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Abstract—Sub-5nm ultrashallow junctions in planar and nonplanar semiconductors are formed by use of a molecular
monolayer doping method and conventional spike annealing.
~70% of the dopants are found to be electrically active, allowing
for a low sheet resistance for a given dopant areal dose, and
minimal junction leakage currents (<1 μA/cm2) are observed.
This indicates the high-quality of the ultrashallow junctions
formed by this monolayer doping method.
In addition,
temperature-dependent current-voltage (I-V) behavior of
individual InAs nanowire field-effect transistors is used to study
the field-effect mobility as a function of nanowire radius. The
field-effect mobility is observed to decrease with decreasing
radius. The low-temperature transport behavior reveals the
significant impact of surface roughness scattering on mobility
degradation in smaller radius nanowires.
The successful
demonstration of a monolayer doping technique that does not
introduce defects into the substrate, combined with a better
understanding of diameter-dependent electron mobility in
nanowires, contributes toward the advancement of nanoscale,
electronic materials.
Index Terms—Monolayer doping, ultrashallow junctions
(USJs), InAs nanowires, diameter-dependent electron mobility
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I. INTRODUCTION

EVICE scaling has been the primary driving force behind
the technological advancement in the semiconductor
industry over the past few decades [1], [2]. To continue this
advancement both novel methods to obtain sub-5 nm
ultrashallow junctions (USJs) must be developed and new
materials investigated to serve as the channel material in
future devices.
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The sub-5 nm USJ depths necessary for use with sub-10 nm
gate lengths to achieve efficient electrostatics and acceptable
leakage currents are difficult to realize using conventional
doping strategies [1], [2].
These strategies employ a
combination of ion implantation and spike annealing
technology. In this method, Si atoms are displaced by dopant
ions, the ions are activated and moved into the desired lattice
sites, and the substrate’s crystal quality is restored. The
ability to use this technique to achieve sub-5 nm USJs is
severely limited by transient-enhanced diffusion (TED) [3].
TED refers to the creation of point defects such as Si
interstitials and vacancies that go on to interact with the
dopants, thereby broadening the junction profile. Other
research efforts to create shallow doping profiles while
minimizing TED include the use of heavier implantation
dopant sources [4]-[6] combined with either flash or laser
annealing techniques [7], [8]. However, the extent to which
these methods can achieve good junction uniformity and
reliability and can be integrated with current IC manufacturing
is relatively unknown.
Here we summarize recent
advancements for controlled, nanoscale surface doping of
semiconductors using self-assembled dopant monolayers
followed by an annealing step to diffuse in the dopant atoms.
TED is minimized in this approach [9]. Here sub-5nm
junction depths down to ~2 nm with low sheet resistivity
using the fast diffusing dopant phosphorous are demonstrated.
In addition to novel doping strategies to drive device
scaling and advancement, it is imperative to explore potential
new channel materials that offer higher mobilities than Si.
One such material that has both high mobility and ease of
near-ohmic metal contact formation is InAs [10]-[14].
Semiconductor nanowires (NWs) especially have been shown
to have great potential for use in high-performance electronics
because of their size, structure, and ease of assembly on a
variety of substrates using low-temperature processing
conditions [15]-[17].
Smaller radius NWs are highly
attractive for use as the channel material in nanoscale
transistors because they permit lower leakage currents and
improved electrostatics. It is therefore of technological
interest to investigate the mobility-diameter dependence in
InAs NWs, particularly given the contradictions in the current
literature regarding the effect of nanowire miniaturization on
mobility [18], [19]. The current-voltage (I-V) behavior at
different temperatures of individual InAs NWs with ohmic
contacts and the field-effect mobility as a function of radius
are discussed here.
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II. MATERIALS AND METHODS
The monolayer doping (MLD) process is shown in Figure
1. This approach relies on the self-assembled formation of a
dopant-containing monolayer on the crystalline silicon
surface. The dopants are then diffused into the lattice by rapid
thermal annealing. Specifically, for the phosphorous-MLD
(P-MLD) process, the native SiO2 was removed from 4 in. ptype Si wafers using 1% hydrofluoric acid (HF). The Pcontaining monolayer was then formed on the Si surface by
reacting the wafer with diethyl 1-propylphosphonate (DPP,
Alfa Aesar) and mesitylene as a solvent (25:1, v/v) at 120 oC
for 2.5 hrs. The details of this monolayer formation have been
reported elsewhere [9], [20]. Following the monolayer
formation, a ~50 nm SiO2 cap was evaporated by e-beam. To
create n+/p USJs, spike annealing was then performed on the
substrate at 900-1050 oC in an Ar ambient to diffuse in the P
atoms. A rapid thermal processing tool (AG Associate, model
610) was used for the spike annealing with a ramping rate of
100 oC/s. The 4 in. Si wafer was positioned on a 6 in. pocket
wafer for the spike anneal, with the temperature monitored
using a pyrometer control system. After annealing, the oxide
cap was removed so the junctions could be studied.

