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ABSTRACT: Quantum size effects on interferons (electron−phonon bound states),
confined in fractal silicon (Si) nanostructures (NSs), have been studied by using Raman
spectromicroscopy. A paradoxical size dependence of Fano parameters, estimated from
Raman spectra, has been observed as a consequence of longitudinal variation of
nanocrystallite size along the Si wires leading to local variations in the dopants’ density
which actually starts governing the Fano coupling, thus liberating the interferons to
exhibit the typical quantum size effect. These interferons are more dominated by the
effective reduction in dopants’ density rather than the quantum confinement effect.
Detailed experimental and theoretical Raman line shape analyses have been performed
to solve the paradox by establishing that the increasing size effect actually is
accompanied by receding Fano coupling due to the weakened electronic continuum.
The latter has been validated by observing a consequent variation in the Raman signal
from dopants which was found to be consistent with the above conclusion.

In the era of nanoscience and nanotechnology1−10 it is
difficult to be sure about how much quantum phenomena

are yet to be explored.11,12 Any novel quantum effect13,14

astonishes one only until another newer dimension of
understanding gets unfolded even in simplest forms of
nanostructures (e.g., silicon) if observed and appreciated
minutely. New physical insights into nanomaterials and newer
challenges continue to fascinate the scientists with the latter
working as the driving force too for continuing research to
unveil subtler dimensions of the nanoscience and nano-
technology. Technologically important nanomaterials are
equally important from the scientific point of view as these
quantum structures make a good system to understand
different physical phenomena and their interplays.15−18

Numerous size-dependent variations in materials’ properties
either start happening (e.g., quantum confinement) or change
by orders of magnitude (e.g., electron−phonon interaction,
optical properties, etc.)1,19,20 when their sizes approach the
nano regime, whose onset is specific to a material and can be
quantified.11,21−23 Depending on the nature of different
physical processes, the known (and understood) size-depend-
ent properties’ variation may either be or appear quite
anomalous especially when more than one quantum
phenomenon, specific to the nano regime, is present. These
anomalies must be deconvoluted to either establish the true
size dependence or understand their interrelation. Such
scientific explorations must be carried in parallel with the
technological advances to maintain the overall growth
trajectory.24

At the nano scale, Fano25−28 (or electron−phonon)
interaction is also size-dependent like other properties
(electrical, electronic, optical, etc.),29−32 showing increasing
coupling strength with decreasing size.33−36 In general, the
Fano interaction is a result of continuum−discrete interference
where the continuum and discrete states, taking part in
interference, may originate from different system specific
stimuli. Raman scattering37,38 proves to be one of the simplest
experimental ways to identify the presence of Fano interaction
(between discrete phonon and continuum electronic states) in
terms of a typical asymmetric Raman line shape.39 Along with
Raman spectral asymmetry and the presence of antiresonance
minima, the dopant concentration and dopant-type depend-
ence of Fano parameters validate the presence of the Fano
interaction in heavily doped semiconductor systems.33,40−46

The above-mentioned straightforward observation, when takes
place in semiconductor nanostructures, may yield a Raman line
shape where asymmetry and antiresonance show doping and a
size dependence that may look completely different from their
bulk counterparts. The level of possible complications involved
in the resultant Raman line shape makes it an interesting as
well as challenging problem to understand the overall size
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dependence of a Raman line shape which is supposed to be an
amalgam of various size-, doping-, and dopant-dependent
contributions. This will certainly help in designing appropriate
futuristic material paradigms.
The current work reports an atypical size dependence of

