, at the atomic scale,

dopant movement using room-temperature grown locking layers (LLs). We explore the impact of LL

growth rate, thickness, rapid thermal annealing, surface accumulation, and growth front roughness on

dopant confinement, local crystalline quality, and electrical activation within Si:P 2-D systems. We

demonstrate that dopant movement can be more efficiently suppressed by increasing the LL growth rate

than by increasing the LL thickness. We find that the dopant segregation length can be suppressed below

a single Si lattice constant by increasing the LL growth rates at room temperature while maintaining

epitaxy. Although dopant diffusivity within the LL is found to remain high (on the order of 10−17 cm2 s−1)

even below the hydrogen desorption temperature, we demonstrate that exceptionally sharp dopant

confinement with high electrical quality within Si:P monolayers can be achieved by combining a high LL

growth rate with low-temperature LL rapid thermal annealing. The method developed in this study pro-

vides a key tool for 2-D fabrication techniques that require precise dopant placement to suppress, quan-

tify, and predict a single dopant’s movement at the atomic scale.

Highly phosphorus-doped silicon (Si:P) monolayers are a novel
2-D system that can be patterned with atomic scale precision
and features high carrier densities.1–3 They have attracted an
enormous amount of interest with their potential applications
in multiqubit quantum computers and atomically precise 2-D
superlattice designs.2,4,5 Advanced hydrogen lithography
techniques and low-temperature epitaxial overgrowth enable
individual dopant placement into Si lattice sites with atomic
precision in all three dimensions.6 In this way, atomically
precise Si:P planar architectures, such as atomically abrupt
wires,7,8 tunnel junctions,9 quantum dots,10,11 single atom
transistors,2 and ordered single dopant arrays5,12 have been
successfully defined on H-terminated Si(100) surfaces. These

patterned devices are then encapsulated in epitaxial overgrown
crystalline Si. Central to the fabrication and performance of
these planar Si:P devices is the preservation of exact lattice
locations of deterministically placed dopant atoms during
overgrowth. In atomically precise few dopant quantum devices
and superlattice dopant arrays, spatial fluctuations in dopant
positions by even a single lattice constant can disrupt the
quantum device performance and dramatically alter the
quantum coupling.13 In Si:P planar contact and gate regions,
the deviation of the 2-D dopant confinement from an ideal Si:
P monolayer has profound effects on 2-D electrical pro-
perties.14 Atomically sharp dopant confinement, high dopant
activation ratios, and a defect-free epitaxial environment are
essential attributes of the proposed donor-based Si:P quantum
computer architectures,6,11,15 necessitating the development of
precision metrological and fabrication methodologies to
control dopant confinement and epitaxial quality at the atomic
scale.16 In this study, we develop a robust quantification
method to monitor and control, at the ultimate monoatomic
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layer scale, unintentional dopant movement and formation of
lattice defects to enable the characterization and optimization
of Si:P monolayer fabrication, fundamental to donor-based Si
quantum computing and atomically precise 2-D superlattice
design.

The encapsulation of a Si:P monolayer device within a crys-
talline Si matrix fully activates P dopants, isolates the conduct-
ing channels from the complex surface and interface inter-
actions, and protects the Si:P system against ambient degra-
dation.17 However, dopant segregation, diffusion, and surface
roughening during the epitaxial encapsulation process redistri-
butes dopant atoms and introduces large positional uncertain-
ties in the resulting dopant locations.20,21,23,30,31 Defect for-
mation in epitaxial Si overgrowth can create deactivation
centers,18 decrease free carrier mobility,3 and increase noise
floors in Si:P 2-D systems.19 A key development to address the
well-known trade-off between low-temperature encapsulation
for sharp dopant confinement and high-temperature encapsu-
lation for optimum epitaxial quality20–22 has been the recent
application of thin room-temperature grown layers, commonly
referred to as locking layers (LLs), followed by encapsulation
overgrowth at elevated temperatures.23–25 While theoretical cal-
culations have been carried out on the effects of various levels
of dopant confinement on Si:P 2-D properties,1,14 experimental
quantification of dopant confinement and redistribution
within room-temperature grown LLs remains challenging with
little success at the monoatomic layer scale. The importance of
this challenge is paramount to the development and perform-
ance of atomically precise 2-D superlattice designs and donor-
based quantum computing.2,5

In this study, we develop for the first time a robust method
to quantify dopant movement at the atomic scale during Si:P
monolayer fabrication by combining segregation/diffusion
models with sputtering profiling simulations. Dopant segre-
gation, diffusion, surface accumulation, and growth front
roughening have been taken into account in this quantitative
investigation on the impact of LL growth parameters on
dopant confinement, local crystalline quality, and dopant acti-
vation in Si:P 2-D systems. The extraordinarily high dopant
density within the 2-D layers and the kinetically controlled 3-D
island growth front during the room temperature LL over-
growth create a complex yet unique 2-D system environment
that has been studied little to date. We experimentally deter-
mine, for the first time, the LL growth rate dependence of the
dopant segregation length and the dopant diffusivity within
LLs below the hydrogen desorption temperature. We combine
Scanning Tunneling Microscopy (STM), Transmission Electron
Microscopy (TEM), Secondary Ion Mass Spectroscopy (SIMS),
Atom Probe Tomography (APT), and low-temperature magneto-
transport measurements to obtain detailed insight into opti-
mizing Si:P 2-D system fabrication at the individual atom layer
scale. The locking layer overgrowth parameter space explored
in this study is fully compatible with current state-of-the-art
hydrogen lithography techniques and can be applied directly
to fabricate atomically precise superlattices and quantum
devices.

Methods

Si:P monolayers are fabricated using atomic layer doping.29–31

Fig. 1 illustrates the Si:P 2-D system fabrication process. The
samples discussed in this study were fabricated on 1–10 ohm
cm boron doped p-type Si chips. First, an atomically flat, clean
Si(100) 2 × 1 reconstructed surface is prepared in an ultrahigh
vacuum (UHV) system with a 6.6 × 10−9 Pascal (5 × 10−11 Torr)
base pressure, Fig. 1(a). Detailed preparation procedures have
been published elsewhere.32 Then the surface is dosed (∼1.5
Langmuir exposure) with phosphine (PH3) gas at room temp-
erature to achieve a saturation surface coverage of ∼0.37 mono-
layers of phosphorus species (Fig. 1(b)).22,33 PH3 molecules dis-
sociate into H atoms and PHx (x = 0, 1, 2) groups and termi-
nate the Si dangling bonds on the Si(100) surface.34,35 A Rapid
Thermal Anneal (RTA) at nominally 384 °C for 2 min incorpor-
ates the P atoms substitutionally into the silicon lattice within
the first atomic layer.36–38 This P incorporation enhances the
electrical activation of the dopants and helps minimize segre-

