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ABSTRACT: The nature of enhanced photoemission in disordered and amorphous
solids is an intriguing question. A point in case is light emission in porous and
nanostructured silicon, a phenomenon that is still not fully understood. In this work,
we study structural photoemission in heterogeneous cross-linked silicon glass, a
material that represents an intermediate state between the amorphous and crystalline
phases, characterized by a narrow distribution of structure sizes. This model system
shows a clear dependence of photoemission on size and disorder across a broad range
of energies. While phonon-assisted indirect optical transitions are insufficient to
describe observable emissions, our experiments suggest these can be understood
through electronic Raman scattering instead. This phenomenon, which is not
commonly observed in crystalline semiconductors, is driven by structural disorder.
We attribute photoemission in this disordered system to the presence of an excess electron density of states within the
forbidden gap (Urbach bridge) where electrons occupy trapped states. Transitions from gap states to the conduction band are
facilitated through electron−photon momentum matching, which resembles Compton scattering but is observed for visible
light and driven by the enhanced momentum of a photon confined within the nanostructured domains. We interpret the light
emission in structured silicon glass as resulting from electronic Raman scattering. These findings emphasize the role of photon
momentum in the optical response of solids that display disorder on the nanoscale.
KEYWORDS: semiconductor glass, electronic Raman scattering, Compton scattering, Urbach bridge, photon momentum,
structural optical spectroscopy

INTRODUCTION
Light absorption and emission in indirect bandgap materials is
of keen interest in photovoltaics and optoelectronics.1,2 Silicon
is a case in point, as it lies at the heart of modern electronics.3

An important challenge in photonics is to forge direct
absorption and emission channels in Si throughout the visible
and near-infrared range.4,5 Tunable visible photoluminescence
(PL) in porous silicon (p-Si) emerged in the early 1990s and
presented exciting prospects for light-emitting silicon devi-
ces.6−10 Nonetheless, despite impressive advances ever since,
the origin of PL in Si remains a subject of debate.
Quantum confinement effects, as pioneered by Canham,

have been suggested as a possible explanation for the PL
phenomenon.4,11 The confinement model offers mechanisms
for light emission in different forms of structured silicon,
including indirect radiative recombination of excitons localized
in crystalline silicon (c-Si) quantum dots,12−14 radiative
recombination of electron−hole pairs trapped at surface states
of p-Si,15 and light emission from chemical impurities
anchored to the structural defects and asperities of p-
Si.7,16−18 All aforementioned emission mechanisms indicate
an increase of the local electronic density of states (e-DOS) at

nano- and sub-nanostructures, which include defects, dangling
bonds, and chemical moieties.19,20 Unfortunately, these models
fall short in elucidating the anomalous PL redshift observed in
Si nanocrystals.21,22

Our study delves into the photoemission of a heterogeneous
cross-linked Si glass produced by continuous wave (cw) laser
annealing of amorphous silicon (a-Si). The glass comprises
crystalline Si nanoclusters cross-linked to an amorphous
matrix. Upon illumination with cw radiation, the glass emits
two distinct bands, previously denoted as low-energy PL (band
S) and high-energy PL (band F),6 whose origins have
remained unclear. Here, we suggest that both emission bands
originate from electronic Raman scattering (ERS).23−27
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One of the first observations of ERS in semiconductors has
been linked to direct optical transitions between a light-hole
band and a heavy-hole band, an effect distinct from vibrational
Raman scattering (VRS) where the initial and final electronic
states remain identical.25,26 We attribute the observed emission
to ERS transitions from states within the bandgap, which, in
the context of the Mott−Davis model for disordered
semiconductors,28,29 are expected to be present in the cross-
linked silicon glass studied here. Because such Urbach states
constitute trapped states for the electron, transitions in the
proximity of the conduction band require a source of
momentum. Although lattice phonons have been proposed
to supply the necessary momentum, higher-energy transitions
from deep trapped states would require the involvement of
multiple phonons,30 thus severely limiting the probability of
such transitions. We propose that transitions from these states
are enabled instead by electron−photon momentum matching,
a result of quantum confinement,31 particularly in a disordered
medium. In this context, the momentum disparity between two
electronic states is facilitated by the increased momentum
distribution of the confined photon.
The concept of expanded near-field photon momentum has

