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C
ontrol of the electronic properties of
semiconductors (SCs) is achieved pri-
marily by the incorporation of impur-

ity atoms, termed dopants, which alter the
semiconductor's electronic structure and
properties by creating excess electrons
(n-type) or holes (p-type) in the SC. The
controlled doping of SCs is the basis of
microelectronics,1,2 photovoltaics,3 semi-
conductor lasers,4 and nanowire (NW) de-
vices and sensors.5,6 Although advanced
methodologies for the controlled doping
of top-down fabricated SC structures have
become available in recent years and re-
markable advances have been made in this
field, the controlled doping of nanoscale
structures still poses significant chal-
lenges.7�16 The continuous endeavor to
achieve the controlled doping of SC struc-
tures with smaller dimensions poses sig-
nificant challenges in the semiconductor
industry and at the frontiers of material

science. Thus, achieving highly controlled
dopant distribution and positioning in nano-
structures is highly attractive and expected
to provide significant new capabilities.
To this end, we present a one-step meth-

od for transforming undoped silicon NWs
(i-Si NWs) into nanoscale building blocks fea-
turing parallel p�i�n junctions with well-
controlled dopant distributions. Different
aspects of nanoscale registry are the topic
of ongoing research.17�19 Specifically, ori-
entation registry at the nanoscale is a de-
sirable property for enabling the further
analysis and processing of nanoscale struc-
tures. The simple method presented herein
yields both controlled dopant distribution
within the nanoscale structure and the de-
terministic orientation of the resulting
asymmetric structure relative to the macro-
scopic framework.
The parallel p�n junctions are formed by

a one-step process that is applied to i-Si NW
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ABSTRACT The bottom-up synthesis of nanoscale building

blocks is a versatile approach for the formation of a vast array of

materials with controlled structures and compositions. This ap-

proach is one of the main driving forces for the immense progress in

materials science and nanotechnology witnessed over the past few

decades. Despite the overwhelming advances in the bottom-up

synthesis of nanoscale building blocks and the fine control of

accessible compositions and structures, certain aspects are still

lacking. In particular, the transformation of symmetric nanostruc-

tures to asymmetric nanostructures by highly controlled processes while preserving the modified structural orientation still poses a significant challenge.

We present a one-step ex situ doping process for the transformation of undoped silicon nanowires (i-Si NWs) to p-type/n-type (p�n) parallel p�n junction

configuration across NWs. The vertical p�n junctions were measured by scanning tunneling microscopy (STM) in concert with scanning tunneling

spectroscopy (STS), termed STM/S, to obtain the spatial electronic properties of the junction formed across the NWs. Additionally, the parallel p�n junction

configuration was characterized by off-axis electron holography in a transmission electron microscope to provide an independent verification of junction

formation. The doping process was simulated to elucidate the doping mechanisms involved in the one-step p�i�n junction formation.
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arrays (Figure 1). The doping process relies on a mono-
layer contact doping (MLCD) technique, which utilizes
monolayers as a source for dopant atoms.15,20 The
MLCD process was previously demonstrated to deliver
highly controlled formation of doping profiles for Si,
with steep dopant concentration profiles spanning
several orders of magnitude from the modified inter-
face into the bulk.15,16

RESULTS AND DISCUSSION

The parallel p�n junctions were measured by scan-
ning tunneling microscopy (STM) in concert with scan-
ning tunneling spectroscopy (STS), termed STM/S, to
obtain the spatial electronic properties of the junction
formed across the NWs. Additionally, the built-in
potentials in the parallel p�n junctions were also
measured by off-axis electron holography (OAEH) in a
transmission electron microscope to provide an inde-
pendent verification of junction formation. To directly
investigate the characteristics of the parallel p�n
junction formed by the one-step process, the sample
was transferred to an ultrahigh vacuum chamber
under a background pressure of less than 1 � 10�10

Torr and cleaved in situ (Supporting Information
Figure S2). Cross-sectional scanning tunneling micro-
scopy (XSTM) was applied to the in situ-cleaved
NW samples, avoiding possible surface contamination
and revealing the correlation between the nanoscale
morphology and local electronic structure through
the cross-sectional profile of the NW. The STM and
STS images were simultaneously acquired at approxi-
mately 100 K. The topographic imagingwas conducted
at a constant current of 0.4 nA and at a sample voltage
of �3 V. The tunneling spectra were acquired by
utilizing the current imaging tunneling spectroscopy
mode, in which a series of tunneling current images
were obtained at different sample bias voltages, Vs.
In this research, Vs was varied from þ4.0 to �4.0 V for
STS measurements. Representative STM images and
cross-sectional analyses of a Si NW are presented in
Figure 2. The STM/S results demonstrate the formation
of parallel p�n junctions across the Si NW by the
one-step ex situ doping process presented in Figure 1.