Fig. 1 STM topography images (+2 V bias on substrate, 0.2 nA set-point
current, 25 nm × 25 nm, acquired from different samples at different
stages of preparation) with complementary atomic lattice top and side
view schematics of the phosphine dosing, incorporation, and encapsula-
tion processes on a blanket Si(100) 2 × 1 surface. In the schematic
figures, the blue and cyan atoms represent Si on the surface and in bulk,
respectively. Red atoms represent P, and orange atoms represent H. (a) A
typical starting Si(100) surface with a 2 × 1-dimer row reconstruction
and the characteristic alternating dimer rows across a step edge. (b) The
Si(100) surface covered with ∼0.37 monolayers of adsorbed PHx (x = 0,
1, 2) groups after saturation dosing (approximately 1.5 Langmuir
exposure) at room temperature. (c) The surface after an incorporation
flash anneal with the brighter regions being islands formed by ejected
(substituted) Si atoms. Since the ejected Si should be in one to one cor-
respondence with incorporated P atoms, the ejected Si island coverage
represents the incorporated P concentration.2,26,27 (d) The growth front
morphology of a nominal 274 °C overgrowth on top of the
P-incorporated surface. The overgrowth is in the kinetically rough
growth mode due to limited Si adatom migration on the growth front.
Though it is difficult to distinguish P atoms on a rough growth front,28

as shown in the side view schematics (bottom panel), the incorporated P
atoms segregate above the original doping plane during the 274 °C
overgrowth, which broadens the delta layer.
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gation during the subsequent Si overgrowth process.36 The
substituted Si atoms in the top layer eject onto the surface and
form short 1D Si chains perpendicular to the underlying
dimer rows, Fig. 1(c).26,27 Some of the Si surface bonds are ter-
minated by H atoms that dissociate from phosphine mole-
cules. The total phosphorus coverage is reduced during the
incorporation anneal due to partial PHx and H recombination
and thermal desorption of molecular PH3.

20,33,39 This phos-
phorus incorporation process results in a partially hydrogen-
terminated Si(100) surface with approximately one quarter to
one third monolayer coverage22,33,35,36 of incorporated P
atoms. The presence of hydrogen atoms on the growth front
hinders the Si adatom diffusion and enhances the growth
front roughness.40 Although hydrogen removal by thermal
means can cause the lateral diffusion of dopant atoms out of
nanostructured regions, it may be possible to remove hydrogen
by non-thermal means41–44 to improve epitaxy. However, this
falls out of the scope of this study.

The SIMS measured P concentration is (2.0 ± 0.2) × 1014

cm2 in our delta layer samples after encapsulation overgrowth
is consistent with the ejected Si atom coverage. The side-view
schematics in Fig. 1(d) demonstrate P segregation during low-
temperature encapsulation, which results in P moving away
from the original doping plane, broadening the confinement
of P atoms asymmetrically in the overgrowth direction. It is
well known that the temperature measurement of silicon in
the low-temperature range (below ∼400 °C) and in a UHV
environment is challenging and is likely to be the largest
source of chamber-to-chamber variation in low-temperature
epitaxial growth.28,45–47 In this study, sample temperatures are
measured using infrared pyrometers with the emissivity value
calibrated using Au–Si (363 °C, 97.15/2.85 wt%) eutectic alloys
on Si substrates in a high vacuum environment. The encapsu-
lation overgrowth temperature and locking layer rapid thermal
anneal temperature are 274 ± 17 °C and 384 ± 24 °C respect-
ively, where the uncertainties are given as one-sigma standard
deviations. We overgrow Si using a Silicon Sublimation Source
(SUSI-40) by passing DC current through a high-purity intrinsic
Si filament,48 which is shielded by Si from any hot metal and
ceramic components to prevent contamination. The SUSI
growth rate is calibrated by using phase shift interferometry,

SIMS, cross-section TEM results as well as imaging sub-mono-
layer deposition using STM. The calibrated SUSI growth rate
has been published elsewhere.48 The SIMS measurement of
the P concentration profile uses a Cs+ primary ion-beam with
an acceleration energy of 1 keV or 0.3 keV and an incident
angle of 60°. Negative ions of 30Si + 31P are measured to
obtain phosphorus concentration profiles. The estimated cali-
bration uncertainty for P quantification is nominally ±10%.

An optimized locking layer (LL) deposited at room tempera-
ture followed by encapsulation overgrowth at elevated tempera-
tures is critical to simultaneously suppress dopant segregation
and maximize crystalline quality of the Si:P 2-D system.23,24,49

The maximum epitaxial thickness, beyond which overgrowth
becomes amorphous, decreases rapidly at reduced tempera-
tures due to surface roughening.45,50 On Si(100) surfaces, the
limiting epitaxial thickness falls below 3 nm for room temp-
erature overgrowth, which is insufficient to isolate the 2-D Si:P
system from interface states and traps.17 The essential idea
behind LL overgrowth is that dopant segregation can be greatly
suppressed during room-temperature LL overgrowth. Before
reaching the limiting epitaxial thickness for room-temperature
growth, the overgrowth temperature is increased to sustain the
epitaxial growth mode.23,25,49 Fig. 2 illustrates the entire
growth process for a Si:P monolayer, locking layer (LL), and
encapsulation overgrowth. Before starting the low-temperature
encapsulation at 274 °C, the sample temperature is main-
tained for 17 min to stabilize the temperature and Si depo-
sition rate.51 As a result, the surface undergoes a low tempera-
ture thermal anneal before each deposition step at elevated
temperatures. We will discuss the effect of this pre-deposition
anneal on the LL in a later section.

Results and discussion
Epitaxial quality at locking layer interface

STM micrographs of LL surface morphology prior to low temp-
erature encapsulation overgrowth are shown in the top panels
in Fig. 3. Compared with the surfaces after P incorporation
(Fig. 1(c)), the LL deposition introduces high island/step den-
sities on the low temperature encapsulation overgrowth start-

Fig. 2 The process flow diagram of the delta layer fabrication procedures illustrating the timing and temperature at each step of the process. The
blue box highlights the steps that were systematically varied in this study: the locking layer (LL) overgrowth varies from 0ML to 16ML with or without
a subsequent LL Rapid Thermal Anneal (RTA) at 384 °C for 14 s. The red line represents the thermal profile as a function of time.
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ing surface. The bottom panels in Fig. 3 show high-resolution
cross-section TEM/STEM micrographs near the locking layer
interface regions after LL deposition and low temperature
encapsulation overgrowth. The lattice planes align very well

across the doping plane, and no distinction in crystalline
quality can be observed between the encapsulation overgrowth
layers and the substrates, indicating good epitaxial overgrowth
quality in the encapsulation layer grown at 274 °C. Thin (3 ML)
LL deposition on top of the Si:P monolayer at room tempera-
ture is within the kinetically controlled 3-D island growth
mode as a result of negligible Si adatom surface migration
(Fig. 3(a)).52,53 We observe no interface contrast at the 3 ML LL
plane, which indicates that excellent epitaxial quality can be
maintained at a few-ML RT-grown LL interface. Thicker RT-
grown LLs lead to smaller 3-D island sizes and higher LL
surface roughness (Fig. 3(b)), which may affect the epitaxial
quality within the LL and alter the initial surface conditions
for subsequent low-temperature encapsulation overgrowth.54

In contrast to Fig. 3(a), a greater variation in TEM contrast in
the locking layer region above the delta-doped region is
observed in Fig. 3(b), which is likely caused by a higher concen-
tration of defects and increased strain at the thicker LL interface
region. However, the detailed physical mechanism at the
thicker LL interface remains to be explained. Annealing at elev-
ated temperatures is known to repair Si lattice defects and inter-
stitial dopant defects and decrease local lattice strain.55 In
Fig. 3(c), an RTA at 384 °C for 14 seconds flattens the LL surface
and improves the LL crystallinity because of an increase in
island size and diffusion of Si atoms to step edges, regardless of
the higher growth rate.32 The surface roughness effect from
higher locking layer growth rates is not obvious after LL RTA
(Fig. 3(d)). However, TEM contrast at the LL interface (Fig. 3(c)
and (d)) remains observable after such a short RTA process.

