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We report our work on the characterization by electrically detected magnetic resonance (EDMR)
measurements of silicon nanowires (SiNWs) produced by different top-down processes. SiNWs
were fabricated starting from SOI wafers using standard e-beam lithography and anisotropic wet
etching or by metal-assisted chemical etching. Further oxidation was used to reduce the wire cross
section. Different EDMR implementations were used to address the electronic wave function of
donors (P) and to characterize point defects at the SiNWs/SiO2 interface. The EDMR spectra of as
produced SiNWs with high donor concentration ([P]= 1018 cm−3� show a single line related to delo-
calized electrons. SiNWs produced on substrates with lower donor concentration ([P]< 1016 cm−3�
reveal the doublet related to substitutional P in Si, as well as lines related to interfacial defects such
as Pb0, Pb, E’, and E’-like. The EDMR spectra of samples produced by metal-assisted chemical
etching exposed to post production oxidation reveal a disordered and defective interface and the
disappearance of the P related signal. Forming gas annealing, on the other hand, reduces the
contribution of interfacial defects and allows a better resolution of the P related doublet.
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1. INTRODUCTION

Silicon nanowires (SiNWs) and nanoclusters (SiNCs),
have been extensively investigated in the last decades.1

The interest in these nanostructures stems from both
fundamental and applied research purposes. The func-
tional properties of one- and zero-dimensional silicon
structures are significantly different, at least below a
certain critical dimension, from those well known in
the bulk. The continuous down-scaling of conventional
micro(nano)-electronic devices, driven by Moore’s law,
and the search for novel and more efficient functional-
ities, motivated by the need to open up new horizons
for the mature silicon technology, have led to the pro-
duction, characterization, and exploitation of silicon struc-
tures with typical dimensions in the nanometer range.
The key and peculiar functional properties of SiNWs find
applications in nanoelectronics,2�3 classical and quantum
information processing and storage,4–8 optoelectronics,9

∗Author to whom correspondence should be addressed.

photovoltaics,10 thermoelectrics,11�12 battery technology,13

nano-biotechnology,14 and neuroelectronics.15�16

Silicon nanowires may be produced by different depo-
sition techniques17 such as laser ablation,18�19 high tem-
perature thermal evaporation,20–22 molecular beam epitaxy
(MBE),23 chemical vapor deposition (CVD),24–26 and
plasma-enhanced CVD (PECVD). For device fabrication,
top-down approaches, based on silicon on insulator sub-
strates (SOI) and electron beam lithography and/or metal-
assisted chemical etching,27–32 are preferred due to their
scalability and industrial process integration.
Experimental and theoretical effort is targeting intrigu-

ing and relevant questions related to the properties of
dopants in SiNWs. Due to quantum confinement,33�34

dielectric mismatch with the surrounding oxide,35–38 and
interface formation during production or post-fabrication
processing (oxidation for example),39 donors and acceptors
in SiNWs may reveal characteristics significantly different
from those observed in the bulk. A deep understanding of
the electronic properties (electronic levels in the energy
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gap, wave-functions) of donors is not only mandatory for a
realistic device design, but may also provide opportunities
for the realization of novel functionalities based on charge
and spin transport/storage.
Conventional electron spin resonance (ESR) spec-

troscopy, one of the most powerful spectroscopy
techniques for the investigation of point defects in
semiconductors and insulators, has been extensively used
to investigate defects in SiNWs.40–45

ESR, however, suffers from sensitivity problems when
dealing with state-of-the-art test devices due to their small
total volume as well as low density of defects, both in
the bulk and at the interface. Dealing with a small num-
ber (down to one) of SiNWs and relatively low dopant
concentration (down to several hundreds donors) in this
study we have therefore taken advantage from non conven-
tional magnetic resonance techniques which, exploiting a
variety of spin-dependent scattering mechanisms, achieve
improved sensitivity.46