Raman−Fano parameters from boron-doped (p-type) silicon
(Si) nanostructures (NSs) up to a point where one gets
deceived of observing (pseudo-)anomalous behavior. An
increasing Fano coupling parameter (with decreasing size),
obtained by using Fano line shape fitting of Raman spectra, is
noticed which actually was found to be consistent with the
known size-dependent Fano effect as established by careful
deconvolution of the Raman line shape by incorporating the
effect of gradual nanosize variation along the Si microwires.
The wire-like structures, prepared by using metal-assisted
etching, exhibit depletion of dopants as a consequence of the
fabrication process47−49 due to the fractal nature of the Si NSs.
The quantum effect was found to exhibit a dual role of a typical
band gap enhancement and atypical zonal dopant depletion
with the latter being dominating. These two effects force the
interferons to behave in a pseudo-anomalous manner only to
get revealed after careful Raman line shape analysis followed by
experimental validation using quantitative Raman spectromi-
croscopy. The gradual size variation in the prepared fractal Si
NSs leads to a graded energy band system where the doping
concentration also decreases inherently with decreasing size
due to Fermi surface migration of dopants thus responsible for
the above-stated quantum Fano effect.
A fractal structured porous Si sample consisting of Si NSs

has been synthesized from a commercially available (Vin
Karola) p-type Si wafer (boron-doped ∼1020 cm−3) by metal-
induced etching (MIE).50−55 For MIE, first Ag nanoparticles
(AgNPs) were deposited on cleaned Si wafers by dipping them
into a solution containing 4.8 M HF and 5 mM AgNO3 for 60
s at room temperature. The AgNPs (∼100 nm)56 deposited
samples were then kept in an etching solution (4.6 M HF + 0.5
M H2O2) for 60 min at room temperature. A Supra 55 Zeiss
scanning electron microscope (SEM) was used to study the

surface morphologies, and Raman spectra were recorded by
using a Horiba Jobin Yvon micro-Raman spectrometer with a
633 nm excitation laser with minimum power to avoid any
laser-induced heating as confirmed by Stokes/anti-Stokes
measurements shown in Figure S1 of the Supporting
Information. Transmission electron microscopy (TEM) was
performed by using a Gatan model 636MA electron micro-
scope.
The Si wafer etched by using MIE becomes porous and

shows a fractal nature49,56,57 as can be seen by using electron
microscopy (Figure 1a). A low-resolution top surface SEM
confirms (Figure 1a) the formation of porous silicon in wire-
like structure formed as a consequence of reaction between the
Si wafer and the etching solution (eqs R1−R3, Supporting
Information). To noticeably see the nanoporous fractal
structures, TEM has been performed, and sizes from a wire-
like portion (from square box) have been qualitatively
estimated. The presence of wire-like structures has been
clearly confirmed along with the formation of embedded
nanostructures of size ∼5 nm, as apparent from the magnified
TEM image on the top right side (lateral-right inset, Figure
1a). It is important to mention here that not much variation in
the diameter of the Si wire can be noticed at the macroscopic
level. To quantify the nanometer size, Raman spectroscopy has
been performed on the sample which shows a red-shifted and
asymmetrically broadened Raman spectrum (green curve,
Figure 1b). In the confined systems, the behavior of restricted
phonons is governed by an asymmetric Raman line shape
deviating from its bulk counterpart due to the relaxation in
momentum conservation. An appropriate Raman line shape
accounting for phonon confinement was developed by Richter
et al.58 and later modified by Campbell and Fauchet.59 Various
line shapes according to the regimes of suitability have later
been developed, accounting for corresponding effects from
very small sized nanoclusters,60,61 amorphous materials,23,62

and nanocrystals.63 For the confined interferons,64,65 partic-
ipating in electron−phonon interaction,34,46,66 the porosified
sample shows a Raman spectrum with a 13 cm−1 broad peak

Figure 1. (a) Surface morphology of a porosified p-type Si wafer along with corresponding TEM images showing nanowires (left inset) and
magnified view showing fractal structures (top right inset). (b) Raman spectra from the crystalline Si (c-Si) and Si NSs with discrete points showing
the experimental data and solid lines representing the theoretical fit using the confinement model (eq 1).