Modeling the P-profile with locking layers

The depth resolution of the SIMS technique is on the order of
several nanometers due to atomic mixing and sputter roughen-
ing effects during the profiling process. It has been recognized
that some correction to the measured SIMS data, which takes
into account distortion effects from the sputtering process, is
necessary to obtain the true composition depth profile from
the measurement.56–59 The measured SIMS profile is a convo-
lution of the real P concentration profile with a sputtering
depth resolution function. Quantifying the concentration
profile with sub-nanometer depth resolution can only be accom-
plished by applying an appropriate deconvolution or through
profile reconstruction methods.60 A direct deconvolution is
complicated and yields large errors due to measurement signal
noise.56,57,61 In this study, we fit a simulated convolution to the
measured SIMS results and reconstruct the actual dopant con-
centration profile using the best-fit parameters. We use a first
order segregation model to simulate the dopant concentration
profile. A second order segregation component is unnecessary
because the P coverage on the growth front surface of this study
is not high enough to form P–P donor pair defects,62–64 which
is considered the primary cause of the breakdown of the first
order model.65 The depth resolution function is simulated
using the Mixing-Roughness-Information-depth (MRI) sputter
profiling model56–58,60,61,66 to account for sputtering-induced
broadening effects during the SIMS measurement.

Fig. 3 Top panels: STM topography images (+2 V bias on sample, 0.2
nA set-point current) of various LL surfaces before low temperature
encapsulation. Bottom panels: High-resolution cross section TEM/STEM
micrographs near the LL interface regions after LL deposition and low
temperature encapsulation overgrowth. The locking layer growth con-
ditions (thickness, growth rate, and rapid thermal anneal (RTA)) and the
subsequent encapsulation overgrowth are marked in the graphs. The
red arrows in TEM/STEM images indicate the LL interfaces.
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Dopant segregation during epitaxial Si overgrowth is such
that as a new monolayer overgrows on top of the surface, a
portion of the P atoms on the initial surface floats onto the
new surface due to the lower configuration energy on the
surface (segregation energy).65,67,68 This segregation proportion
depends critically on overgrowth temperature, overgrowth rate,
and the initial surface conditions such as surface step density
and surface passivation conditions.62 In our first order segre-
gation model, the total overgrowth is divided into a LL region
and an encapsulation region. A constant incorporation prob-
ability aLL in the LL region (aCAP in the encapsulation region) is
defined as the percentage of the surface phosphorus atoms that
are incorporated into the existing layer as another monolayer of
Si atoms is overgrown on top of that layer. The segregation
model is expressed in the following form,

dNsurf

dx
¼ aiNsurf ð1Þ

where Nsurf is the phosphorus atom density on the growth
front surface; x is the overgrowth thickness in units of ML. The
segregation length in each region, li, is defined as the length

for the 1/e monolayer coverage decrease. It follows that li ¼ 1
ai
.

The MRI sputter profiling convolution is governed by three
well-defined physical parameters: the atomic mixing length w,
the roughness σ, and the information depth λ. The atomic
mixing length w depends critically on the sputtering primary
ion beam energy and is obtained by fitting the exponential
section of the trailing edge of the profile (Fig. 4(b)).69 The
roughness, σ, consists of contributions from the surface rough-
ness of the original dosing plane due to steps and kinks, the
surface roughness after overgrowth, sputtering induced surface
topography, and mixing length straggling.56,70 The infor-
mation depth λ for SIMS is given by the escape depth of the
secondary ions. Since the sputtered secondary ions are from
the top layer in SIMS measurements with low primary ion
beam energies, we take λ to be 1ML in this work.56

First, the physical bulk concentration profile N(x) is
obtained by calculating the surface concentration as the over-
growth proceeds layer by layer using the recurrence relation
implied by eqn (1). We emphasize that N(x) represents the
physical bulk concentration assuming an atomically flat single
terrace initial dosing plane. Atomic layer steps and kinks could
introduce surface roughness on the initial dosing plane. In
this study, the initial dosing plane roughness is included in
the total roughness parameter, σ, which is to be convoluted
with N(x) in the next step. Recently, our group has shown that
a large atomically flat single terrace dosing plane can be
formed on micropatterned Si(100) in a controlled way,71 where
the reconstructed profile N(x) will represent the real physical
bulk concentration at local single terrace regions. In the next
step, the three convolution functions, gw, gσ, and gλ, are
sequentially applied to N(x) to obtain the sputter convoluted
profile M(x), as shown in eqn (2). w0 and λ0 are the respective
normalization factors of gw and gλ for the conservation of the
total number of phosphorus atoms. The total concentrations

of P atoms are obtained by integrating the SIMS depth profiles
and used as an input normalization factor. Since the segre-
gation length in the low-temperature encapsulation overgrowth
layer is much longer than the characteristic sputtering length
scales (w, σ, λ), we obtain aCAP by directly fitting the exponen-
tial section of the leading edge of the encapsulation layer
profile above the LL. By using the pre-fitted w and aCAP as
inputs, the LL incorporation probability (aLL) and surface
roughness (σ) are treated as independent fitting parameters to
fit M(x) to the measured SIMS profiles.

MðxÞ ¼
ðþ1

�1
Nðx′Þgðx� x′Þdx′ ð2Þ

gðxÞ ¼ gwðxÞ � gσðxÞ � gλðxÞ

Fig. 4 Reconstruction of the physical dopant concentration profiles
from SIMS measurements. 1 keV and 0.3 keV primary ion beam energies
are used for SIMS measurements on the individual LL sample (see
Sample LL-T3 in Table 1). (a) The atomic mixing length (w) depends criti-
cally on the primary ion beam energy and is obtained by fitting the trail-
ing edge of the measured SIMS profile M(x). (The fitted w lines are
shifted to avoid masking the data points.) (b) The SIMS data and the
fitted SIMS results M(x) are plotted as data points and solid curves. We
intentionally shift the zero position of the measured SIMS profile peaks
for comparison purposes. (c) The reconstructed concentration depth
profiles N(x) are plotted in bars. Each bar represents 1 ML. (d)
Comparison between the reconstructed P concentration profile N(x)
and the atom probe tomography (APT) result.
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gwðxÞ ¼
1
w0

exp
�ðxþ wÞ

w

� �
x > �w

0 x � �w

8<
:

gσðxÞ ¼ 1

σ
ffiffiffiffiffi
2π

p exp
�x2

2σ2

� �

gλðxÞ ¼
1
λ0

exp
x
λ

� �
x � 0

0 x > 0

(

In Fig. 4, we numerically fit two SIMS profiles measured on
the same delta layer sample but with different primary ion
beam energies of 1 keV and 0.3 keV. The depth is in units of
monolayer (ML) thickness, and the SIMS-measured concen-
tration peak positions are shifted to the zero-depth position
for comparison. When fitting the depth profile, data points are
weighted by the deviation of their Poisson error. The individ-
ual fitting parameters aLL and σ are only weakly correlated
with each other (Pearson correlation coefficient <0.5 between
aLL and σ). As can be seen from the best-fit parameters in
Table 1, a 0.3 keV beam energy results in a smaller atomic
mixing length (∼5.4ML) than does the 1 keV beam energy
(∼7.3 ML). The simulation separates the sputter broadening
effects from the actual P-profile and the reconstructed profiles
at 1 keV and 0.3 keV show excellent agreement with each
other, independent of sputter beam energies. As can be seen
from Table 1, the segregation incorporation probabilities during
274 °C overgrowth (aCAP) are approximately one order of magni-
tude lower than those during RT LL overgrowth (aLL), which
accounts for the concentration discontinuity between the LL
and subsequent encapsulation overgrowth layer. The best-fit
sputtering front roughness ranges approximately from 3 to 4ML
for samples with a LL, which is in good agreement with the
observed surface roughness in AFM and cross sectional TEM
images. As shown in Fig. 4(c), due to the atomic mixing effect,
the measured SIMS concentration peaks lie shallower than the
reconstructed profile peaks. The dependence of the measured
SIMS profile peak positions on the sputter ion beam energy

highlights the importance of using profiling reconstruction
techniques to extract the real depth information of incorporated
dopant atoms following atomic device encapsulation.