In general these techniques, which have also the intrin-
sic advantage of the selectivity for electrically active
defects, rely on the detection of a certain electrical param-
eter (photo-current, capacitance, random telegraph noise,
and tunneling current) of the device under investigation
in spin resonance conditions. This spin to charge swap
improves significantly the sensitivity47 and can in prin-
ciple lead to single spin detection.48�49 These techniques
are usually named electrically detected magnetic resonance
(EDMR) spectroscopies.
Unlike conventional electron spin resonance, in EDMR

measurements the resonance is detected by monitoring
a photocurrent decrease due to spin dependent changes
in the probability of the photo-generated electron-hole
pairs to recombine via defects.50 In P-doped Si it has
been shown that the dominant spin dependent recombina-
tion process involves interfacial defects, the so called Pb
centers, and the phosphorus donor states.51 The EDMR
techniques are particularly suited to investigate electri-
cally active defects occurring in SiNWs. Two different
approaches are here considered: in the first case the
spin dependent response of the photocurrent is measured
between ohmic contacts;46 in the second the sample is
placed in an electric field cavity allowing a contact-less
measurement.46�52�53 We will refer to the first technique
as dc-photoconductive resonance spectroscopy (DC-PCR)
and to the second one as microwave contact-less photocon-
ductive resonance spectroscopy (MWCL-PCR). The latter
technique is necessary in those cases where the produc-
tion of electrical contacts is difficult or impossible due to
sample morphology.
In this letter we report on the investigation of donors

and interfacial defects in P-doped SiNWs prepared by
two different top-down methods: (i) e-beam lithography,
and (ii) metal-assisted chemical etching, followed by oxi-
dation, and characterized by DC-PCR and MWCL-PCR,
respectively.

2. EXPERIMENTAL PROCEDURES

2.1. Silicon Nanowires Production

The experimental results here reported were obtained on
SiNWs produced either by e-beam lithography, anisotropic
etching, and oxidation, or by metal-assisted etching and
oxidation. In both cases the starting wafer was silicon on
insulator (SOI) with different device layer thickness. In the
following some additional details related to the processes
are given.

2.1.1. e-Beam Lithography and Anisotropic Etching

SiNWs were fabricated starting from SOI wafers and
using standard e-beam lithography and anisotropic wet
etching (KOH). The wires exhibit trapezoidal shape as
consequence of the anisotropic etching. Two different
starting SOI wafers were used. The first (A), with a
device layer thickness of 260 nm and a P concentration of
1×1014 cm−3, was additionally doped with phosphorus by
diffusion at 1150 �C in an oxidizing environment in order
to reach a uniform P concentration of (4±1�×1018 cm−3

and to create a 50 nm thick silicon oxide layer to be used
as lithographic hard mask for further silicon etching. The
second (B) SOI wafer had a 340 nm thick device layer
and a P doping of (3±1�×1015 cm−3. On each substrate
different devices, having in parallel a different number of
SiNWs (1, 2, 6, 9 and 17) were fabricated and charac-
terized. Before depositing metal contacts, further dry oxi-
dation at 1150 �C in O2 was carried out to reduce the
wire cross section. Athena® by Silvaco Inc.54 simulator
was used to simulate the thermal treatments (P diffusion,
silicon etching, oxide growth,). Aluminum contacts were
finally deposited by thermal evaporation on the Si(100)
surface.

2.1.2. Metal-Assisted Chemical Etching and Oxidation

SiNW were also prepared from SOI wafers, device layer
5 �m thick, n-type (phosphorus doped) with dopant con-
centration of 1× 1016 cm−3, according to the procedure
described by Zhang et al.28 Samples having an area of
4×4 cm2 were degreased with acetone and subsequently
with isopropanol, then rinsed with water and cleaned with
a piranha solution (H2SO4/H2O2 3:1 v/v) for 10 min at
room temperature to entirely remove organics. Wafers
were then rinsed with water, etched with a 5% HF aque-
ous solution for 3 min at room temperature, immediately
placed into a Ag coating solution containing 4.8 M HF and
0.005 M AgNO3 for 1 min, washed with water to remove
the extra Ag+ ions and then immersed in the etchant solu-
tion composed of 4.8 M HF and H2O2 0.4 M for 4 min in
dark and at room temperature. Samples were then washed
with water, immersed in dilute HNO3 (1:1 v/v), washed
with water and dried in a N2 flow. The samples were
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then finally cut to dimensions suitable for characteriza-
tion (3×12 mm2�. Further controlled oxidation, aiming at
the reduction of the SiNWs diameter, was performed in a
rapid thermal annealing system in dry O2, at 900

�C for a
period ranging from 5 s to 7 min. Forming gas (FG: 4% H
+96% Ar) annealing was also performed at 400 �C for
15 min on the as produced wires to investigate the effect
of H passivation.