previously been proposed as a plausible explanation for
enhanced interband two-photon excitation32 as well as
intraband transitions in gold nanostructures.33 More recently,
momentum expansion in plasmonic two-dimensional systems
has been discussed, focusing on multipolar, spin-flip, and
multiquanta emission processes.34 Here we suggest that the

existence of near-field photon modes with expanded momenta
in a Si glass provides the necessary momentum to facilitate
ERS transitions from trapped states in the bandgap. This effect
is similar to Compton scattering, though with visible light
photons.
In the context of disordered semiconductors, we revisit an

idea proposed and developed by Mott and Davis29,35 and use it
to explain the PL phenomenon. The model is based on the
concept of dangling bonds at vacancies, divacancies, or
nanovoids. It introduces an excess electronic density of states
within the forbidden gap,36 forming an Urbach bridge of
electronic states across the semiconductor bandgap. This
bridge enables new electronic Raman transitions, including
low-energy intraband transitions near the Fermi level (l-ERS),
higher energy interband transitions in the extended tail near
the conduction band (h-ERS), and optical transitions from
deep states within the Urbach bridge (heavy tail transitions).
These emissions exhibit a strong correlation with structural

size, a relationship that can be explained through the concept
of electron−photon momentum matching. Given the direct
link between optical signals and the formation of cross-linked
semiconductor glasses, the findings presented here allow for
the expansion of conventional optical spectroscopy for both
chemical (energy) and structural (momentum) studies of
disordered solids.

Figure 1. (a) An artistic representation of light-assisted formation of cross-linked semiconductor glass stripes on an a-Si film. (b) Schematic
representation of temperature-dependent formation of homogeneous cross-linked glass (through sintering) and heterogeneous cross-linked
glass (through crystallization). (c) AFM topography and (d) cross-section of an array series. By varying exposure time (writing speed), one
can form areas with different degrees of crystallinity and a narrow distribution of sizes (measured by their heights) within light affected
zones (e) and heat-only affected zones (f).
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RESULTS/DISCUSSION
First, we offer a strategy to produce samples where both
crystallinity and structure size are known and formed in a
controlled fashion. We consider a bottom-to-top approach, i.e.,
from a disordered state to a more ordered material state, by
which amorphous silicon (a-Si) transforms in part into
crystalline silicon (c-Si) through light-assisted thermal impact.
This approach allows efficient photon absorption in an
amorphous matrix followed by light emission at c-Si nano-
crystal inclusions. To accomplish this, we deposit a 300 nm
thick a-Si film on glass using chemical vapor deposition (see
Methods/Experimental section). The film is then subjected to
a tightly focused cw laser beam, which is scanned to write an
array of straight lines at different scanning speeds (Figure 1a).
The high light absorption (α = 83,870 cm−1 at 633 nm37) and
low thermal conductivity (κ = 1.7−2.2 W/mK38) of a-Si give
rise to local heating. In areas where light-induced temperature
changes do not exceed 500 °C, this procedure results in the
sintering of amorphous structures forming a homogeneous
cross-linked glass (Figure 1b).39,40 In areas where the
temperature exceeds 500 °C, an amorphous-to-crystalline
phase transition occurs, and a heterogeneous cross-linked
semiconductor glass is formed. The resulting film, “foamed” by
light, represents a heterogeneous disordered matrix in which
electronic, optical, and thermal properties vary on the
nanometer scale.
In our experiment, the local degree of crystallinity is

determined by the speed of the scanning laser beam with an
intensity of 2.5 MW/cm2, which was set to 0.5, 1, 2, 4, or 8
μm/s. An AFM topography map in Figure 1c shows that an
array of stripes can be easily formed, where their height
increases proportionally with the scanning rate, reaching a few
tens of nanometers. The leftmost distribution in Figure 1c and