As shown in Fig. 4(d), our reconstructed profile agrees well
with the Pulsed Laser Atom Probe Tomography (PLAPT)
measurement result. We note that several factors can limit the
resolution of the APT technique, such as low counting number
noise, the evolution and local variation of tip shape, field
induced surface migration, crystallographic dependence of
evaporation fields between Si and P species, aberration effects,
etc.72–75 A detailed comparison between the SIMS reconstruc-
tion and APT reconstruction techniques at the ultimate mono-
layer limit will be published elsewhere.

Table 1 summarizes the detailed LL fabrication parameters
(LL thickness, LL growth rate, and LL RTA) of LL samples
investigated in this study as well as the best-fit parameters.
Uncertainties are given as one-sigma standard deviations,
which include only statistical uncertainties.

Locking layer thickness

Fig. 5 shows the effect of LL thickness on the delta layer con-
finement and electrical properties. All the LLs in Fig. 5 are de-
posited at 0.6 ML min−1 at room temperature without a LL
RTA. Fig. 5(b) illustrates the reconstructed P concentration pro-
files (N(x)) with different LL thicknesses. Without a LL, all the
dosed P atoms in the initial dosing plane experience a high
segregation probability with the encapsulation overgrowth at
274 °C. Due to the reduced segregation rate in the LL over-
growth, the reduction in the number of P atoms with each
additional monolayer of growth is greater in the LL than in the
encapsulation layer regardless of the numbers of LL MLs. This
reduced segregation rate in the LL is only the result of the
incorporation probability aLL and is independent of the LL
overgrowth thickness. At the same LL segregation probability,
increasing the LL thickness drives down the remaining
number of P atoms on the LL surface that experience a higher
segregation probability in the subsequent 274 °C encapsula-
tion overgrowth as expected from eqn (1). The reconstructed

Table 1 Summary of the LL fabrication parameters (LL thickness, LL growth rate, and LL RTA) of LL samples investigated in this study and the best-
fit parameters from the P-profile modeling. Uncertainties are given as one-sigma standard deviations, which only include statistical uncertainties. aLL
and aCAP are dopant segregation incorporation probabilities during the LL overgrowth and encapsulation overgrowth, which represent the probabil-
ities that a dopant on the surface monolayer remains within the same layer and does not segregate onto the upper layer during the subsequent one
monolayer overgrowth. w is the atomic mixing length in the sputtering process. Roughness is the sputter milling front roughness that consists of
contributions from both the original surface/interface roughness and the sputtering induced surface topography

Sample
name

LL thickness
(ML) σ ≤ 15%

LL growth rate
(ML min−1)
σ ≤ 15%

LL RTA
(384 °C 14 s)

Primary beam
energy (keV)

αLL (ML)
σ ≤ 20%

αCAP (ML)
σ ≤ 20%

D (cm2 s−1)
σ ≤ 50%

Mixing length
w (ML)
σ ≤ 10%

Roughness
(ML) σ ≤ 20%

LL-T0 0 — No 1.0 — 0.018 — 7.3 4.2
LL-T1 3 0.6 No 1.0 0.18 0.043 — 7.4 4.1
LL-T2 6 0.6 No 1.0 0.18 0.041 — 9.5 2.8
LL-T3 11 0.6 No 1.0 0.18 0.032 — 7.3 3.2
LL-T3 11 0.6 No 0.3 0.19 0.033 — 5.4 3.2
LL-T4 16 0.6 No 1.0 0.20 0.046 — 7.7 3.3
LL-R1 11 1.1 No 1.0 0.24 0.016 — 8.1 2.1
LL-R1-RTA 11 1.1 Yes 1.0 0.23 0.025 3.2 × 10−17 7.7 2.8
LL-R2-RTA 11 1.8 Yes 1.0 0.29 0.046 1.3 × 10−17 7.1 3.0
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concentration profiles give approximately the same peak
height at the dosing plane independent of LL thicknesses. It is
the atomic mixing effect that accounts for the measured con-
centration peak height variations at different LL thicknesses
shown in Fig. 5(a).

Both the free carrier mobility and dopant activation ratio in
the delta layers decrease as the LL thickness increases
(Fig. 5(c)). This drop in carrier density for samples with thicker
LLs may be attributed to the formation of nonincorporated
interstitial dopants, inactive dopant-vacancy complexes,76 and
deep level point defects in the lattice45 as evidenced by the
degradation in crystal quality (see Fig. 3(a and b)).77 In Fig. 5(d),
we define the total locking probability as the probability for a
single phosphorus atom to remain within a certain distance
from the initial dosing plane after the entire encapsulation over-
growth process. The activated locking probability is calculated
by multiplying the total locking probability with the dopant acti-
vation ratio. As expected, the total locking probability increases
monotonically with LL thickness. However, the activated
locking probability reaches its maximum at 11 ML and
decreases at 16 ML LL thickness due to the inverse relationship
between dopant confinement and activation ratio.

Locking layer rapid thermal anneal

Keizer and coworkers have found that a finely tuned LL rapid
thermal anneal (RTA) can effectively restore the active carrier
density while maintaining ultra-sharp dopant profiles.23,63

They observed that the application of a LL RTA slightly reduces
the P peak height and increases the segregation tail of the
encapsulation layer. We observe similar behavior in SIMS
measured results when applying a short RTA (384 °C for 14 s)
after RT LL overgrowth (Fig. 6(a) and (b)). This RTA induced
dopant redistribution can be quantified by adding a diffusion
component into our simulation algorithm to account for the P
diffusion towards the surface during LL RTA (eqn (3)), where
the segregation profile after the RT LL deposition is used as
the initial condition for the diffusion simulation. The
diffusion equation is expressed as,

@N
@t

¼ D
@2N
@x2

ð3Þ

where N is the phosphorus atom density in each monolayer,
t is the flash anneal time in seconds, x is the depth in units of
ML, and D is the diffusivity in units of ML2 s−1 and is treated

Fig. 5 The effect of locking layer (LL) thickness on delta layer confinement and electrical properties. All locking layers are grown at 0.6 ML min−1 at
room temperature with no LL RTA. (a) The measured and fitted SIMS concentration profiles of LL samples with different LL thicknesses (see
Samples LL-T0, LL-T1, LL-T2, LL-T3, and LL-T4 in Table 1). (b) The reconstructed P concentration profiles. (c) The delta layer free carrier mobility
μ (cm2 (V s)−1) and 2D sheet carrier density ns (cm

−2) are characterized at T = 2 K using the van der Pauw technique. (d) The total and activated P
locking probability 1 nm and 2 nm from the initial dosing plane as a function of LL thickness.
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as an independent fitting parameter. Since the RTA tempera-
ture (384 °C) is well below the thermal desorption temperature
of incorporated phosphorus atoms on Si(100) surfaces
(≈600 °C),20,33 we treat the phosphorus accumulation on a LL
surface during a LL RTA as a diffusion sink where the
diffusing P atoms remain trapped on the LL surface during an
RTA. Dopant diffusion from the surface into the overgrowth
silicon is negligible within the low temperature range of this
study because this process must overcome not only the
diffusion barrier but also the segregation energy at the surface.
Only the phosphorus atoms in the LL surface monolayer par-
ticipate in the segregation process of the subsequent encapsu-
lation overgrowth at 274 °C.