2.2. SEM

Scanning electron microscopy (SEM) observations were
performed with a Zeiss Supra 40 field effect microscope,
equipped with an In-lens detector for secondary electrons,
at an accelerating voltage in the range of 15–20 kV.

2.3. Electrically Detected Magnetic Resonance
Measurements

In the different experimental configurations EDMR mea-
surements were carried out in an X band (9.2–9.5 GHz)
spectrometer equipped with a rectangular TE102 cav-
ity (DC-PCR) or with a Bruker electric field cavity
(ER4109EF) (MWCL-PCR). A frequency counter was
used to monitor the microwave frequency. The g-factors
were determined using the reference signal of �,�′-
diphenyl-�-picryl hydrazyl (DPPH) or the P signal. Spin-
dependent changes of the photoconductivity (DC-PCR)
or of the cavity Q-factor (MWCL-PCR) were monitored
using phase sensitive detection and magnetic field modula-
tion at low frequency (1–10 kHz) to match the recombina-
tion time.50 The samples were glued onto a quartz rod and
inserted in a flow-cryostat capable of operating at temper-
atures in the range 4 K–300 K.
During the measurements the sample under investiga-

tion was illuminated with blue light (470 nm) provided
by light emitting diodes. The EDMR signal does not sat-
urates and high microwave power improves the signal to
noise ratio. The measurements were performed with a
microwave power of 180 mW, which corresponds to a
microwave H1 field of ∼0.4 G,47 and does not lead to
noticeable line broadening.

3. RESULTS AND DISCUSSION

3.1. Silicon NWs Produced by e-Beam Lithography

SEM images of SiNWs obtained by this approach are
shown in Figure 1. The structural and morphological prop-
erties summarized in Table I.
The DC-PCR spectrum, recorded with H��[011], for a

sample produced on SOI type A and having 17 wires is
shown in Figure 2(a). A single line with g = 1�9985±
0�0003 was observed (see Table II). This line is consistent
with P donors. Due to the high dopant concentration, the

Fig. 1. (a) Scanning electron microscope image of the array of 17 wires
on type A SOI. A detail of a single wire is also shown in the zoomed
image; (b) process simulation.

expected doublet related to substitutional P (I = 1/2) in
silicon collapses to a single line.55

The DC-PCR spectrum of a sample produced from
type B SOI and having 17 wires is shown in Figure 2(b).
The lower donor concentration lead to the observation of
a doublet due to a S = 1/2, I = 1/2 center. The reso-
nance parameters, reported in Table II, are identical, within
experimental errors, to those observed in the bulk for sub-
stitutional P in silicon.55 In addition to the P related sig-
nal we also observed other resonance peaks. A minimum
number of lines to fit the spectrum revealed three addi-
tional lines at gA = 2�0081±0�0003, gB = 2�0044±0�0005,
and gC = 1�9993±0�0006. The first two signals are related
to Pb0 and Pb centers characteristics of the SiO2/Si(100)
and SiO2/Si(111) interfaces respectively.56–58 These inter-
faces are both produced by the anisotropic etching process
followed by oxidation and lead to a superposition of sev-
eral contributions from the g-matrix of the Pb0 and the
Pb centers. As depicted in Figure 3, for H��[011], how-
ever, two main resonance lines, with g = 2�0081 (g⊥ of
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Table I. Doping and morphological characteristics of the wires produced by e-beam lithography and oxidation. Wtop is the top width, Wbottom is the
width at the bottom of the wire, H is the height (see Fig. 1(b)), and L is the length. In the last column the total number of P atoms in each wire is
reported.

Substrate type [P] [cm−3] Wtop [nm] Wbottom [nm] H [nm] L [�m] Cross section area [cm2] Atom/Wire

A (4±1�×1018 105 350 180 2.6 4�1×10−10 3÷5×105

B (3±1�×1015 40 430 285 2.6 6�7×10−10 3÷7×102

Pb0� and g = 2�0039 [g�� + �g⊥ − g��� sin
2�90± 54�7) of

Pb0 and gI of Pb),
56–58 should dominate the spectrum. The

gA and gB values obtained from the fit are, within the
experimental error, identical to these values. The g-value
of the third line is close to the g value of the E’ sig-
nal in amorphous silica.59 A signal with similar g value,
g= 2�0004±0�0004, was also observed by spin-dependent
recombination in metal-oxide-semiconductor devices and
attributed to near-interfacial or border traps physically
located in the oxide, but close enough to the interface
to communicate with Si (within 2–3 nm as the electron

