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ABSTRACT Low resistivity, near-surface doping in silicon repre-

sents a formidable challenge for both the microelectronics industry
and future quantum electronic devices. Here we employ an ultra-
high vacuum strategy to create highly abrupt doping profiles in
silicon, which we characterize in situ using a four point probe
scanning tunnelling microscope. Using a small molecule gaseous

dopant source (PHs) which densely packs on a reconstructed silicon

surface, followed by encapsulation in epitaxial silicon, we form

highly conductive dopant sheets with subnanometer control of the
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depth profiles. This approach allows us to test the limits of ultra-shallow junction formation, with room temperature resistivities of 780 €2/01 at an

encapsulation depth of 4.3 nm, increasing to 23 k€2/CJ at an encapsulation depth of only 0.5 nm. We show that this depth-dependent resistivity can be

accounted for by a combination of dopant segregation and surface scattering.
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he sustained effort within the micro-
Telectronics industry to reduce device

dimensions to the sub-10 nm scale
poses unique technological challenges.?
This includes the creation of low resistivity
doping profiles for transistor source/drain
extensions, which must be both shallow
and abrupt to avoid short-channel effects.
Abrupt doping profiles are also a key ele-
ment of both silicon spintronic architec-
tures® and the development of an all epit-
axial silicon based quantum computer.’
The 2011 International Technology Road-
map for Semiconductors (ITRS) sets sub-
8 nm depth targets by 2015,° which is
beyond the currently demonstrated
limits of mainstream ion implantation’~'*
(Figure 1). To realize the low resistivity,
near-surface doping profiles required for
future electronic and spintronic devices,
there is active research into surface medi-
ated, damage-free alternatives such as
monolayer doping'® (blue diamonds in
Figure 1), surface transfer doping'® and
d-doping."”
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Controlled low-temperature epitaxy in
ultra-high vacuum provides the opportunity
to experimentally realize the end-point of
ultra-shallow junction scaling. Using the
gaseous dopant precursor phosphine (PHs)
which adsorbs in a self-limiting monolayer
coverage on a clean reconstructed silicon
surface, we achieve a very high surface
doping density owing to the small foot-
print of the phosphine molecule. In con-
trast to both implantation and monolayer
doping techniques, the subsequent an-
nealing and silicon overgrowth steps are
at low temperatures (<350 °C), resulting in
negligible diffusion of dopants into the
substrate. The result is a high density
(=2 x 10" cm™2), highly abrupt 2D dop-
ing profile at well controlled depths from
the silicon-vacuum interface. As can be
seen in Figure 1 (red stars), this allows
the creation of shallow doping layers with
depth and resistivity values surpassing any
previously reported technique. Further-
more, this doping technique has been
shown to be readily compatible with
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Figure 1. Depth dependent sheet resistance of a Si:P
o-doping layer. Here depth refers to the distance from the
surface at which the doping density falls below 5 x
10" cm 3. For comparison, we include the 2011 ITRS
targets® and compiled results from the literature for ultra-
shallow silicon doping using ion implantation’'* and
monolayer doping.'” Error bars in depth arise from a
combination of the encapsulation rate calibration and the
extrapolation of junction depth in Figure 2.

lateral patterning of atomic-> and micrometer-scale'®
features.

As the depth of the doping layer approaches zero, it
is expected that interactions with the silicon surface
will become important, such as incomplete ioniza-
tion,'® surface charge transfer?® and interface rough-
ness scattering.?' A full understanding of the shallow
depth limit requires control of the surface condition,
such that a combined ultra-high vacuum (UHV) fabri-
cation and characterization technique is required. In a
previous paper, we demonstrated how this can be
accomplished using an in situ microscopic four-point
probe (4PP) system.*? Here we extend this work to pre-
sent a detailed UHV study of the depth-dependence of
Si:P d-doping layers, allowing exploration of the limits
of ultra-shallow doping in silicon. As Figure 1 demon-
strates, the combination of UHV 6-doping and micro-
scopic 4PP measurements provide access to the
extreme limits of ultra-shallow doping in silicon.