Extrapolations from previous diffusivity studies show an
over five orders of magnitude difference between the diffusivity
of P in Si at our LL RTA temperature (384 °C) and encapsula-
tion temperature (274 °C).78–82 Therefore, we assume the P
diffusion during the 274 °C thermal soak and encapsulation
overgrowth is negligibly small and is not included in our
model.17,24,63 Dopant diffusion into the substrate Si is also
neglected at low temperatures in this study due to the low
number of defects present in the Si substrate after flash
annealing at 1200 °C.80,83–85

We apply LL RTA to two of the samples in this study,
Sample LL-R1-RTA and Sample LL-R2-RTA, where the LLs of
the same thickness (11ML) are grown at 1.1 ML min−1 and 1.8
ML min−1 respectively. We obtain the best-fit LL diffusivity to
be about 3.2 × 10−17 cm2 s−1 for Sample LL-R1-RTA and about
1.3 × 10−17 cm2 s−1 for Sample LL-R2-RTA (see Table 1).
Among the three free fitting parameters (aLL, σ, and D), a rela-
tively strong correlation exists between aLL and D (Pearson cor-
relation coefficients ≈−0.2 between D and σ, and ≈0.9 between
D and aLL). However, the best-fit aLL value in Sample LL-R1-
RTA shows good agreement with the best-fit aLL value in
Sample LL-R1 where the RT-grown LL is deposited at the same
deposition rate and thickness but without a LL RTA. This indi-
cates that the simulation can distinguish the diffusion effect
from the segregation effect in the SIMS profiles. As illustrated
in the first and third panels of Fig. 6(c), before low tempera-
ture encapsulation overgrowth, the LL RTA induces dopant
atom diffusion within the LL, which reduces dopant density at
the initial dosing plane and drives some subsurface dopant
atoms out of the LL to the surface. This dopant accumulation
on the LL surface results in slightly higher dopant concen-
tration in the subsequent encapsulation overgrowth layer
because the subsequent segregation starts with a higher initial
surface coverage (second and fourth panels in Fig. 6(c)).

Locking layer growth rate

Our fitting results show that the LL segregation length
decreases with increasing the LL growth rate at room tempera-
ture (Fig. 7). The segregation length values agree very well with
the values reported from previous STM and Auger studies at
similar growth rates and temperatures.86 Physically, this segre-
gation length dependence on the growth rate arises from the
time allowed for a dopant on the growth front to exchange its
lattice position with newly deposited Si atoms before incorpor-

Fig. 6 The locking layer (LL) rapid thermal anneal (RTA) effect on
dopant redistribution in Samples LL-R1 and LL-R1-RTA. (a, b) The
measured and fitted SIMS profiles. Sample LL-R1 has an 11 ML LL grown
at 1.1 ML min−1 at room temperature without RTA. Sample LL-R1-RTA
has the same RT-grown LL followed by a 384 °C RTA for 14 seconds
before low temperature encapsulation overgrowth. (c)The reconstructed
P concentration profiles before and after low temperature encapsulation
overgrowth in Sample LL-R1 (left two panels) and Sample LL-R1-RTA
(right two panels).

Fig. 7 The fitted P segregation length (lLL) of room-temperature grown
locking layer at different growth rates.
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ation.62,87 Increasing the LL growth rate reduces the time
allowed for segregation exchange during LL overgrowth, and
therefore increases the incorporation probability within the LL
(Table 1) and dopant confinement.

As can be seen in Fig. 8(a–c), increasing the LL growth rate
improves dopant confinement in situations with and without a
LL RTA. Increasing the LL growth rate from 0.6 ML min−1

(Sample LL-T3) to 1.1 ML min−1 (Sample LL-R1) increased the
P density at the dosing plane from 2.5 × 1021 cm−3 to 3.5 ×
1021 cm−3. At 1.8 ML min−1 LL growth rate in Sample LL-R2-
RTA, 95% of the P atoms can be confined within a 1 nm thick
layer (Fig. 8(d)). However, as can be seen from Fig. 8(e), which

presents both carrier concentration for the four samples as
well as Hall mobility, increasing the LL growth rate results in a
decreased dopant activation ratio in samples with and without
a 14 second LL RTA at 384 °C. While the activated P locking
probability decreases, the total P locking probability increases
with the increased LL growth rate.

Even though P is better confined through either increasing
the LL thickness or increasing the LL growth rate, we empha-
size the advantages of increasing the LL growth rate to
improve P confinement. As can be seen in Fig. 5(b), increasing
LL thickness merely extends the P concentration profile within
the LL further into the exponential tail while the exponent
remains unchanged. While a thicker locking layer can effec-
tively reduce the remaining P coverage on the LL surface that
further segregates during the subsequent encapsulation over-
growth at elevated temperature, it has no effect on the P con-
centration peak height within the LL. On the other hand,
increasing the LL growth rate effectively increases the exponent
of P profiles within the LL (Fig. 8(c)), which improves both the
sharpness and concentration peak height of the P profile.

Discussion

Dopant confinement and electrical activation are highly sensi-
tive to LL fabrication processes at the ML scale. Due to the low
segregation probability during LL overgrowth at room tempera-
ture, increasing the LL thickness improves delta layer confine-
ment by suppressing the number of dopant atoms that further
segregate during the subsequent encapsulation overgrowth at
elevated temperature. However, crystalline quality at the LL
interface degrades with increased LL thickness which results
in lower P activation ratios and free carrier mobilities.
Therefore, we identify optimal LL thicknesses that balance
dopant confinement and activation at a fixed LL growth rate.
In this study, we found such an optimal LL thickness to be
approximately 11ML when depositing the LL at 0.6 ML min−1,
where 90% of P atoms are confined within 2 nm of the original
dosing plane with an activation ratio of 88%. The P density at
the original dosing plane is independent of LL thickness, and
we estimate that a P peak concentration of about 2.5 × 1021

cm−3 can be achieved at a 0.6 ML min−1 LL growth rate.
RTA after LL overgrowth improves both the dopant acti-

vation ratio and free carrier mobility. This increase in carrier
mobility after a LL RTA occurs because increased Coulomb
scattering from additional ionized impurities is offset by
decreased point defect scattering due to improved crystal
quality, which results in a net increase in the carrier mobility.
However, the LL RTA broadens the P distribution within the
LL and accumulates P on the LL surface which increases the
number of P atoms that segregate during encapsulation layer
overgrowth. We note that our calculated P diffusivity within
RT-grown LLs at 384 °C is about 3.2 × 10−17 cm2 s−1, which is
approximately three orders of magnitude higher than the
corresponding P diffusivity extracted from previous studies
within bulk Si at a high P concentration (∼1.3 × 10–20 cm2 s−1,