Fig. 1. Schematic showing wafer-scale monolayer doping method. (Copyright
American Chemical Society, 2009 [21].)

For the portion of this work that involved the electrical
characterization of individual InAs NW FETs, the growth
details of the InAs NWs can be found elsewhere [22]. To
summarize, the InAs wires were grown by a physical vapor
transport method on SiO2/Si substrates using Ni nanoparticles
as the catalyst material. NWs grown by this method are over
10 μm long and have a radius range of 7-20 nm. The wires
are untapered and have a ~2.5 nm native oxide shell. FET
devices were fabricated in a back-gated geometry with source
and drain patterned by photolithography and thermallyevaporated Ni as the contact material.
III. EXPERIMENTAL RESULTS
Secondary ion mass spectrometry (SIMS) was used to
investigate the dopant profile. Figure 2a gives the SIMS
profile for P-MLD using spike anneal temperatures of 9501050 oC.

(a)

(b)

Fig. 2. Phosphorous monolayer doping characterization. (a) Secondary ion
mass spectrometry (SIMS) profile of phosphorous atoms for different spike
anneal temperatures. (b) Phosphorous areal dose vs. junction depth for
different spike anneal temperatures. (Copyright American Chemical Society,
2009 [21].)

Around the concentration of 1-5x1019 atoms/cm3 for each
sample shown there is a dramatic change in the P profile,
corresponding to the “kink-and-tail” characteristic. This is the
result of the changeover from a vacancy-assisted mechanism
to a kick-out diffusion mechanism at high and low P
concentrations, respectively [23]. It is clear from this profile
that the surface concentration of incorporated P increases as
the annealing temperature increases. It is also evident that
there is an increase in the junction depth and areal dopant dose
with diffusion temperature. The junction depth xj is the depth
at which the incorporated P concentration is equal to the
background B concentration of the substrate (5x1018
atoms/cm3, which is the same channel doping density used in
state-of-the-art Si MOSFETs). The areal dose Q is found by
integration of the total area of the dopant profile. (The
maximum areal dose Q depends on the monolayer packing
density, which in turn depends on the “molecular footprint.”)
Junction depths of xj ~2, 5, 7, 25 nm and Q ~ 5.5x1012,
1.0x1013, 1.7x1013, and 7.5x1013 P atoms/cm2 for spike anneal
temperatures of 900, 950, 1000, and 1050 oC are extracted and
shown in Figure 2b. Because P has enhanced diffusivity and
solubility in Si at higher diffusion temperatures, this trend was
anticipated. Average sheet resistance values Rs ~ 12,000,
3670, 3160, and 825 Ω/ are observed for spike annealing
temperatures of 900, 950, 1000, and 1050 oC using a
noncontact sheet resistance technique.
A noncontact,
photovoltage measurement was used to measure average
leakage currents of ~0.13, 0.55, 0.11, 0.31 μA/cm2 for spike
annealing temperatures of 900, 950, 1000, and 1050 oC.
These leakage currents are close to the resolution limit of the
measurement setup and provide further indication that the
junctions are of high quality.
The sub-5 nm USJs with high Q facilitated by MLD clearly
indicate the viability of this technology for future CMOS
processing.
MLD has a number of advantages over
conventional ion implantation, including no TED and no
removal of dopant atoms from the surface during removal of
the SiO2 cap due to the high etch selectivity of SiO2 over
crystalline Si. These results also highlight the fact that
conventional annealing methods can be used to create sub-5
nm USJs.
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To directly compare the n+/p USJs fabricated using the PMLD approach to those made by other doping methods, the
literature values for sheet resistance Rs and junction depth xj
for phosphorous doped junctions were compiled and are
shown in Figure 3 [24]-[28].