For these experiments, we have used p-type Si(100)
substrates, with doping densities from 0.015 to
75 Q-cm. Silicon samples were prepared by heating
to 1200 °Cin UHV to remove the native oxide and obtain
a Si(100) 2 x 1 surface reconstruction. The surfaces
were then saturation dosed with 1.4 L of phosphine gas
atroom temperature and annealed to 350 °Cfor 60 s to
substitutionally incorporate phosphorus atoms into
the top layer of the silicon lattice.”> The incorporated
surface was then held at 250 °C and overgrown with
epitaxial silicon from a high-resistivity (>1 kQ-cm)
sublimation cell at a growth rate of ~0.3 nm/min.
These growth parameters have been shown previously
to optimize the electrical properties®* and minimize
the spreading of the doping profile.?® At such low
temperatures and having avoided the crystal lattice
damage typical of implantation, dopant diffusion into
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Figure 2. Depth profiling of the physical dopant distribu-
tion with PLAPT indicates both segregation into the en-
capsulation layer and diffusion into the substrate (a), with
only the latter being important for defining the junction
depth. Closer inspection of the trailing edge (b) indicates
that the doping concentration falls below 5 x 10'® cm 3
over a distance of ~1.45 nm. Details of the PLAPT measure-
ments and the curve-fitting can be found in the Supporting
Information.

the substrate is essentially negligible. With 25 nm of
encapsulation, this process is known to result in
full dopant activation with 2D carrier densities of
~2x 10" cm~22° The sample preparation and in situ
four-probe measurements were performed with a
commercially available Omicron Nanoprobe system.
Details of the measurement technique are discussed in
a previous article.?? With four independent scanning
tunneling microscope probes, we are able to measure
four terminal resistances as a function of the equi-
distant probe separation, which is a well-known means
of determining whether conduction is through the
substrate or the surface doping layer.??%”~%°

RESULTS AND DISCUSSION

Physical Profile. For a meaningful comparison with
existing ultra-shallow doping literature, it is important
to clearly define how the junction depth is determined.
The standard definition is the distance from the surface
at which the doping concentration drops below that of
the bulk doped substrate, 5 x 10'® cm ™3 for conven-
tional 10 mQ-cm substrates. In our samples, we are
burying a dopant sheet, so that the junction depth
consists of the encapsulation thickness plus the addi-
tional distance required for the trailing edge of the
phosphorus profile to fall below 5 x 10'® cm™3. While
the initial placement of dopants is by surface adsorp-
tion and is hence a zero depth layer, the subsequent
processes of dopant incorporation and encapsulation
will result in some amount of diffusion into the sub-
strate and segregation into the encapsulation layer.
The low temperatures used for dopant incorpora-
tion (350 °C) and silicon encapsulation (250 °C) are
expected to result in negligible diffusion, and this is
verified by careful depth profiling measurements.

In Figure 2, we show a phosphorus depth profile
measurement of a typical Si:P 6-doped layer. Due to the

POLLEY ET AL. VOL.7 = NO.6 = 5499-5505 = 2013 ACNJANI(C) | 5500

WL

WWwWW.acsnano.org



known broadening artifacts arising from sputter-based
profiling techniques,>**3' we have obtained sputter-
free pulsed laser atom probe tomography (PLAPT) in
addition to secondary ion mass spectrometry (SIMS).
A direct comparison of measurements with both tech-
niques is provided in the Supporting Information. PLAPT
employs laser pulses with a locally large surface electric
field to sequentially field evaporate ions from the
sample surface, and is well suited to studies of nano-
scale doping layers3? As shown in Figure 2a, both
segregation and diffusion are apparent, and the dop-
ing profile is well described by an exponentially mod-
ified Gaussian fit. The segregation behavior agrees with
previous studies, and will be discussed later. To eval-
uate the diffusion edge, in Figure 2b we replot part of
the profile on a logarithmic scale. We also include
sampling error bars corresponding to a binomial con-
fidence interval of 1.960 (95%). The sampling error
rapidly increases for concentrations below =~5 x
10" cm™3 where data points correspond to only a
few detected P atoms. This necessitates examining the
Gaussian tail of the fit to determine the depth at which
the phosphorus concentration reaches 5 x 10'® cm ™.
Measurements of similar samples with SIMS confirm
that there are no “kinks' in the phosphorus profile and
hence this extrapolation is valid (see Supporting
Information). As indicated in Figure 2b, the phosphorus
concentration reaches 5 x 10'® cm 2 at a distance of
only ~1.45 nm from the profile peak.

