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the interface between the semiconductor and its oxide and of hydrogen in passivating donor atoms is addressed.
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Several architectures for ultra-scaled devices targeting classical
and quantum information processing, chemical sensing, and energy
harvesting and production rely on silicon and germanium nanowires
(SiNWs, GeNWs).1–7 Despite the efforts in the preparation and char-
acterization of these nanostructures, some fundamental issues remain
relatively unexplored. In particular the investigation of defects in 1D
nanostructures at the interface between the semiconductor and its
oxide or other semiconductors or oxides in core-shell structures rep-
resents an important challenge, as the NW diameter reduces and the
surface-to-volume ratio increases.8,9 NWs represent also an interesting
system to investigate more fundamental issues such as, for example,
Mott transition, spin relaxation mechanisms and scattering processes.
In this paper we will review the current experimental data and un-
derstanding of the n-type doping of silicon nanowires produced by
Metal-assisted Chemical Etching (MACE). The main results concern-
ing the investigation of defects in SiNWs are related to the obser-
vation of defects at the Si/SiO2 interface and in the SiO2

10–16 and
to donors.12,13,16,17 The role of hydrogen and defects at the interface
between the semiconductor and its oxide in the donor de-activation
mechanisms will be discussed. Data on SiNWs with diameters larger
than 20 nm will be reported therefore excluding discussion of dielec-
tric mismatch and quantum confinement effects.

Experimental

Nanowires fabrication.—SiNWs were prepared according to
the procedure described by Zhang et al.18 Either highly resistive
(ρ > 5000 � cm) silicon (100) wafers or silicon (100) p-type wafers (ρ
= 8–12 � cm) with a 10 μm thick epilayer on top, n-type (phosphorus
doped) with dopant concentration of ND = 1 × 1017 cm−3 have been
used (with the exception of the sample for ToF-SIMS investigation,
which was characterized by an epilayer thickness of 5 μm and a P
concentration of ND = 1 × 1019 cm−3). Samples having an area of
2 × 2 cm2 were 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 4.8% HF aqueous solu-
tion for 3 min at room temperature, immediately placed into an Ag
coating solution containing 4.6 M HF and 0.005 M AgNO3 for 1 min
for electroless deposition of Ag nanoparticles, washed with water to
remove the extra Ag+ ions and then immersed in the etchant solution
composed of 4.8 M HF and H2O2 0.4 M for 4 min at room tempera-
ture. Samples were then washed with water, immersed in dilute HNO3
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(1:1 v/v) to remove residual Ag nanoparticles, washed first with water,
then with isopropyl alcohol, then they were left to dry in air. The sam-
ples were then finally cut to dimensions suitable for characterization
(3 × 12 mm2). Further annealing steps, aiming at the investigation
of the defects evolution, were performed in a rapid thermal annealing
system or in a horizontal furnace, in N2 and at different temperatures
in the range 60◦C- 600◦C. After each annealing step the samples were
either left for 28 hours in air to maximize the Pb center signal or the
increasing of the signal was followed as discussed later on.

Characterization.—The SiNWs have been characterized by a va-
riety of methods to access their morphology, their chemical proper-
ties, and to address defects and dopants. Morphological characteriza-
tion was performed with Scanning Electron Microscopy (SEM, Zeiss
SUPRA 40), chemical properties were investigated with Time-of-
Flight Secondary Ion Mass Spectrometry (ToF-SIMS, ION-TOF IV)
and X-ray Photoelectron Spectroscopy (XPS, PHI 5600). ToF-SIMS
mass spectra were acquired using a 25 keV Ga+ ion beam with few
pA current over a 50 μm × 50 μm area for analysis and 1 keV Cs+