(a)

(b)

(c)

(d)

Fig. 3. Sheet resistance as a function of junction depth xj for phosphorous
doped Si using the monolayer doping method reported in this work compared
to conventional doping methods found in the literature. (Copyright American
Chemical Society, 2009 [21].)

For a background concentration of 5x1018 atoms/cm3, the
smallest xj reported in the literature is ~13 nm with Rs ~650
Ω/cm. The lack of previously reported sub-10 nm n+/p USJs
that rely on phosphorous diffusion is at least partly due to the
high diffusivity of P. This further indicates the success of
using the MLD approach for nanometer-scale junctions, even
with fast diffusing impurities like P. In comparing junctions
with xj ~ 25 nm fabricated by the MLD method to junctions
made by conventional doping techniques, it is important to
note that the Rs values are comparable to within a factor of ~2.
The experimental data closely fits the constant-source
diffusion modeling (Figure 3), indicating the near ideal
behavior of the MLD process.
Electrical properties of InAs NW FETs are illustrated in
Figure 4 for NWs of radius r = 7.5-17.5 nm. Channel lengths
of L = 6-10 μm were used to ensure diffusive carrier transport
so that intrinsic transport properties such as carrier mobility
could be extracted. While the NWs are “intrinsic” (i.e.
undoped), they still exhibit n-type behavior as expected due to
the high electron concentration of “intrinsic” InAs, resulting
from surface fixed charges and local imbalances in
stoichiometery.
Ohmic metal source/drain contacts are
formed to the InAs NWs as indicated by the linear dependence
of the device resistance on channel length [29]. Clearly from
the I-V characteristics, larger radius NWs exhibit larger ON
currents and more negative threshold voltages. Length
normalized ON currents (VDS = 2V and VGS – Vt = 6V) of ~40,
110, and 140 μA-μm correspond to NWs of r = 7.5, 12.5, and
17.5 nm, respectively. The increase in current for larger
radius wires can be attributed to larger cross-sectional area,
but could also indicate a reduction in carrier scattering with
increasing radius. In an effort to better understand this trend,
the field-effect mobility μn was extracted using the I-V
characteristics.

Fig. 4. I-V characterization of InAs NW FETs. (a) Channel length normalized
IDSL-VGS plot at VDS = 0.1V for three different devices with L = 8.4, 9.6, and
8.4 μm and NW radii of r = 17.5, 12.5, and 7.5 nm, respectively. Length
normalized IDSL-VDS plots for different VGS for the (b) 7.5 nm, (c) 12.5 nm, and
(d) 17.5 nm radius NW devices. The 2.5 nm oxide shell was subtracted from
the measured NW radius. NW diameters were obtained by atomic force
microscopy (AFM) and scanning electron microscopy (SEM) analysis, with an
uncertainty of ~ ±1 nm. All measurements were performed in vacuum with
minimal hysteresis. (Copyright American Chemical Society, 2009 [30].)

Specifically, the low bias (VDS = 0.1V) transconductance gm =
(dIDS/dVGS)|VDS and the analytical expression μn =
(gmL2)/(CoxVDS) were used, where L is the channel length and
Cox is the gate oxide capacitance. Figure 5a shows the fieldeffect mobility as a function of VGS for NWs of three different
radii from the device characteristics shown in Figure 4a. The
peak field-effect mobility is larger for larger radius nanowires
with μn ~ 2500, 4000, and 6000 cm2/(V-s) for r ~ 7.5, 12.5,
and 17.5 nm.