We note that for such a sharp doping profile it is not
clear whether Figure 2 represents the true doping
profile or a resolution limit of the PLAPT technique.
Several processes may contribute to such a resolution
limit, including local variations in evaporation fields
between silicon and phosphorus atomic species, field-
and thermally induced surface diffusion, field penetra-
tion beyond the tip surface and correlated ion
evaporation.>® We note however that here we obtain
a trailing edge decay length of ~0.8 nm/decade, in
agreement with previous measurements of boron
d-doped silicon®* and isotopically enriched hetero-
structures of silicon.* For the present purposes, we
simply assume that the ~1.45 nm depth obtained from
Figure 2b represents an upper bound. On this basis, we
may then define the junction depth of our samples to
be the thickness of the grown encapsulation layer plus
an additional ~1.45 nm diffusion tail.

Electrical Profile. Ultimately, for device applications it
is not the distribution of dopants but of free carriers
which is important. Classically this is determined by a
drift-diffusion equilibrium, captured by the Debye
length screening parameter. The scaling down of sub-
strate resistivities in microelectronics manufacturing is
motivated by reducing the Debye length (Lp o< 1/ny)
and hence the electrical width of doping profiles.
However, for the narrow, heavily doped layers
described here, there is justification for considering
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Figure 3. Spacing dependent 4PP measurements of Si:P
d-layers formed on (a) high resistivity 50—100 Q-cm and
(b) low resistivity 10—20 mQ-cm substrates yield identical
results. Gray curves indicate the expected 4PP resistance of
each substrate, while the blue bands indicate the range of
the measured 2D resistances.

the carrier distribution to be a quantum confined 2D
layer, in which case the substrate doping level has far
less bearing on the electrical depth. Weak localization
is routinely observed in low temperature magnetotrans-
port measurements of these Si:P d-layers,>* which is a
signature of diffusive 2D conduction. At room tem-
perature a two-dimensional electron state can be
observed by angle-resolved photoemission, in agree-
ment with atomistic tight-binding calculations which
predict a room temperature degenerate electron state
with a Fermi level ~100 meV below the bulk conduc-
tion band.*®

Regardless of what governs the free carrier distribu-
tion in these samples, it is important to establish
whether our resistivity measurements are influenced
by the substrate doping level. All electrical measure-
ments presented here are taken on 7 Q-cm p-type
substrates, with the exception of Figure 3 where we
show measurements of a 5 nm deep doping layer
formed on p-type substrates of radically different dop-
ing levels (nominally 50— 100 Q-cm and 10—20 mQ2 - cm).
Despite changing the substrate resistivity by 3 orders
of magnitude, we observe no significant difference in
the four-terminal resistance measurements. The mea-
sured resistances are independent of probe separation
(@ signature of 2D conduction) and commensurate
with those expected from shallow Si:P d-layers.>* Pre-
viously, we demonstrated similar results when using
n-type substrates, but noted that for a 20 mQ-cm
substrate, the J-layer was not measurable due to
excessive current leakage through the substrate.??
In Figure 3 this is not the case, which can be attributed
to the presence of a depletion layer from the p—n
junction blocking current flow into the substrate.
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Figure 4. Depth-dependent electrical characterization of Si:
P d-doped silicon. The current—voltage characteristics of an
individual probe-to-sample contact (a) show an abrupt
elimination of rectification at an encapsulation depth of
only 0.5 nm. Spacing dependent four-probe resistance
measurements (b) demonstrate that this transition is from
conduction through the substrate (Re<1/d) to conduction
through the dopant sheet (R = constant), with a decreasing
sheet resistivity for increasing encapsulation thicknesses.
The uncertainty in thickness values arising from growth rate
calibration is ~5%.

Figure 3 confirms that despite the use of lightly doped
(7 Q-cm) substrates, our depth dependence measure-
ments are relevant for the heavier doped substrates
used in commercial manufacturing.

Depth Dependence. Depth dependent electrical mea-
surements were performed by first phosphine dosing
the silicon surface (1.4 L) and thermally incorporating
the dopants (350 °C), then performing repeated cycles
of 250 °C silicon overgrowth and room temperature
4PP measurements. In this way within any given data
set, we follow the evolution of a single sample as the
dopant plane is buried progressively deeper. The
silicon growth rate is very slow (~0.3 nm/min) and
stable, such that 0.5 nm growth steps are readily
achievable. Following the completion of the in situ
measurements, samples are overgrown with an addi-
tional >50 nm of silicon to allow confirmation of the
growth rate by both atomic force microscopy and
SIMS.