Fig. 8 The effect of locking layer (LL) growth rate on delta layer
confinement and electrical properties. (a, b) Measured and fitted SIMS
concentration profiles of samples with different LL growth rates.
Samples LL-T3 and LL-R1 in (a) do not have a LL RTA. Samples LL-R1-
RTA and LL-R2 RTA in (b) have a LL RTA. (c) The reconstructed P concen-
tration profiles. (d) The total and activated P locking probability within
1 nm and 2 nm from the initial dosing plane as a function of LL thick-
ness. (e) The delta layer free carrier mobility μ (cm2 (V s)−1) and 2D sheet
carrier density ns (cm

−2) are characterized at T = 2 K using the van der
Pauw technique.
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following eqn (2) in ref. 75).81,88 This is likely due to the higher
concentration of structural or charge defect complexes within
the RT-grown LL and the non-equilibrium local point defect
concentration near the highly doped delta layer region and the
relatively rough LL surface.18,79,88–90 Elemental SIMS analysis
shows a high concentration of atomic point defects due to
oxygen, hydrogen and other contaminants that are incorpor-
ated into the overgrown locking layers which do not have a sig-
nificant effect on epitaxy but likely enhance dopant
diffusion.85,91 We are not aware of any literature values of P
diffusivity in the low temperature range of this study and with
similar Si LL configurations. Further studies are needed to
characterize the detailed physical mechanism(s) of the
observed high P diffusivity within RT-grown LLs on Si surfaces
with high P coverage.90

Increasing the LL growth rate decreases the LL segregation
length and improves dopant confinement more efficiently
than merely increasing the LL thickness in the sense that both
the sharpness and peak height of the P concentration profile
can be improved within the LL. However, higher LL growth
rates affect the local crystal quality at the LL interface and com-
promise dopant activation.77 The drop in activated P locking
probability (Fig. 8(e)) with higher LL growth rates highlights
the side effect of improving P confinement by increasing the
LL growth rate, which can be mitigated by a short LL RTA.
Increasing the LL growth rate from 0.6 ML min−1 to 1.1
ML min−1 results in a drop in the P activation ratio from 88%
to 61% while the mobility increases from 75 cm2 V−1 s−1 to
83 cm2 V−1 s−1. The competing response of the activation ratio
and free carrier mobility to increased LL growth rate may
suggest that the mobility is primarily limited by Coulomb scat-
tering from ionized impurities for room-temperature grown LL
without a LL RTA. On the other hand, for LL samples with a
LL RTA, an increased LL growth rate results in a reduction of
both the P activation ratio and free carrier mobility. Further
study is necessary to fully explore the electronic transport
dependence on the LL overgrowth parameters. In addition, in
order to fully explain the detailed physical mechanisms of P
segregation and diffusion in this study, it might be necessary
to extend our simple model with additional complexities, such
as the growth front roughness,50 step density62 evolution,
vacuum contamination, auto-dosing,25,91,92 etc., which are
beyond the scope of this study.

Conclusions

To summarize, we have developed a robust quantification
method using room-temperature grown locking layers (LLs)
and segregation/diffusion and sputter profiling simulations to
monitor and control, at the atomic scale, unintentional dopant
movement and lattice defect formation during the Si:P mono-
layer fabrication. By combining SIMS, TEM, STM, APT, and
low-temperature magnetotransport measurements, it is shown
that increasing the LL thickness decreases both the dopant
activation ratio and carrier mobility. Specific LL growth rates

correspond to optimal LL thicknesses that balance the tradeoff
between dopant confinement and activation. LL RTA restores
LL crystalline quality but induces dopant diffusion and surface
accumulation at the LLs. The dopant segregation length can
be suppressed below one Si lattice constant by increasing the
LL growth rate above 1.8 ML min−1. We compare the effects of
increasing the LL growth rate and increasing the LL thickness
on delta layer quality, emphasizing the advantage of the
former in improving P confinement in both the profile sharp-
ness and peak concentration heights. We demonstrate that
high LL growth rates in combination with a low-temperature
LL RTA can create exceptionally sharp dopant confinement
while maintaining good electrical quality within Si:P mono-
layers. The new model developed in this study provides valu-
able insight into the interplay among dopant movement, acti-
vation, and surface roughening at the mono-atomic layer scale.
The locking layer fabrication and quantification methods
demonstrated in this study provide unique tools to study
atomic dopant movement and the local crystalline environ-
ment in Si:P monolayers and their effect on atomic scale elec-
tronics for future semiconductor and solid state quantum
devices.

Author contributions

R. S. and X. W. designed the study. X. W., P. N., J. W., and
K. L. fabricated the samples. X. W. formulated the depth
profile reconstruction model and analyzed the SIMS
data. J. H., R. M., M. S., and C. R. conducted the electrical
measurements and analyzed the electrical data. A. M. con-
ducted the TEM measurements. F. M. conducted the APT
measurements. X. W. and R. S. carried out the combined data
analysis and wrote the manuscript with input from all authors.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This work was sponsored by the Innovations in Measurement
Science (IMS) project at NIST: Atom-base Devices: single atom
transistors to solid state quantum computing. The authors
thank Stephen Smith (Evans Analytical Group) for SIMS
measurements and David Simons, Joe Bennett, Joshua
Pomeroy, Theodore Einstein, Scott Schmucker, and Ian
Appelbaum for useful conversations.

References

1 S. Lee, H. Ryu, H. Campbell, L. C. L. Hollenberg,
M. Y. Simmons and G. Klimeck, Phys. Rev. B: Condens.
Matter Mater. Phys., 2011, 84, 205309.

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
6 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 N

at
io

na
l I

ns
tit

ut
es

 o
f 

St
an

da
rd

s 
&

 T
ec

hn
ol

og
y 

on
 2

0/
02

/2
01

8 
16

:2
2:

06
. 

View Article Online

http://dx.doi.org/10.1039/C7NR07777G


2 M. Fuechsle, J. A. Miwa, S. Mahapatra, H. Ryu, S. Lee,
O. Warschkow, L. C. L. Hollenberg, G. Klimeck and
M. Y. Simmons, Nat. Nanotechnol., 2012, 7, 242–246.

3 E. H. Hwang and S. Das Sarma, Phys. Rev. B: Condens.
Matter Mater. Phys., 2013, 87, 125411.

4 S. Roy and A. Asenov, Science, 2005, 309, 388–390.
5 F. A. Zwanenburg, A. S. Dzurak, A. Morello, M. Y. Simmons,

L. C. L. Hollenberg, G. Klimeck, S. Rogge,
S. N. Coppersmith and M. A. Eriksson, Rev. Mod. Phys.,
2013, 85, 961–1019.

6 A. Fuhrer, M. Füchsle, T. C. G. Reusch, B. Weber and
M. Y. Simmons, Nano Lett., 2009, 9, 707–710.

7 B. Weber, S. Mahapatra, H. Ryu, S. Lee, A. Fuhrer,
T. C. G. Reusch, D. L. Thompson, W. C. T. Lee, G. Klimeck,
L. C. L. Hollenberg and M. Y. Simmons, Science, 2012, 335,
64–67.