Supporting Information Figure S3 presents further
structural analyses of the NW cross section.
The Si doped with B and P resulted in p- and n-type

electronic characteristics, respectively, as evidenced by
the shift in the conduction band edge relative to the
Fermi level (Figure 2f). The two-dimensional (2D) cross-
sectional spatial dependence of the density of states,
measured at �3.5 V, for the parallel junction config-
uration doped Si NW is presented in Figure 2b. Addi-
tionally, the variations of the dI/dV signal within the
doped NW were imaged (Supporting Information
Figure S4). The STM/S spectroscopic data provide
quantitative mapping of dopant distributions, electro-
static potential, and local band structures within the
doped NWs (Figure 2c,e,f, respectively). See the Sup-
porting Information for further details of the dopant
concentration analysis and related properties from the
spectroscopic data (Supporting Information Figures S5
and S6). Special care was taken in considering the tip-
induced band bending effect for the STM measure-
ments by performing three-dimensional (3-D) potential
calculations for a STM tip near a semiconductor surface
(see Supporting Information Figures S7�S12 and addi-
tional details in the Supporting Information).21,22 The
high-resolution, quantitative, STM/S 2D mapping of
dopant distributions across the parallel NW junction
provides valuable insights into the details of the under-
lying doping mechanism. Our data demonstrate that
the parallel p�n junction follows the expected polarity
imposed by the macroscopic process depicted in
Figure 1, with the p- and n-type regions at the respec-
tive poles of the NW in accordance with the B and P
dopant source positions utilized in the one-step pro-
cess. The dopant surface concentration at the P-doped
pole was 2.6� 1019 cm�3, whereas that at the B-doped
pole was 1.0� 1020 cm�3. The doping concentration at
the NW core was 3 orders of magnitude smaller,
exhibiting a compensated region with approximately
1017 cm�3 n- and p-type dopant concentrations at
the respective NW core regions. Overall, the one-
step NW doping process yielded parallel n��i�pþ

junctions across the NWs. Specifically, the n-type
dopant distribution exhibited a diffusion profile with

Figure 1. Schematic of parallel p�n junction configuration formation across oriented NWs by a one-step contact doping
process. (a) Intrinsic Si NWs are transferred to a pretreated substrate with a monolayer containing boron functionalities and
then covered by a second pretreated substrate with a phosphorus-containing monolayer. (b) Sample is annealed by rapid
thermal anneal (RTA) in a vacuum,which results in the controlleddecomposition of themonolayers anddopant diffusiononto
the NWs. (c) Process yields parallel p�n junction configuration NWs.
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a maximal dopant concentration at the NW surface
contact region, with a monotonic decrease in dopant
concentration away from the NW surface and toward
the core that is consistent with limited source doping,
as provided by the monolayer in contact with the NW's
surface.15 For the p-type-doped region corresponding
to Si doped with B atoms, in addition to the high
doping levels that extended from the NW surface
contact region, we also observed high levels of do-
pants at the NW's surface semicircumference that
decreased toward the NW core. Experimentally, from
our STM measurements, the conduction band mini-
mum changed by approximately 1.0 eV (the junction's
built-in potential) from the n- to p-type poles of the
NW's parallel junction configuration. An additional
independent verification and characterization of the
parallel p�n junction configuration formed across
the Si NWs was achieved by OAEH. OAEH maps the
electrostatic potential at a spatial resolution of approxi-
mately 5 nm by determining the mean inner po-
tential of the sample from the reconstructed phase
of the electron wave.23�27 These measurements were
performed on thin lamellar cross-sectional slices of
the doped NWs and were compared to those of
undoped, intrinsic NWs (see Supporting Information
Figures S13�S17 and additional details concerning
the measurements and methodology in the Support-
ing Information). The OAEH measurements indicated
a built-in potential difference of 1.0 ( 0.2 V along
the direction of the doped NWs, whereas in the

perpendicular direction, the potential differences were
within the 0.2 V sensitivity of this technique.
A comparable OAEHmeasurement of an intrinsic NW

exhibited an approximately constant electrostatic po-
tential throughout the NW, within the 0.2 V accuracy of
thismethod (Supporting Information Figures S18�S20).
Two doping mechanisms were considered and si-