Fig. 2. (a) DC-PCR spectrum of a sample having 17 wires produced on
(a) type A SOI, (b) type B SOI. The spectra were acquired with H��[011]
and at T = 4 K.

can tunnel from silicon to a defect in SiO2 no further
than this distance).46�60 Although additional signals due to
other defects at the Si/SiO2 interface or close to it may
be present, a fit using a greater number of lines would
be meaningless considering the signal to noise ratio. The
main features of the observed spectrum are well explained
by signals related to P, Pb0, Pb, and E’-like centers.

3.2. Silicon NWS Produced by Metal-Assisted
Chemical Etching

Scanning electron microscopy, shown in Figure 4, revealed
that SiNWs with diameter in the range 70–100 nm and
3 �m long were obtained using this procedure. SEM also
evidenced that at the surface the wires are bent. In this
region the SiNWs are highly strained, as confirmed by
Raman spectroscopy.61

The samples produced by metal-assisted chemical etch-
ing have been investigated by MWCL-PCR. Due to the
structural properties and morphology of the wires, which
prevents the realization of contacts, DC-PCR techniques
cannot be used.
As reference, we investigated the electrically active

point defects at the interface and in the bulk of the SOI
used to produce the SiNWs (Fig. 5(a)). In such spectrum,
obtained for magnetic field H��[011], two resonance line
at g = 2�0083± 0�0003 and g = 2�0037± 0�0003 consis-
tent with the Pb0 center

56�57 were detected. As already dis-
cussed the line characterized by g = 1�9990± 0�0003 is
related to the E’-like center.46�59 The donor states induced
by the P doping of the Si layer appear as a doublet
with g = 1�9985±0�0003 and isotropic hyperfine constant
A/2= 20�1±0�1 G, identical to the value observed in the
bulk.55

The spectrum, observed for as grown SiNWs and
reported in Figure 5(b), is dominated by resonances due to
the interface, as in these samples the volume/interface ratio
is smaller than in samples produced by e-beam lithogra-
phy or in the SOI reference sample. Similarly to the case
of e-beam produced SiNWs, the best fit to the experimen-
tal curves have been obtained using lorentzian lines for
lines at lower resonant fields and gaussian lines for the
phosphorus doublet and the E’-like defect. The g-values
2�0092± 0�0003 and 2�0040± 0�0003 are still consistent
with Pb0 center, having a slightly larger p character com-
pared to the Pb0 centers occurring at the SOI interface.
The larger line-width for the signal having g = 2�004 is in
contrast with the reported angular dependence of the Pb0
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Table II. Spin-Hamiltonian parameters for the SiNWs produced by different methods. H��[011]. Line-widths and hyperfine interaction constants given
in Gauss.

17 SiNWs SOI Type A 17 SiNWs SOI Type B SOI Si NWs Si NWs 15 min FG Si NWs 5 s RTO

g Pb L1 — 2.0081±0.0003 2.0083±0.0003 2.0092±0.0003 2.0091±0.0003 2.0059±0.0003
(D-center)

	Hpp Pb L1 — 6.9±0.3 5.8±0.1 5.5±0.3 5.3±0.2 5.9±0.6
g Pb L2 — 2.0044±0.0005 2.0037±0.0003 2.0040±0.0003 2.0043±0.0003 2.0005±0.0003

(E’-Center)
	Hpp Pb L2 — 5.9±0.8 4.7±0.1 7.3±0.3 5.9±0.1 5.3±0.8
g P doublet 1.9985±0.0003 1.9989±0.0005 1.9983±0.0003 1.9985±0.0004 1.9985±0.0004 —
	Hpp P doublet 3.0±0.1 3.8±0.1 3.1±0.1 4.2±0.1 4.3±0.2 —
A/2 P doublet 0 20.1±0.1 20.1±0.1 20.7±0.5 20.2±0.1 —
g E’-like center — 1.9993±0.0003 1.9992±0.0003 1.9990±0.0003 1.9990±0.0003 1.9975±0.0003

1.9938±0.0004
	Hpp E’-like center — 5.5±0.5 4.0±0.1 5.0±0.1 5.3±0.1 6.6±0.3 9.7±0.6

line-width.57 This feature, not observed with the reference
sample, is certainly related to the structural details of the
SiNWs/SiO2 complex interface.
The line characterized by g = 1�9990±0�0003 is related

to a defect (E’-like) also occurring close to the Si/oxide
interface46�59 as previously described.