In Figure 4, we present the results of two different
depth-dependent experiments, which are representa-
tive of repeatable behavior seen in all samples.
Figure 4a shows the tip-to-sample current—voltage
behavior (numerically differentiated to conductance),
while Figure 4b shows spacing dependent four-probe
resistance measurements. In both cases, we see that
the dopant layer is not electrically active for encapsula-
tion thicknesses of less than 0.5 nm, with the measure-
ments instead resembling those of a clean silicon
substrate. Specifically, the tip—sample contacts are
highly rectifying while the 4PP measurements show a
resistance inversely proportional to the probe spacing.
Once the encapsulation thickness exceeds 0.5 nm
there is a dramatic change, with the tip-to-sample
rectification being eliminated and the four-terminal
resistance becoming independent of probe spacing.
These observations are consistent with the dopant
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Figure 5. A model of the depth-dependent d-layer conduc-
tivity based on dopant segregation. By accounting for a
finite segregation length, we infer a depth-dependent con-
ductivity (green solid trace) which is qualitatively similar to
the experimental measurements. Including a 1/d surface
scattering term in the segregation model (blue dashed
trace) greatly improves the match to experimental data.

layer becoming electrically active and dominating
conduction. With increasing encapsulation the dopant
layer becomes progressively more conductive, which is
also clearly seen in Figure 1. The conductivity at sub
5 nm depths is remarkable, which bodes well for
technological applications.

Further analysis allows us to comment on the
potential mechanisms driving the increase in sheet
resistance shown in Figure 1. In Figure 5, we demon-
strate that most of the observed behavior can be
qualitatively explained by a combination of the finite
segregation length of the dopants and a simple surface
scattering model. In Figure 2, it was seen that there is
some degree of dopant segregation as the encapsula-
tion layer is grown. Using a simple incorporation
probability model, the segregation behavior can be
captured with the single parameter A, which describes
the 1/e decay length of the dopants toward the growth
front.3” It follows that for encapsulation depths com-
parable to A, a non-negligible fraction of the dopants
will reside on the surface, and according to the mea-
surements in Figure 4 will be electrically inactive.
This leads to a description of the resistivity, p, as a
function of encapsulation depth, d:

pld) = p.(1 _e(fd/A)) (1)

where p.. is the limiting value of sheet resistance found
for deep (d > 10 nm) encapsulations of 540 Q/C1. The
segregation length A is determined from the PLAPT
data in Figure 2 to be (2.41 + 0.05) nm, in agreement
with previously reported SIMS measurements® as well
as more recent SIMS data provided in the Supporting
Information. Using these values with eq 1 produces the
solid green trace in Figure 5.

While this segregation model captures much of
the depth dependence trend, it can be improved
by including surface scattering using a simple
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Fuchs model:?'

3001 - p)) )

pld) = p°°<1+§T

where p is the specularity parameter, 4 is the electron
mean free path and dis the thickness of the conducting
region. Here p.. refers to the sheet resistance in the
absence of any surface scattering. On the basis of
previous studies, a mean free path of ~10 nm is
expected,®®3 while primarily specular scattering
(p— 1) is expected based on the low surface roughness
of the epitaxial encapsulation layer.

In Figure 5, we plot this modified sheet resistance
calculation combining both segregation and surface
scattering (blue dashed trace), and find a greatly
improved description of the experimental data for a
mean free path of 10 nm and specularity parameter of
0.73. These values are plausible, suggesting that the
use of Fuchs' modelis appropriate here. However, we
note that several other physical effects could also be
expected in this system, and should be included
in a more comprehensive model before draw-
ing quantitative conclusions. These include surface
charge trapping,?®*° image charge interactions due
to the silicon-vacuum dielectric mismatch,”' and
modifications to the donor confinement potential."®
These additional interactions are nontrivial to

METHODS

Sample Preparation. A commercially available UHV STM (Omicron
Nanoprobe) was used to fabricate and characterize the samples.
The sample preparation is discussed in detail in the main manu-
script. Heating was performed by passing a direct-current through
the sample, with the temperature monitored by an ex situ optical
pyrometer.