ion beam with nA current for raster sputtering over an area of 300
μm × 300 μm, in negative polarity and interlaced mode; secondary
ions are collected in time-of-flight spectrometer granting a mass res-
olution of at least 7000 at the investigated masses. The analysis has
been stopped after about 200 nm depth sputtering from the surface
(calibrated from a SiO2 reference sample). XPS measurements were
acquired using a monochromatic Al Kα X-ray source (1486.6 eV)
with pass energy 5.85 eV over a mm2 area; the instrument resolu-
tion is 0.1 eV. XPS spectra were fitted using XPSPEAK4.1 software,
considering Shirley background, doublets for Si 2p peak with spin
orbit splitting of 0.59, and pseudo-Voigt functions. Positions of the
lines are calibrated against the C 1s line descending from adventi-
tious carbon. The chemical environment at the surface of the NWs
was investigated by Fourier Transform Infrared spectroscopy (FT-
IR) using a Jasco FT/IR Michelson interferometer, in the wavenum-
ber range 4000–400 cm−1 with 0.25 cm−1 resolution. Absorbance
spectra were measured at room temperature, using a double stage
rotary pump to evacuate the sample chamber. Dual beam measure-
ment mode was operated by acquiring a reference spectrum with-
out the sample (I0) as reference, then calculating sample absorbance
(A) according to A = Log(I0/I). Electron Paramagnetic Resonance
spectroscopy (EPR) has been carried out in an X band (9.4 GHz)
spectrometer equipped with a high Q-factor cylindrical cavity (Bruker
EF4122sHQ). A frequency counter was used to monitor the microwave
frequency. The g-factors and absolute spectral intensities were de-
termined using the reference signal of a standard Bruker marker

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 207.241.231.81Downloaded on 2018-07-20 to IP 

http://jss.ecsdl.org/content/5/4.toc
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:oa@electrochem.org
http://dx.doi.org/10.1149/2.0171604jss
http://jss.ecsdl.org/content/5/4.toc
http://jss.ecsdl.org/content/5/4.toc
mailto:marco.fanciulli@unimib.it
http://ecsdl.org/site/terms_use


ECS Journal of Solid State Science and Technology, 5 (4) P3138-P3141 (2016) P3139

Figure 1. SEM micrograph cross section view of typical intrinsic SiNWs
produced by MACE, showing vertically aligned wires and a flat etch profile.
The nanowires are 11.3 μm tall, and display diameters in the range 25 – 200
nm, with an approximate average diameter of 60 nm. Inset: detail at high
magnification showing the porosity at the surface of some relatively large
nanowires.

characterized by g factor g = 1.97984(1).19 The samples were tied
onto a quartz rod with teflon tape and inserted into a flow-cryostat
capable of operating at temperatures in the range 4 K – 300 K.

Experimental Results and Discussion

In Fig. 1 the morphology of the SiNWs produced by MACE is
shown in a representative SEM micrograph. These images show verti-
cally aligned porous NWs with diameters in the range 25–200 nm and
an average diameter of ∼60 nm, as reported in Table I. The nanowires
height, 11.3 μm in the example of Fig. 1, can be tuned by adjusting
the etch time and the concentrations of etching solution components.
Morphological parameters were essentially unaffected by the thermal
treatments in the adopted conditions.

ToF-SIMS mass spectra at nominal mass m = 31 amu and m = 32
amu are shown in Fig. 2a and Fig. 2b respectively. At mass m = 31 amu
(Fig. 2a) we can distinguish the presence of at least 4 contributions
from different ions and, in particular, from lower to higher mass 31P,
30SiH, 29SiH2 and 28SiH3.20,21 The intensity of SiH-related masses
denotes the high contribution from Si-H bonds in the as-prepared
nanowires. The peak related with P can be hardly seen as a shoulder
in the tail of the 30SiH contribution, not fully de-convoluted from the
30SiH mass contribution. It is worth noticing that the chosen mea-
surement setup is capable of granting full peak separation (i.e. mass
resolution) between P and 30SiH on flat P-doped wafer. Here the ob-
served overlapping underlines the high contribution from SiH-related
ions. Looking at mass m = 32 amu we have a further confirmation
of SiH ion abundance, as can be seen from the clear detection of
contributions from 30SiH2, 29SiH3 and 28SiH4 ions.20,21 Further, here
we observe a contribution from sulfur and oxygen (seen as molecular
O2 ion). To further elucidate the chemistry of as-prepared NWs, with
a particular attention to the surface and sub-surface regions, we per-

Table I. Samples properties. Average diameters extracted from
Scanning Electron Microscopy micrographs reflect the statistical
data of an ensemble of some tens of nanowires. Doping in SiNWs
determined by Hall effect on the virgin epilayer.