An additional resonant line can be clearly observed at
H = 3299�1 G. This line is consistent with the high-field
component of the phosphorus doublet with g = 1�9985
and isotropic hyperfine constant A/2 = 20�7±0�1 G. The
larger line-width with respect to the one observed in bulk
P-doped Si is probably due to strain gradient in the SiNWs.
With SiNWs having a diameter in the range 70–100 nm no
effect of quantum confinement on the hyperfine interaction
is expected.
The introduction of additional lines in the fitting would

lead to an over-interpretation of our results. The resolution
of the X-band ESR spectrometer prevents the identification

Fig. 3. Simplified cross section of the wire indicating the different
Si/SiO2 interefaces, the direction of the static magnetic field H, and the
direction of the current density J. In this conditions we expect contri-
bution to the EDMR spectrum due to lines related to Pb0 (g⊥ = 2�0081,
g�� + �g⊥ − g��� sin

2�90± 54�7� = 2�0039) and Pb (gI = 2�0039) as dis-
cussed in the text.

of additional resonance lines close to those already dis-
cussed. Nevertheless, EDMR provides a quite detailed pic-
ture of the donors and of the SiNWs/SiO2 interface.

To passivate the interface states, SiNWs were exposed to
forming gas (FG) at 400 �C for 15 min. The H-passivation
reduces the intensity of the Pb0 (Pb) and E’-like related
resonant lines, and does not affect the P doublet. The
MWCL-PCR spectrum, shown in Figure 5(c), shows fea-
tures very similar to those observed in the as grown
SiNWs, with the signal ascribed to the P doublet more
evident.
In order to study the SiNWs’s induced quantum confine-

ment changes of the donor wave-function, we performed
thermal oxidation to reduce the SiNWs diameter.
The MWCL-PCR spectrum, observed after 5 s oxidation

at 900 �C in RTO conditions, is reported in Figure 5(d).
The oxidation process deeply affects the quality of the
SiNWs/SiO2 interface. The Pb0 center disappears, while
a center with g-factor close to the D-center, g = 2�0055,
dominates. The D center is generally observed in amor-
phous Si62 and it could be indicative of randomly oriented
Pb defects. Indeed, the SiNW surface could be highly
defective, characterized by many surface terraces. This
would induce a rapid and disordered oxidation, producing

Fig. 4. Scanning electron microscope images of the SiNWs obtained on
the 5 �m SOI. Cross-section on the left, tilted view (30�) on the right.
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Delivered by Ingenta to:
Universita degli Studi di Milano-Bicocca. Biblioteca centrale

IP : 149.132.102.151
Thu, 06 Oct 2011 07:37:50

Fanciulli et al. Electrically Detected Magnetic Resonance of Donors and Interfacial Defects in Silicon Nanowires

Fig. 5. EDMR (MWCL-PCR) (a) SOI reference; (b) SiNWs as produced, (c) SiNWs after FG; (d) SiNWs after oxidation at 900 �C 5 s. The spectra
were acquired with H��[011] and at T = 10 K.

a very rough surface.63–65 Excess Si can have many (meta-)
stable positions around the interface (E’, EX, Pb0, Pb1�.

56

The formation of a highly defective surface is further
supported by the presence of the E’ center at g = 2�0005±
0�0003.59 The E’-like center is also affected by oxida-
tion, which increases its line-width. The P signal disap-
peared after the oxidation at 900 �C for 5 s. This result
may be attributed to dopant segregation at the Si/oxide
interface.66–69 Work is in progress to clarify the origin of
these lines, to optimize the oxidation process, and, most
importantly, to follow the signal due to P.

4. CONCLUSIONS

EDMR techniques showed to be well suited for the study
of electrically active defects occurring in P-doped SiNW
and of their change subsequent to anisotropic etching or
controlled oxidation.

Work is in progress aiming at optimizing the oxidation
process and investigating the effect of the size reduction on
the donor electronic level and wave function by monitoring
the hyperfine interaction tensor and the g-matrix provided
by electrically detected electron spin resonance techniques.
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