8 B. Weber, H. Ryu, Y. H. M. Tan, G. Klimeck and
M. Y. Simmons, Phys. Rev. Lett., 2014, 113, 246802.

9 M. G. House, E. Peretz, J. G. Keizer, S. J. Hile and
M. Y. Simmons, Appl. Phys. Lett., 2014, 104, 113111.

10 M. Fuechsle, S. Mahapatra, F. A. Zwanenburg, M. Friesen,
M. A. Eriksson and M. Y. Simmons, Nat. Nanotechnol.,
2010, 5, 502–505.

11 B. Weber, Y. H. M. Tan, S. Mahapatra, T. F. Watson, H. Ryu,
R. Rahman, C. L. HollenbergLloyd, G. Klimeck and
M. Y. Simmons, Nat. Nanotechnol., 2014, 9, 430–435.

12 C. D. Hill, E. Peretz, S. J. Hile, M. G. House, M. Fuechsle,
S. Rogge, M. Y. Simmons and L. C. L. Hollenberg, Sci. Adv.,
2015, 1(9), e1500707.

13 M. V. Klymenko, S. Rogge and F. Remacle, Phys. Rev. B:
Condens. Matter Mater. Phys., 2017, 95, 205301.

14 A. Budi, D. W. Drumm, M. C. Per, A. Tregonning,
S. P. Russo and L. C. L. Hollenberg, Phys. Rev. B: Condens.
Matter Mater. Phys., 2012, 86, 165123.

15 G. Scappucci, G. Capellini, B. Johnston, W. M. Klesse,
J. A. Miwa and M. Y. Simmons, Nano Lett., 2011, 11, 2272–
2279.

16 M. Usman, J. Bocquel, J. Salfi, B. Voisin, A. Tankasala,
R. Rahman, M. Y. Simmons, S. Rogge and
L. C. L. Hollenberg, Nat. Nanotechnol., 2016, 11, 763–768.

17 C. M. Polley, W. R. Clarke, J. A. Miwa, G. Scappucci,
J. W. Wells, D. L. Jaeger, M. R. Bischof, R. F. Reidy,
B. P. Gorman and M. Simmons, ACS Nano, 2013, 7, 5499–
5505.

18 P. M. Voyles, D. J. Chadi, P. H. Citrin, D. A. Muller,
J. L. Grazul, P. A. Northrup and H. J. L. Gossmann, Phys.
Rev. Lett., 2003, 91, 125505.

19 S. Shamim, S. Mahapatra, C. Polley, M. Y. Simmons and
A. Ghosh, Phys. Rev. B: Condens. Matter Mater. Phys., 2011,
83, 233304.

20 S. R. McKibbin, W. R. Clarke, A. Fuhrer, T. C. G. Reusch
and M. Y. Simmons, Appl. Phys. Lett., 2009, 95, 233111.

21 S. R. McKibbin, W. R. Clarke, A. Fuhrer and
M. Y. Simmons, J. Cryst. Growth, 2010, 312, 3247–3250.

22 S. R. McKibbin, W. R. Clarke and M. Y. Simmons, Phys. E,
2010, 42, 1180–1183.

23 J. G. Keizer, S. Koelling, P. M. Koenraad and
M. Y. Simmons, ACS Nano, 2015, 9, 12537–12541.

24 M. Yamada, K. Sawano, M. Uematsu and K. M. Itoh, Appl.
Phys. Lett., 2015, 107, 132101.

25 Y. Michihiro, S. Kentarou, U. Masashi, S. Yasuo, I. Koji,
N. Yasuyoshi and M. I. Kohei, Jpn. J. Appl. Phys., 2016, 55,
031304.

26 S. R. Schofield, N. J. Curson, M. Y. Simmons, F. J. Rueß,
T. Hallam, L. Oberbeck and R. G. Clark, Phys. Rev. Lett.,
2003, 91, 136104.

27 T. Hallam, T. C. G. Reusch, L. Oberbeck, N. J. Curson and
M. Y. Simmons, J. Appl. Phys., 2007, 101, 034305.

28 L. Oberbeck, N. J. Curson, M. Y. Simmons, R. Brenner,
A. R. Hamilton, S. R. Schofield and R. G. Clark, Appl. Phys.
Lett., 2002, 81, 3197–3199.

29 A. A. Van Gorkum, K. Nakagawa and Y. Shiraki, J. Cryst.
Growth, 1989, 95, 480–483.

30 Y. Yamamoto, R. Kurps, C. Mai, I. Costina, J. Murota and
B. Tillack, Solid-State Electron., 2013, 83, 25–29.

31 E. F. Schubert, Delta-doping of Semiconductors, Cambridge
University Press, 1996.

32 X. Wang, P. Namboodiri, K. Li, X. Deng and R. Silver, Phys.
Rev. B: Condens. Matter Mater. Phys., 2016, 94, 125306.

33 D. S. Lin, T. S. Ku and T. J. Sheu, Surf. Sci., 1999, 424,
7–18.

34 H. F. Wilson, O. Warschkow, N. A. Marks, S. R. Schofield,
N. J. Curson, P. V. Smith, M. W. Radny, D. R. McKenzie and
M. Y. Simmons, Phys. Rev. Lett., 2004, 93, 226102.

35 H. F. Wilson, O. Warschkow, N. A. Marks, N. J. Curson,
S. R. Schofield, T. C. G. Reusch, M. W. Radny, P. V. Smith,
D. R. McKenzie and M. Y. Simmons, Phys. Rev. B: Condens.
Matter Mater. Phys., 2006, 74, 195310.

36 K. E. J. Goh, L. Oberbeck and M. Y. Simmons, Phys. Status
Solidi A, 2005, 202, 1002–1005.

37 T. C. G. Reusch, N. J. Curson, S. R. Schofield, T. Hallam
and M. Y. Simmons, Surf. Sci., 2006, 600, 318–324.

38 O. Warschkow, H. F. Wilson, N. A. Marks, S. R. Schofield,
N. J. Curson, P. V. Smith, M. W. Radny, D. R. McKenzie and
M. Y. Simmons, Phys. Rev. B: Condens. Matter Mater. Phys.,
2005, 72, 125328.

39 S. R. Schofield, N. J. Curson, O. Warschkow, N. A. Marks,
H. F. Wilson, M. Y. Simmons, P. V. Smith, M. W. Radny and
D. R. McKenzie, MRS Proc., 2005, 864, E5.4.

40 J.-Y. Ji and T. C. Shen, Phys. Rev. B: Condens. Matter Mater.
Phys., 2004, 70, 115309.

41 T. C. Shen, C. Wang, G. C. Abeln, J. R. Tucker, J. W. Lyding,
P. Avouris and R. E. Walkup, Science, 1995, 268, 1590.

42 T. Hallam, M. J. Butcher, K. E. J. Goh, F. J. Ruess and
M. Y. Simmons, J. Appl. Phys., 2007, 102, 034308.

43 T. Vondrak and X. Y. Zhu, Phys. Rev. Lett., 1999, 82, 1967–
1970.

44 D. Riedel, A. J. Mayne and G. Dujardin, Phys. Rev. B:
Condens. Matter Mater. Phys., 2005, 72, 233304.

45 D. J. Eaglesham, J. Appl. Phys., 1995, 77, 3597–3617.
46 K. E. J. Goh, Y. Augarten, L. Oberbeck and M. Y. Simmons,

Appl. Phys. Lett., 2008, 93, 142105.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2018 Nanoscale

Pu
bl

is
he

d 
on

 2
6 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 N

at
io

na
l I

ns
tit

ut
es

 o
f 

St
an

da
rd

s 
&

 T
ec

hn
ol

og
y 

on
 2

0/
02

/2
01

8 
16

:2
2:

06
. 