Sample Average Diameter [nm] Doping [atoms/cm−3]
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Figure 2. a), b) ToF-SIMS mass spectra for as-fabricated phosphorus-doped
SiNWs at nominal mass m = 31 amu and m = 32 amu and for the same sample
long time after a high temperature annealing and the following air exposure.
Note the decrease in the contribution from SiH-related ions. c) XPS of the Si
2p core level: contributions from Si0 and SiH are well evident in as fabricated
sample (increased shoulder on left side of Si peak), while after treatment and
air exposure silicon oxide components emerge, SiO2 in particular.

formed XPS measurements across the Si 2p spectral region (Fig. 2c).
From the fitting we could resolve the major contribution originating
from Si0 chemical state and the presence of minor contribution from
SiO and SiO2 oxide states. The presence of the sub-oxidation contri-
bution is probably due to the short exposure in air while transferring
the sample from the clean room to the (ex-situ) XPS analysis cham-
ber. Further, the fitting is well matched only when also considering a
contribution at 99.6 eV associated with SiH bond.22,23

FT-IR data are reported in Fig. 3 for different treatments. A ref-
erence sample is plotted against the as-prepared SiNWs to reveal the
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Figure 3. FT-IR absorbance spectra recorded in dual beam mode: reference
flat substrate showing the Si-Si mode (dashed green); after MACE process
(blue) Si-Hx signals appear (peaks at 625, 666, 910, 2196, 2250, 2273 cm−1),
prevailing over the OySiHx (876, 2196, 2250, 2273 cm−1); the spectrum
recorded just 15 minutes after the annealing (550◦C 15 min.) showed a drop
in the Si-H peaks and an increase in those related to OySiHx. Signals of the
SiOx vibrational mode in the spectral region 1065 - 1173 cm−1 of the sample
before the annealing are negligible with respect to the sample after annealing
(dotted red). The evolution in the first 48 hours is also reported for the sake of
completeness, but does not show any major changes Resolution is reduced to
2 cm−1 to suppress the thin film interference pattern due to internal reflections
in the substrate.
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Figure 4. EPR spectrum (RT, H||[111]) after air exposure (t>20 h): the fit
(solid red, with individual components in blue depicted as shifted below the
experimental data) evidences two Pb peaks, as expected by symmetry consid-
erations when the magnetic field is oriented along one of the [111] directions
of the Si crystal. A third component representing the Ix defect is indicated by
the dashed blue line.

prevalence of Si-H bonds (Si-Hx peaks located at 625, 666, 910, 2087,
2110, 2141 cm−1) and the limited contribution of OySi-Hx shoulders
(876, 2196, 2250, 2273 cm−1).24,25 Almost no oxidation at the surface
of nanowires can be inferred from the absence of the typical infrared
absorption bands of the SixOy vibrational modes in the region 1065
- 1176 cm−1. Additional spectra, recorded from 15 minutes up to
48 hours after the annealing, show a drop in the Si-H peaks and an
increase of the SiyOx and OySiHx modes. The brief exposure to air
after the thermal treatment is sufficient to oxidize the NWs surface,
as observed in the XPS measurements, and then only minor evolution
occurs.