d corresponds to the intact a-Si region, providing a reference
point. For intensities above 3 MW/cm2, we observe the
formation of bubbles on the surface of the film (see Supporting
Information Part I, Figure SF1). These bubbles are prone to
bursting, leading to the formation of significant protrusion
areas that were used to assess the thickness of the initial a-Si
film. Within the formed glass surface, we identified two distinct
areas. The first is the light-affected zone (LAZ), which
represents the area directly exposed to laser radiation. The
second is the heat-only affected zone (HAZ), which
encompasses the portion that remained unexposed to the
laser and was solely influenced by the diffusion of heat.
Figure 1d shows structural growth within the LAZ. Changes

in the film topology are caused by a more compact
arrangement of atomic Si upon crystallization, leading to
relaxation of intrinsic local stress to minimize the Gibbs
energy. Here, we come across a counterintuitive observation:
extended exposure times result in inferior crystallization and
smaller structural formation. These can be explained by the
larger thermal conductivity of c-Si (κc‑Si = 147 W/mK)
compared to that of a-Si (κa‑Si = 1.7−2.2 W/mK). For this
process, a negative feedback loop is initiated, causing
crystallization to cease as a result of efficient heat transfer.
The local temperature may drop below the threshold of 500
°C, while the film morphology continues to change due to
sintering (Figure 1e).
The dissipation of heat beyond the LAZ induces changes in

morphology and structure formation in the HAZ. Figure 1f
illustrates a broader distribution of surface roughness in HAZ
compared to that in LAZ. It can be seen that HAZ differs from
LAZ by the lack of a crystalline (c-Si) phase. The degree of
crystallinity in each zone is monitored using vibrational Raman
scattering (VRS) microscopy.24 While LAZ is clearly rich in c-

Figure 2. (a) Raman spectra of a-Si (light blue: exposure 10 s, intensity 0.4 MW/cm2) and c-Si (pink: exposure 0.1 s, intensity 0.4 MW/cm2)
using 532 nm excitation and silicon glass at LAZ (8 μm/s) using 532 nm (green: exposure 10 s, intensity 0.4 MW/cm2) and 633 nm (orange:
exposure 10 s, intensity 1.5 MW/cm2) excitation wavelengths. Camera sensitivity drops rapidly above 900 nm, i.e., at energy shift >4000
cm−1 for 633 nm excitation. (b) Decomposition of the Raman spectrum at LAZ written at 0.5 μm/s measured using the 633 nm excitation
wavelength. (c and d) The h-ERS shift vs size for LAZ and HAZ using 532 and 633 nm excitation wavelengths.
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Si, the temperature in HAZ does not exceed the required
threshold. Meanwhile, crystallization in HAZ can be triggered
by pressure and local stress41 at amorphous/crystalline
interfaces, an effect that is observed in our experiments near
the zone boundaries (Figure 1f). In summary, laser writing
yields a narrow distribution of nanostructure sizes within both
LAZ and HAZ, as estimated from the surface roughness. This
model system proves invaluable for exploring structure- and
phase-dependent photoemission.
The Raman spectrum of LAZ, obtained at a position at

which a writing speed of 0.5 μm/s was applied, is shown in
Figure 2a. A rich emission spectrum covering a broad energy
range is observed, where the presence of a crystalline phase can
be inferred from the lines at 521 and 960 cm−1, attributed to
the first- and second-order (optical) phonon modes of c-Si.42