Electrical Characterization. One- and two-terminal measure-
ments are carried out using a Keithley 236-SMU; four-terminal
measurements employed a Keithley 6514 electrometer in addi-
tion. An in situ scanning electron microscope was used to verify
the probe positioning. A detailed discussion of the four-probe
measurement process can be found in an earlier paper.?

Depth Profiling. Pulsed laser atom probe tomography was
performed at the University of North Texas Center for Advanced
Research and Technology (CART) using a Local Electrode Atom
Probe (LEAP) 3000X HR (CAMECA Atom Probe Technology
Center, Madison, WI) laser pulsed local electrode atom probe
with a reflectron lens. Samples were analyzed at a base tem-
perature of 50 K in laser pulsed field evaporation mode using a
pulsed laser with a wavelength of 532 nm, pulse width of 10 ps,
pulse frequency of 160 kHz, laser energy of (0.2—0.3) nJ and an
evaporation rate of (0.001—0.005) ions/pulse.

After removal from UHV and transport to the CART labora-
tory, the Si:P d-doped thin film samples were coated with a
protective 40 nm amorphous Cr film sputter deposited using a
broad ion beam (10 kV, 450 uA) (Gatan 682 PECS, Pleasanton,
CA). The coated samples were stored under Ar before transfer to
a focused ion beam/scanning electron microscope (FIB/SEM)
dual-beam system (FEI Nova 200 Nanolab, Hillsboro, OR) to
prepare PLAPT-compatible samples using established methods.
After transfer into the FIB/SEM, a bar of Pt was deposited using
the ion beam over a site specific region of interest of the sample
surface. A wedge containing the region of interest and Pt
bar was milled free from the chip using the FIB. An in situ
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treat, and beyond the scope of the present
investigation.

CONCLUSIONS

In summary, we have shown that the PH; surface
doping technique offers a means of creating ultra-
shallow doping layers in silicon with low resistivity,
high abruptness and subnanometer depth control.
Such thin, high density layers result in quantum con-
finement of the free carriers, such that despite the use
of relatively conductive (7 -cm) substrates the dop-
ing layers are as narrow electrically as they are physi-
cally. We directly demonstrate that the layer resistivity
does not change when the substrate doping is varied
over several orders of magnitude. In contrast, the
resistivity increases sharply as encapsulation depths
are reduced below 5 nm, eventually becoming elec-
trically inactive at depths below 0.5 nm. This behavior
has been explained in terms of dopant segregation
during encapsulation, with additional corrections
which can be captured by a simple surface roughness
scattering model. Our findings demonstrate that the
combination of UHV monolayer doping and in situ 4PP
characterization provide the means of exploring ultra-
shallow junction scaling limits, a topic of interest for
both fundamental research and the advancement of
microelectronic manufacturing.

micromanipulator (Omniprobe Autoprobe 200, Dallas, TX) was
attached to the wedge using FIB deposited Pt and then cut free.
Individual 3 um wide segments were mounted to Si microtip
posts (CAMECA Atom Probe Technology Center, Madison, WI). A
sequence of annular milling patterns with progressively smaller
inner diameters were used to shape and then roughly sharpen
individual tips. A final series of 5 kV focused ion beam scans
were applied to remove surface damage incurred during the FIB
milling process and shape the end of the apex to an approx-
imate hemispherical shape. The final PLAPT profiles were
sampled perpendicular to the doping layer from 30 x 30 nm?
areas in 0.13 nm thick slices. This small sampling region
(necessary to create sufficiently strong electric fields for ion
evaporation) is responsible for the greatly reduced resolution at
phosphorus concentrations below 1 x 10" cm ™3,

The resulting tomographic atom probe data was recon-
structed and analyzed using the Integrated Visualization and
Analysis Software (IVAS 3.6.4) program (CAMECA Atom Probe
Technology Center, Madison, WI). Standard reconstruction
parameters for LEAP 3000X HR instruments and silicon were
used assuming a hemispherical tip shape and a voltage depen-
dent tip radius evolution. The field enhancement factor (kF) was
the only parameter varied during the reconstruction process. It
was adjusted to produce relatively flat P enriched layers, Si
interplanar spacings measured using spatial distribution maps
(SDM) that agree with those for Si (100) surfaces, and P densities
and layer locations that agree with transmission electron micro-
scopy (TEM) and secondary ion mass spectroscopy (SIMS)
structural and chemical measurements.
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