Electron paramagnetic resonance of the as prepared intrinsic
SiNWs does not show any resonance, while the n-type SiNWs show
the hyperfine splitted resonance of substitutional P.26 Upon annealing
and exposure to air the signals of the well-known Pb center27–29 appear
in both samples, while the P doublet first increases and, when the Pb

signal appears, starts to decrease as reported in Fig. 5d. A further,
broad signal is always present along with the Pb signal (Fig. 4). It is

characterized by a g factor of 2.0052(8), and a Voigtian peak-to-peak
width of 0.84(1) mT. The signal is isotropic with an isotropic line-
width. We can tentatively attribute the signal to the Ix center.30 A full
understanding of the nature of this signal is still missing. Previous
investigations reported a g-factor variability between g = 2.0047 and
g = 2.0050, a large width which is comparable to our results, and
the identification of this signal as related to a center at the interface
between Si and SiO2. We do not intend to focus on such a defect,
though we here add to the discussion that it presents a time evolution
of the intensity upon exposure to air similar to Pb, but slightly faster
(Figure 5a). The example reported in the figure evidences a character-
istic exponential increase for the Ix intensity τIx of ∼ 5 hours, while,
for the same sample, the Pb signal increases, with a characteristic
time constant τPb of ∼ 9 hours. Upon saturation the Ix intensity is
between 25% and 65% of the Pb intensity a result that depends on the
specific sample analyzed. The time evolution of the Pb and Ix signals
depend strongly on the temperature and humidity of the air during the
exposure.

Upon annealing of doped SiNWs in N2 in the temperature range
60–300◦C, EPR reveals the increase of the P0 resonance. This result
is attributed to the dissociation of PH complexes formed during the
MACE process

(PH)0 → P+ + H− [1]

The dissociation, observed upon isothermal annealing, is consis-
tent with the first-order rate law kinetics observed in porous silicon

I(t) = I0

(
1 − e−kt

)
[2]

k = k0e−Ea/kBT [3]

with values of the constants k0 = 6 × 1013 s−1; Ea = 1.2 eV reported
in literature31–33 (see Fig. 5b). Donor passivation by hydrogen has
been extensively studied for P-doped bulk (nanoporous) Si.31–34 First-
principles pseudopotential-density functional calculations revealed
that H is located on the extension of a P-Si bond on the Si side,
with the Si-H pair relaxing away from P, leaving the P atom threefold
coordinated.35,36 The electronic level scheme of acceptors and donors
in silicon nanowires produced by the VLS method has been recently
investigated by Sato and coworkers using deep level transient spec-
troscopy and photon-induced current transient spectroscopy.37 For
n-type SiNWs they reported four levels in the gap. In particular the
E2 (with 0.25 eV activation energy) was not assigned to any specific
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Figure 5. a) Time evolution of the intensity of the EPR
signals due to Pb (black) and Ix centers (gray) following an
annealing step at T = 365◦C for 60 min. Red lines are fit-
tings to the data with the model explained in the text. After
annealing, the sample was left at room temperature in N2
for 18 hours, and then exposed to air. The EPR spectrum of
the annealed sample did not reveal any signal and was not
affected by the long exposure time to an inert atmosphere.
The Pb signals begin to increase only after exposure to air.
The maximum intensity is determined by the annealing
temperature. b) Intensity of the P0 peaks upon isothermal
annealing at T = 60◦C. Data are consistent with the disso-
ciation kinetics of PH complexes described by Eq. 2.34–36

c) Maximal Pb intensity after isochronal anneal (t = 1 h).
In the figure the dissociation of SiH and SiH2 is reported
for comparison. d) Intensity of the Pb and P0 centers as
function of exposure to air after an annealing step.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 207.241.231.81Downloaded on 2018-07-20 to IP 

http://ecsdl.org/site/terms_use


ECS Journal of Solid State Science and Technology, 5 (4) P3138-P3141 (2016) P3141

defect, while the E2B (with 0.26 eV activation energy) was associ-
ated with the E-center (P-V complex). We did not observe, by EPR
signals, which could be attributed to the P-V complex. This result is
not conclusive and additional work is necessary to clarify it. How-
ever, we tentatively suggest that the E2 level is related to complexes
involving H.