View Article Online

http://dx.doi.org/10.1039/C7NR07777G


47 K. E. J. Goh, L. Oberbeck, M. Y. Simmons, A. R. Hamilton
and R. G. Clark, Appl. Phys. Lett., 2004, 85, 4953–4955.

48 X. Deng, P. Namboodiri, K. Li, X. Wang, G. Stan,
A. F. Myers, X. Cheng, T. Li and R. M. Silver, Appl. Surf. Sci.,
2016, 378, 301–307.

49 L. Oberbeck, T. Hallam, N. J. Curson, M. Y. Simmons and
R. G. Clark, Appl. Surf. Sci., 2003, 212–213, 319–324.

50 D. J. Eaglesham, H. J. Gossmann and M. Cerullo, Phys. Rev.
Lett., 1990, 65, 1227–1230.

51 G. Scappucci, G. Capellini and M. Y. Simmons, Phys. Rev.
B: Condens. Matter Mater. Phys., 2009, 80, 233202.

52 I. K. Marmorkos and S. Das Sarma, Phys. Rev. B: Condens.
Matter Mater. Phys., 1992, 45, 11262–11272.

53 S. Clarke and D. D. Vvedensky, Phys. Rev. B: Condens.
Matter Mater. Phys., 1988, 37, 6559–6562.

54 S. Clarke and D. D. Vvedensky, Phys. Rev. B: Condens.
Matter Mater. Phys., 1987, 36, 9312–9314.

55 S. K. Ghandhi, The theory and practice of microelectronics,
Wiley, 1968.

56 S. Hofmann, Thin Solid Films, 2001, 398–399, 336–342.
57 S. Hofmann, Appl. Surf. Sci., 2005, 241, 113–121.
58 P. A. Yunin, Y. N. Drozdov, M. N. Drozdov and

D. V. Yurasov, Appl. Surf. Sci., 2014, 307, 33–41.
59 P. C. Zalm, Rep. Prog. Phys., 1995, 58, 1321.
60 S. Hofmann, J. Vac. Sci. Technol., B: Microelectron.

Nanometer Struct.–Process., Meas., Phenom., 1992, 10, 316–
322.

61 S. Hofmann, Rep. Prog. Phys., 1998, 61, 827.
62 J. F. Nützel and G. Abstreiter, Phys. Rev. B: Condens. Matter

Mater. Phys., 1996, 53, 13551–13558.
63 J. G. Keizer, S. R. McKibbin and M. Y. Simmons, ACS Nano,

2015, 9, 7080–7084.
64 S. R. McKibbin, C. M. Polley, G. Scappucci, J. G. Keizer and

M. Y. Simmons, Appl. Phys. Lett., 2014, 104, 123502.
65 K. Nakagawa and M. Miyao, J. Appl. Phys., 1991, 69, 3058–

3062.
66 J. A. Miwa, P. Hofmann, M. Y. Simmons and J. W. Wells,

Phys. Rev. Lett., 2013, 110, 136801.
67 D. J. Godbey and M. G. Ancona, Appl. Phys. Lett., 1992, 61,

2217–2219.
68 K. D. Hobart, D. J. Godbey, P. E. Thompson and

D. S. Simons, J. Vac. Sci. Technol., B: Microelectron.
Nanometer Struct.–Process., Meas., Phenom., 1993, 11, 1115–
1119.

69 A. Takano, Y. Homma, Y. Higashi, H. Takenaka, S. Hayashi,
K. Goto, M. Inoue and R. Shimizu, Appl. Surf. Sci., 2003,
203–204, 294–297.

70 S. Hofmann, arXiv preprint cond-mat/0002451, 2000.

71 K. Li, N. Pradeep, S. Chikkamaranahalli, G. Stan, R. Attota,
J. Fu and R. Silver, J. Vac. Sci. Technol., B: Nanotechnol.
Microelectron.: Mater., Process., Meas., Phenom., 2011, 29,
041806.

72 E. Cadel, F. Vurpillot, R. Lardé, S. Duguay and
B. Deconihout, J. Appl. Phys., 2009, 106, 044908.

73 B. Gault, M. P. Moody, F. De Geuser, A. La Fontaine,
L. T. Stephenson, D. Haley and S. P. Ringer, Microsc.
Microanal., 2010, 16, 99–110.

74 P. Ronsheim, P. Flaitz, M. Hatzistergos, C. Molella,
K. Thompson and R. Alvis, Appl. Surf. Sci., 2008, 255, 1547–
1550.

75 T. J. Prosa, D. Olson, B. Geiser, D. J. Larson, K. Henry and
E. Steel, Ultramicroscopy, 2013, 132, 179–185.

76 X.-Y. Liu, W. Windl, K. M. Beardmore and
M. P. Masquelier, Appl. Phys. Lett., 2003, 82, 1839–1841.

77 K. E. J. Goh and M. Y. Simmons, Appl. Phys. Lett., 2009, 95,
142104.

78 R. B. Fair, MRS Proc., 1982, 14, 61.
79 R. B. Fair, J. Vac. Sci. Technol., A, 1986, 4, 926–932.
80 R. B. Fair, J. Electrochem. Soc., 1990, 137, 667–671.
81 R. B. Fair and J. C. C. Tsai, J. Electrochem. Soc., 1977, 124,

1107–1118.
82 D. J. Fisher, Diffusion in Silicon: 10 Years of Research, Scitec

Publications, 1998.
83 R. Duffy, V. C. Venezia, J. Loo, M. J. P. Hopstaken,

M. A. Verheijen, J. G. M. van Berkum, G. C. J. Maas,
Y. Tamminga, T. Dao and C. Demeurisse, Appl. Phys. Lett.,
2005, 86, 081917.

84 Y. Kim, H. Z. Massoud and R. B. Fair, J. Electrochem. Soc.,
1990, 137, 2599–2603.

85 D. J. Roth and J. D. Plummer, J. Electrochem. Soc., 1994,
141, 1074–1081.

86 L. Oberbeck, N. J. Curson, T. Hallam, M. Y. Simmons,
G. Bilger and R. G. Clark, Appl. Phys. Lett., 2004, 85, 1359–
1361.

87 C. B. Arnold and M. J. Aziz, Phys. Rev. B: Condens. Matter
Mater. Phys., 2005, 72, 195419.

88 P. M. Fahey, P. B. Griffin and J. D. Plummer, Rev. Mod.
Phys., 1989, 61, 289–384.

89 H. M. You, U. M. Gösele and T. Y. Tan, J. Appl. Phys., 1993,
74, 2461–2470.

90 A. Armigliato, F. Romanato, A. Drigo, A. Carnera,
C. Brizard, J. R. Regnard and J. L. Allain, Phys. Rev. B:
Condens. Matter Mater. Phys., 1995, 52, 1859–1873.

91 K. Hiroaki and M. Mikio, Jpn. J. Appl. Phys., 1995, 34, L1325.
92 H. J. Osten, G. Lippert, J. P. Liu and D. Krüger, Appl. Phys.

Lett., 2000, 77, 2000–2002.

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
6 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 N

at
io

na
l I

ns
tit

ut
es

 o
f 

St
an

da
rd

s 
&

 T
ec

hn
ol

og
y 

on
 2

0/
02

/2
01

8 
16

:2
2:

06
. 

View Article Online

http://dx.doi.org/10.1039/C7NR07777G

	Button 1: 