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.1c00217
J. Phys. Chem. Lett. 2021, 12, 2044−2051

2045

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00217/suppl_file/jz1c00217_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00217/suppl_file/jz1c00217_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00217/suppl_file/jz1c00217_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00217/suppl_file/jz1c00217_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00217?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.1c00217?ref=pdf


centered at 518 cm−1 with an asymmetry ratio (αr = γl/γh) of
0.8, where γl and γh are the half-widths toward the lower- and
higher-energy sides, respectively, of the spectral maximum. In
comparison, the c-Si wafer (used for etching) shows an
asymmetric Raman line shape with αr = 0.4 (brown curve,
Figure 1b), meaning a more asymmetric line shape as
compared to the Si NSs. The laser-related effects are absent,
and being a nonpolar semiconductor, the role of surface
phonons is also ruled out.67−70 Thus, the relaxation in
asymmetry, consequent to reduction in size, takes place due
to confined interferons in the Si NSs, and accordingly the
Raman line shapes are analyzed by using the line shape
function predicted by the Fantum model71 (more details in the
Supporting Information) given by eq 1 to quantify the size and
Fano parameter, q
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Here k( )
/ 2

ε = ω ω−
Γ and L, and Γ denote the nanocrystallite size,

lattice constant, and line width (4 cm−1) of c-Si, respectively.

k( ) 171400 100000 cos k
2

ω = + π is the phonon dispersion

relation for Si and q is the Fano asymmetry parameter which is
a measure of the extent of electron−phonon interaction
present in the system. As mentioned above, the overlapping of
electronic energy with a discrete phonon gives rise to an
asymmetric line shape due to interference.45,72,73 Such Raman
line shapes have two distinct features: First, the doping-
dependent asymmetry in the Fano−Raman line shape should
be broader on the lower energy side of the peak for an n-type
semiconductor (αr > 1), whereas it should be broader on the
high energy side of the peak for a p-type semiconductor (αr <
1).45 Second, the signature of the presence of the Fano effect
in a system is the observation of antiresonance. The
antiresonance and broadening of half-widths are observed on
opposite sides of the peak in the spectrum showing Fano
interaction. This model predicts an asymmetric Raman line
shape which can be fitted with the experimental Raman data to
estimate the Si NSs size and q for further analysis and to
deconvolute the individual effects, namely the e-phonon
interaction and quantum confinement. The corresponding
fitting of Raman data in Figure 1b with eq 1 yields q values of 4
and 10 from c-Si and an average size of 6 nm of the Si NSs,

respectively, which is consistent with the experimentally
observed asymmetry and width (full width at half-maximum,
or FWHM) mentioned above. It is important here to mention
that a larger value of q (= 10) is obtained from Si NSs as
compared to that (q = 4) for c-Si, indicating a stronger Fano
interaction in the latter. This is not consistent with the well-
known size-dependent Fano effect,33,73,74 which predicts a
strong Fano coupling in smaller Si NSs. To discount, or
confirm, a possible anomaly in the size dependence of
interferons’ behavior, further investigations are required and
accordingly understood. Raman spectroscopy, an established
tool with advantages over several other techniques,13,75 has
been used here to investigate the above-mentioned anomaly in
the size-dependent interferon behavior as discussed below.
The fractal-like geometry of nanostructures and the

fabrication techniques invite a preferentially advanced
investigation using Raman spectroscopy to uncover anomalies
that are concealed in the explicit manifestation of quantum
confinement. Top surface Raman spectra are expected to have
information about the size only from (and near) the tip of the
nanowire, henceforth not delivering complete information
about whole sample, and thus various phenomena that require
an overall assessment of system remain untouched. To
understand the true nature of various subtle processes, cross-
sectional Raman spectromicroscopy of a porosified sample has
been done by obtaining Raman spectra along the length of the
wire starting from substrate (c-Si) to the tip of nanowire, as
shown in the SEM image in Figure 2a. Raman spectra obtained
from five different positions along the wire are shown in Figure
2b (the legends have been marked to guide the location from
where spectra have been recorded). The experimental Raman
data (discrete points) have been theoretically fitted by using
the FANTUM54,73,74 line shape function (eq 1) which gives
information about the confined interferons rather than only
phonons. The Si NSs’ size and Fano parameter, obtained
corresponding to best fitting (solid line, Figure 2b), are listed
in Table 1. The five Raman spectra used for the size-dependent
study are only representative data out of several Raman spectra
recorded to study the longitudinal variation in the Raman
spectral feature as can be seen in the form of the Raman image
(Figure 2c). The Raman image in Figure 2c clearly shows how
the Raman spectra vary along the length of the wire and how
the line shape changes from a value of αr < 1 to αr > 1 while
scanning from the substrate to the tip of the wire. Such
variation along the length of the Si wire is attributed due to the