ToF-SIMS, XPS (Fig. 2) and FT-IR (Fig. 3) investigation of in-
trinsic or doped SiNWs annealed at temperatures higher than 300◦C
show: i) a decrease of the SiHx signals; ii) an increase of the SiOx

signals. These results indicate hydrogen release from the SiNWs and a
progressive oxidation. The latter strongly depends on the air exposure
time after the annealing steps. Immediately after each annealing step
EPR shows a very weak signal related to the presence of dangling
bonds at the interface (Pb centers) between the SiNW and the grow-
ing SiOx layer. The Pb signal increases as function of exposure to air
at room temperature with a time constant of the order of 9 hours as
shown in Fig. 5a. The EPR spectrum is not affected by long settling
time in inert environment, the Pb signal begins to increase only after
exposure to air, as we verified in one case by leaving the sample at
room temperature for 18 h in N2.

It is possible to indirectly investigate the dissociation kinetics of
the Si-H bonds by recording the increase of the maximum Pb signal
observed by EPR after each annealing step followed by 28 h exposure
to air at room temperature. As a first-order approximation, the trend
can be interpreted as an exponential recovery:

I = I∞
(
1 − e(t−t0)/τ

)
[4]

with maximum intensity I∞ dependent on annealing temperature (T)
and time (t). Such a functional form is consistent with second order
dissociation kinetics:

I∞ = 1

1 + Ckt
[5]

k = ν0e−Ea/kBT [6]

with ν0 = 120 cm2 s (fixed) and Ea = 2.39 ± 0.02 eV. The activation
energy is an intermediate value between those found for the dissocia-
tion of the SiH and SiH2 centers as reported in Fig. 5c for crystalline
silicon flat surface.38 However such a model is only indicative as a
simplified approximation and a thorough investigation is necessary
to address the details of the dissociation kinetics. For example, the
same intensity trend may be obtained by considering a distribution of
activation energies and/or of the pre-exponential factor. Nevertheless,
the steep slope of the Pb intensity upon isochronal annealing allows
to exclude any first order process as the origin of Pb signal increase.
In such a case a smoother slope is expected, even in the absence of a
distribution of the relevant parameters.

It is interesting to note that XPS and FT-IR show the oxidation
of silicon well before the occurrence in the EPR spectrum of the
Pb-related signals. The silicon oxide should go through small re-
arrangements not evidently visible with XPS or FT-IR leading even-
tually to the interfacial defects formation.

The average diameter of the SiNWs is larger than the value below
which quantum confinement and dielectric mismatch effects should
be observed. However, the SiNWs system allows a detailed and con-
trolled investigation, using EPR, of the depletion region formation due
to interface defects, since the Pb center concentration can be modified
by annealing followed by exposure to air. Fig. 5d reports the inten-
sity of the P and Pb signals after an initial annealing step followed
by exposure to air. The intensities of the P and of the Pb, determined
against the marker, have been measured at 15 K and at RT respectively
to avoid saturation effects. As expected an increase of the Pb centers
results in a decrease of the P signal.

Conclusions

SiNWs produced by the MACE method have been investigated
by electron spin resonance spectroscopy to investigate defects and

dopants, and by complementary techniques (SEM, TEM, XPS, ToF-
SIMS, FT-IR) to determine the morphological and chemical proper-
ties. The nanowires, in addition to their interest stemming from the
different applications, represent also a model system in which several
intriguing phenomena may be investigated. In SiNWs we have shown
how H is terminating the nanowire surface preventing its oxidation
and the passivating of donors. Upon thermal treatments and exposure
to air the nanowires go through a series of chemical reactions leading
to the dissociation of PH complexes, H desorption, oxidation, forma-
tion of defects at the interface between Si and SiO2, the Pb centers,
which leads to the formation of a depletion region deactivating a frac-
tion of the donors. Due to the average size of the investigated SiNWs,
quantum confinement or dielectric mismatch effects have not been
detected by EPR.
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