(a)

(b)

Fig. 5. Field-effect mobility assessment at room temperature. (a) Field-effect
mobility vs. VGS for three NWs with different radii (r = 17.5, 12.5, 7.5 nm) that
correspond to the IDSL-VGS plot of Fig. 4a. (b) Peak field-effect mobility vs.
radius (post oxide subtraction) for more than 50 devices. (Copyright
American Chemical Society, 2009 [30].)

The sharp decay in the field-effect mobility at high electric
fields can be attributed to both the increased surface scattering
at high gate fields (similar to a conventional Si MOSFET) and
insufficient electron injection from the metal contacts into the
channel at high electric fields because of the quantization of
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sub-bands (i.e. Schottky barriers to higher sub-bands may
form). The InAs NWs can be taken to be a quasi-1D material
because of the large Bohr radius of InAs (~34 nm) [13]. The
peak field-effect mobility as a function of NW radius is shown
for more than 50 different devices over a radius range of 7-18
nm. The peak field-effect mobility linearly increases with
increasing radius with a slope of ~422 (cm2/(V-s))/nm. Radii
outside this range could not be explored because NWs of this
size could not be grown using our growth condition. The
decrease in mobility with decreasing NW radius can be
attributed to enhanced phonon-electron wave function
overlap, increased surface scattering, increased defect
scattering, and reduced gate coupling due to surface states for
smaller radius NWs that have high surface area-to-volume
ratio [11]. Because of the linear dependence of ON-state
resistance with channel length, diameter-dependent contact
resistance is not a factor. It can also be noted that when we
extract the effective mobility (as opposed to the field-effect
mobility), a similar trend of linearly increasing mobility with
increasing NW radius is also observed.
To better understand the mechanisms behind the mobility
degradation with decreasing NW radius, temperaturedependent electron transport measurements were performed.
As expected, the peak field-effect mobility is enhanced at
lower temperatures, as phonons and surface trap states are
frozen out. Figure 6 shows the field-effect mobility as a
function of NW radius with r = 8-20 nm for four NW FETs at
298 K and 50 K.

mobility. Because surface roughness scattering is nearly
independent of temperature, the difference in the trends
observed at 298 K and 50 K in Figure 6 can be attributed to
scattering by phonons, surface/interface traps, and fixed
charges.
These results highlight the drastic effect of NW radius on
field-effect mobility, indicating that while small radius NWs
may be preferable due to their improved electrostatics and
lower leakage currents, these improvements will come at the
expense of mobility degradation.
IV. CONCLUSIONS
Wafer-scale formation of n+/p USJs has been achieved
through the use of self-limiting monolayer doping and
conventional spike annealing. In the case of phosphorous
doping, USJs in Si down to ~2 nm have been attained, with
the corresponding noncontact Rs values consistent with values
predicted from the dopant profiles. The extremely low
junction leakage currents further indicate that the USJs formed
by the MLD process are of high-quality and defect-free. This
technology is also very promising for the doping of nonplanar
nanoscale device structures, for example Fin-FETS or
nanowire FETs.
In InAs NW FETs, the field-effect mobility increases with
increasing radius for r = 7-18 nm. From low temperature
transport behavior where phonons and interface traps are
frozen out, the dominant effects of surface roughness
scattering in smaller radius NWs are evident. This indicates
that the electrostatic advantages of smaller radius nanowires
are countered by the disadvantage of mobility degradation.
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Fig. 6. Temperature-dependence of field-effect mobility vs. radius for four
NWs of different radii at 298 and 50 K. (Copyright American Chemical
Society, 2009 [30].)

At 50 K, the decrease in field-effect mobility with radius is
even more pronounced, with a near-linear trend observed for
smaller radius NWs (slope ~2077 (cm2/(V-s))/nm for r ≤ 12
nm) and the mobility approaching a saturation value ~18,000
cm2/(V-s) for larger NWs.
As most phonons and
interface/surface traps are frozen out at 50 K, and impurity
scattering is negligible since the InAs NWs are not
intentionally doped, the dependency of field-effect mobility
on NW radius can mainly be attributed to the enhanced
surface roughness scattering in smaller radius NWs. With
decreasing NW radius, the electron transport near the surface
factors more prominently into determining the electrical
characteristics. Atomic roughness at the NW surface results
in increased carrier scattering which lowers the carrier
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