Figure 2. (a) Cross-sectional SEM image of Si wire sample, (b) position-dependent Raman spectra at five different positions along the wire cross
section, and (c) the consolidated cross-sectional spatial Raman image generated by using all the Raman spectra acquired during mapping. The
position on the Y-axis has been marked with respect to the Si substrate. Adapted with permission from ref 66.
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longitudinal variation in Si NSs size as a consequence of the
fractal nature of the sample66 introduced due to the etching
process.
The estimated Si NSs size and the analysis of Fano

parameters (Table 1) show clearly that the Si NSs size
decreases along the wire from the substrate (point S1, bulk) to
the tip of the nanowire (point S5, 3.2 nm). Along with the
variation of size across the wire, it is also important to note the
variation of q which depicts the strength of electron−phonon
interaction in these sizes. As reported by Sagar et al.33 and
Kumar et al.,34 increased quantum confinement (smaller NSs
size) leads to a stronger electron−phonon interaction, which
on the contrary in this case is increasing, as evident from
theoretical fitting using the FANTUM model (Supporting
Information) and Table 1. The apparent anomaly in Figure 1
appears evident (Figure 2b and Table 1) from the ambiguous
set of obtained parameters indicating the anomalous
interaction of quantum confined interferons. Also, before
attempting to explain this anomaly, it is important to mention
here that the reported quantum “q−L” variation is valid for a
given doping (carrier) concentrations in the sample.34,76 In
other words, the above-mentioned behavior can be said to be
anomalous only if the dopant concentration (an important
parameter in the Fano interaction) remains constant along the
Si wire. In contrast, a possibility of reduction in carrier
concentration due to dopants’ migration has been predicted48

which means that a continuous variation of carrier concen-
tration along the whole length is possible. In other words, the
sample doping reduces as one move from substrate to the tip
of wire due to migration of dopant atoms along with reduction
in nanostructure sizes.
The above-mentioned hypothesis, to be validated later on,

has been explained by considering the Si NSs size variation
along the wire’s length to be graded rather than continuous for
easier modeling. Figure 3 shows a schematic diagram depicting
the combined effect of band gap enhancement and dopant
mass migration as the size of the microscopic nanostructures
gets reduced (bulk to L4), where the latter is supposed to be a
consequence of fabrication technique involved for the
porosification of the sample. As is apparent from q values
estimated for different sizes, the anomalous decrease of
electron−phonon interaction with decreasing size is discernible
in the whole picture (Table 1). But a microscopic assessment
leads to two different phenomena, namely, quantum confine-
ment and mass migration of dopant atoms; decoding this
anomaly proves it to be a pseudo-paradox.
Interplay between these two is known to cause such an

anomaly and thus falsifying the actual picture at the
macroscopic level which can be validated as follows. The
band gap enhancement due to quantum confinement is a
noted phenomenon32 leading to increase in band gap, visible
on the same sample in the present case as one moves from the
substrate (c-Si) to the tip of SiNWs. A constant Fermi level,
being representative of the whole sample, predicts that
different regions along the wire length consist of different

carrier concentrations as can be recognized from its position
relative to the band edge.48 It is clear from Figure 3 that the
dopant’s concentration is minimum in the region on the wire
where the smallest Si NSs are present. Because the Fano
coupling is directly proportional to the carrier concentration,76