mulated to account for the junction characteristics
measured by the STM/S and OAEH. The first mecha-
nism is termed contact doping (CD), which was pre-
viously introduced and studied by our group,15 and the
second mechanism is termed proximity doping (PD)
(Figure 3a�c). In the CD mechanism (Figure 3a), do-
pant atoms diffuse exclusively between the donor
substrate and NW in the donor substrate�NW contact
region. The PD mechanism (Figure 3b) involves the
evaporation of fragments originating from the ther-
mally decomposed monolayer containing dopant
atoms. Monolayer decomposition and fragment eva-
poration occurs in situ during the rapid thermal anneal
process at high-temperature (970 �C) and vacuum
(10�2 Torr) conditions during the processing. The con-
tribution of the PD mechanism to the total dopant
concentration depends on the mean free path at the
specific processing temperature and pressure condi-
tions and on the surface interactions between the
monolayer fragments and surface oxide, including
surface diffusion and covalent and noncovalent inter-
actions, which vary for the different surface chemistries
and thermal degradation processes of the P and B

Figure 2. Cross-sectional STM/S analysis of ex situ-doped Si NWs. (a) Schematic of the parallel NW junction configuration
(cross-sectional view). (b) STM/S spectroscopic dI/dV image recorded at �3.5 V sample bias and (c) dopant concentration
distribution across the NW junction. (d) Typical cross-sectional STM image of the NW obtained at a sample bias of �3.0 V.
Inset: SEM secondary electron image displaying the geometrical structure of the NW from the cross-sectional view. (e)
Electrostatic potential distribution mapping, obtained by analyzing the STM/S data, that demonstrates the formation of a
junction in the NW. (f) Conduction band edge and valence band edge switched from p- to n-type across the NW,
corresponding to the B- and P-doped poles, respectively, along the dashed arrow trajectory in (e). The white dashed oval
curve outlines the NW boundary.
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monolayers.15,28 The two doping mechanisms, CD and
PD, were simulated for B and P dopant atoms using the
Sentaurus technology computer-aided design (TCAD)
process simulator (Synopsys Inc. Mountain View, CA,
USA) to quantify the contribution of the respective
doping mechanisms involved in the one-step p�i�n
junction formation to understand the overall process.
Briefly, CD and PD were simulated by two types of
processes modeled with characteristic initial condi-
tions for the dopant source distribution, followed by
diffusion simulation. The CD process was simulated by
modeling a uniform distribution of dopants with sur-
face concentration CSurf

CD placed at the planar oxide
substrate in contact with theNW surface and simulated
thermal anneal. The PD process was simulated by
modeling the evaporation of an oxide layer containing
dopants at a specified concentration CSurf

PD onto the NW
semicircumference facing the planar oxide substrate
and simulated thermal anneal (see Supporting Infor-
mation Figure S1 and additional simulation details).
The diffusion simulations were performed following
the actual temperature profiles measured during the
experimental RTA process (Supporting Information

Figure S1c). The 2D dopant distribution maps were
obtained by process simulations for a range of initial
surface concentrations CSurf

CD and CSurf
PD for both P and B.

The dopant distributions obtained by the simulations
were compared to the measured STM/S 2D dopant
distribution, yielding a best-fit map for each dopant
type and the respective contributions of the CD and PD
to the overall process (Figure 3d�g). The measured
dopant distribution maps generated by STM/S could
be reproduced by a combination of simulated CD and
PD doping schemes. For both P and B, the best fit
between the STM/S 2D-measured dopant distribution
and simulated dopant distribution corresponds to a
predominantly CD-based doping mechanism with an
additional lesser contribution of PD (Figure 3d,g).
Although the contribution of the PD mechanism was
less than 1% for both P and B, as quantified by the ratio
CSurf
PD /CSurf

CD , we found that the inclusion of the PD
mechanism was required to correctly reproduce the
measured 2D dopant map. The best-fit dopant profiles
obtained by the combined CD and PD simulations for
P and B were used to calculate the total dopant
distribution maps (compensated dopant distribution,