a poor Fano coupling between the thus-generated continuum
and confined phonon will become inevitable near the tip of the
wire. At the same time, the quantum size effect will be
maximum at the tip, thus enforcing a stronger coupling. On the
whole, the dominating of the two effects will dictate the overall
Raman line shape. In the current scenario it appears that the
Fano component is eventually small near the tip where Si NSs
are the smallest. Before one makes the final conclusions about
the most dominant cause, a better clarity about the available
size-dependent dopants’ concentration, at last some quantifi-
cation is necessary.
The above-mentioned depletion of dopants (boron in this

case) can be semiquantified directly by using the analysis of the
boron peak in the Raman spectra recorded from different
positions along the wire’s length (Figure 4a). Plenty of boron
ions are present in the substrate, as evident from a clear peak
near 620 cm−1 (pink curve) originating from borons77 present
in the Si lattice. The intensity of this peak continuously
decreases while moving toward the surface of the sample. The
intensity of this peak completely vanishes in the Raman
spectrum collected from the tip (surface) region, meaning that
few borons are present near the surface. The concentration of
the boron atoms is actually inadequate to create sufficient
continuum for the Fano interaction to take place. This has
been experimentally proven by analyzing the zoomed-in
position-dependent Raman spectra (near the base of the
spectra), as shown in Figure 4b. The Raman spectra obtained
from the substrate region (pink curve) show a clear
antiresonance dip, meaning a stronger Fano coupling. The
antiresonance dip gradually decreases and vanishes completely
in the Raman spectrum collected from the surface region (blue
curve) where the Raman spectrum is fully dominated by the

Table 1. Estimated Fano Parameters (q) and Si NSs Size (L)
Obtained from Theoretical Fitting (Using Eq 1) of Different
Raman Spectra in Figure 2b

longitudinal position (Figure 2) S1 S2 S3 S4 S5
q 4 6.4 7.3 8.5 10
L (nm) ∞ (bulk) 8.2 6.5 4.3 3.2

Figure 3. Schematic representation of combined effect dopants’ mass
migration and quantum confinement on the band structure of fractal
Si wire where the relative position of intrinsic and heavily doped p-
type wafer has been marked with dotted and solid lines, respectively,
along with the inset showing the typical band gap vs size variation.
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confinement effect. In other words, the available quantum
confinement effect is maximum near the surface region (where
smallest NSs are present) and makes the phonon confinement
effect more dominating as compared to the Fano interaction.
While moving on the Si wire from bulk toward the surface,

the decreasing Fano effect recedes to the increasing quantum
size effect more rapidly to get overwhelmed by the confine-
ment effect. As mentioned above, a detailed analysis to
understand the observed Fano paradox (the anomalous size-
dependent variation of the Fano parameter and its interplay
with Si NSs size), duly validated by experimental and
theoretical approaches, has been presented. A careful analysis
of the Raman spectral line shape must be performed without
which it may lead to wrong conclusions.
In conclusion, a spatial Raman spectromicroscopic study

reveals that confined interferons in silicon (Si) nanostructures
(NSs) show a paradoxical variation of the Fano asymmetry
parameter (q) with respect to NSs size as compared to the
typical quantum confined effect. A detailed theoretical and
experimental Raman line shape analysis resolves the anomaly
in the reported size vs q dependence. The above-mentioned
pseudo-anomalous behavior of interferons, or the “quantum
Fano paradox”, was found to be a consequence of fractal nature
of the Si wires present in the sample which consists of SiNSs of
different sizes along the Si wire prepared by metal-assisted
etching as clearly seen by using cross-sectional Raman
microscopy. The longitudinal variation in Si microcrystallite
size (in the nanometer range) actually evokes a gradual
depletion of dopants resulting in their etching-induced
migration, stronger for smaller nanocrystallites, which recedes
to the size-dependent Fano parameter variation. In other
words, little Fano coupling in smaller Si NSs is a consequence
of lower dopants’ concentration rather than the quantum size
effect. Besides theoretical Raman line shape deconvolution, the
gradual zonal dopants’ variation has been experimentally
validated by using the analysis of boron’s Raman signal
variation and associated antiresonance along the Si wire.
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