Figure 3. Mechanisms of dopant incorporation and distribution in the formation of a parallel p�n junction configuration
across NWs. (a�c) Suggested dopant distribution mechanism. (a) Diffusion of dopants through the oxide contact regions,
termed CD. (b) During the thermal decomposition of the monolayers, the evaporation of fragments onto the NW surface
results in PD. (c) Suggested doping mechanism involves contributions from both CD and PD. Process simulation of dopant
incorporation and distribution in the formation of a parallel p�n junction configuration across NW (d�g). Simulated dopant
distribution maps obtained for P (e) and B (f) with CD and PD contributions. The contributions of the CD and PDmechanisms
were determined by a global best-fit optimization comparing the simulated processes to the total dopant distribution maps
obtained by the STM/S measured data and are presented in (d) and (g) for P and B, respectively. (h) Simulated compensated
dopantmap, (i) corresponding 2D electrostatic potential map, and (j) potential along the dashed arrow trajectory shown in (i)
fromp- to n-type for the simulatedNW junction, asmeasured by XSTMandOAEH. All process simulationswere performed for
intrinsic NWs (80 nm diameter) at equivalent conditions, as further described in the Supporting Information.
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Figure 3h) and to derive the corresponding 2D electro-
static potential map (Figure 3i). We obtained good
agreement between the experimental and simulated
results, including the dopant distribution maps, elec-
trostatic potential, and conduction and valence band
shifts along the parallel p�i�n junction. Note that
under the experimental conditions employed in our
study for measuring dI/dV spectra, the detection limit
for dopant concentrations is ∼1016 cm�3 In contrast,
the simulations do not have this technical limitation
and therefore show significantly lower doping levels at
the core region. The threemethodologies used, STM/S,
OAEH, and the simulated process and computational
analysis, were in close agreement, yielding a 1.0 V
potential difference across the ex situ-doped parallel
p�i�n junction (Figure 3j). Local variations as a result
of NW diameter distribution may result in variations
in the contribution of CD mechanism relative to PD.
Systematic study of the contribution of PD to the
overall doping process is currently under further study.

CONCLUSIONS
The presented postgrowth, ex situ doping meth-

odology provides a high level of control over dopant
distribution at the nanoscale level with concomitant
preservation of the resultant asymmetric structure
orientation that is critical for utilizing nanoscale
building blocks for different applications. The meth-
od utilizes tailored surface chemistry optimized for B
and P doping of Si. Resolving the contributions of
the two types of doping mechanisms taking place in
tandem during the rapid thermal anneal process
provided insight for achieving the demonstrated
level of process controllability. The combination of
bottom-up synthesis of nanoscale building blocks
with postgrowth, ex situ doping methodology ben-
efits from the vast range of structures and com-
positions attainable by the former with the high
level of control and registry offered by the latter
leading to new structures with tailored electronic
properties.

METHODS
Monolayer Formation. Si wafers were cleaned by submersion

in an acid piranha solution (3:1 mixture of concentrated sulfuric
acid to 30%hydrogen peroxide) for 15min, followed by dipping
in a base piranha solution (5:1:1 mixture of deionized water to
25% ammonium hydroxide to 30% hydrogen peroxide) for
8 min at 60 �C in a sonication bath. The P donor substrates
were prepared by reacting the freshly cleaned Si wafers in
mesitylene solution containing 40 mM tetraethyl methylene-
diphosphonate for 2 h at 100 �C, followed by rinsing in mesity-
lene and dichloromethane. Similarly, the B donor substrateswere
prepared by reacting freshly cleaned wafers in a 35 mM solution
of phenylboronic acid inmesitylene for 2 h at 100 �C, followed by
rinsing in mesitylene and dichloromethane.

Caution: Piranha solutions are extremely strong and dan-
gerous oxidizing agents and should be used with extreme
caution. May explode in contact with organic solvents.

Preparation of Si NWs. The Si NWs were synthesized by clean-
ing glass slides under 60 W O2 plasma for 2 min. Then, a poly-L-
lysine solution was applied to the glass surface, and the slides
were rinsed with deionized water for 5 min. An 80 nm gold
colloid solution was applied to the glass surface for 2 min and
then removed by rinsing with deionized water. The NWs were
grown in a chemical vapor deposition system at 440 �C and
35 Torr under a flow of SiH4 (2 sccm) andH2 (50 sccm) for 30min.

Doping of Si NWs. The Si NWs were transferred to a phenyl-
boronic acid-reacted Si/SiO2 substrate by contact printing,29

covered with the tetraethyl methylenediphosphonate-reacted
Si/SiO2 substrate, and annealed at 970 �C for 20 s using an
AnnealSYS MicroAS system. Prior to the annealing step, the
chamber was purged with Ar and then evacuated to a pressure
of 10�2 Torr. The heating was carried out at 160 �C/s. A blank
process before each MLCD process was applied to remove
residual dopants from the chamber.
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