The broad emission band, extending well beyond 5000 cm−1,
peaks near 1700 cm−1 for either the 532 or 633 nm excitation
wavelength. The overall invariance of the emission maximum
energy shift (or spectrum’s center of mass) with respect to
excitation wavelength is a signature of Raman scattering rather
than luminescence resulting from the radiative recombination
of thermalized electron populations in the conduction band
with holes in the valence band. In addition, the observation of
the emission at large Stokes shifts (>3000 cm−1), which we
refer to as the heavy tail, cannot be accounted for in the context
of thermalization of electrons and holes (Supporting
Information Part II, Figure SF2). Phonons are required for
the thermalization process, yet the vibrational density of states
(v-DOS) of the phonon bath is expected to be reduced for
nanoscale structures, which can prolong the duration of
thermalization by an order of magnitude.22,43 The v-DOS
becomes negligible for structures smaller than a few nanome-
ters, so that the probability of emitting or absorbing phonons,
needed for electron thermalization and indirect phonon-
assisted transitions, is significantly reduced. Moreover,
quantum confinement should raise the bottom edge of the
conduction band at the Γ−X point of the Brillouin zone by 1
eV (Figure SF3). This means that the 633 nm photon carries
insufficient energy to induce indirect interband transitions in
such sub-nanometer structures. These considerations are at
odds with a model that relies on emission from radiative
electron−hole recombination, extensively discussed in Sup-
porting Information Part II but comply with the ERS model for
emission.

Figure 2b displays the full LAZ emission spectrum, showing
spectral features on both the Stokes and anti-Stokes sides. In
the following, we ignore the optical phonon signatures and
focus solely on the broader spectral features. Using a
regularized least-squares method, we decompose the spectral
response into two distinct Lorentzian bands denoted as l-ERS
(low-energy ERS near Fermi level, red dotted line, Figure 2b)
and h-ERS (high energy shifted ERS band, green-dotted line,
Figure 2b). We note that both l-ERS and h-ERS are absent in
bulk c-Si; they only appear after the light-induced structuring
in the a-Si material.
Figure 2c presents the central energy shift of h-ERS as a

function of structural size using an excitation wavelength of
either 633 or 532 nm (depicted by the blue solid curves).
These plots reveal a clear trend: a pronounced redshift of h-
ERS as the structure size is decreased. Below, we argue that
this observation provides evidence for ERS from trapped states
in nanocrystalline inclusions in the a-Si matrix (see also Figure
SF5 and discussion therein). We observe an opposite trend for
the size dependence of the h-ERS energy shift in HAZ. Figure
2d shows a blueshift as the structure size increases, which is
observed for both excitation wavelengths. This latter
phenomenon can be explained in the context of an amorphous
semiconductor, which constitutes the only component in HAZ.
In amorphous Si the energy band structure is smeared
compared to the crystalline phase, associated with a decreasing
bandgap when the structure size increases.44,45 In the case of
unperturbed a-Si with an ∼2 nm surface roughness, the h-ERS
fully overlaps with l-ERS (see Supporting Information Part IV
and Figure SF4). As the a-Si film is subjected to heat, its
roughness increases due to the sintering process, leading to a
redshift in the h-ERS, a result of size-dependent band
smearing.
To explain the size-dependent emission energy shift in LAZ,

we propose an alternative explanation for the emission origin
in cross-linked semiconductor Si glasses that is based on ERS.
In contrast to vibrational Raman scattering, ERS involves
different initial and final electronic states in the material.25,26 In
the case of a localized photon, the change in electron
momentum can be due to the interaction with a confined
photon with an expanded momentum distribution, as depicted
in Figure 3a.23,24 Our model considers that, in disordered
semiconductors, localized electron states form an increased
electronic density of states (e-DOS) across the forbidden gap,

Figure 3. (a) The l-ERS line width at LAZ (Urbach energy) as a function of structure size. The inset shows a schematic representation of the
Urbach bridge following the concept idea by Mott and Davis.29,35 (b) Conceptual visual representation of direct and indirect optical
transitions for understanding the origins of l-ERS and h-ERS.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c12666
ACS Nano 2024, 18, 9557−9565

9560

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12666/suppl_file/nn3c12666_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12666?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12666?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12666?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12666?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c12666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


extending from the band edges down to the Fermi level
(Figure 3b and inset of Figure 3a), as was predicted by Mott et
al.29,35 Molecular dynamics simulations reveal that defect-
induced Hellman−Feynman forces govern the forbidden gap,46
linking the upper valence edge band and the bottom
conduction edge band. We term this electronic continuum
“the Urbach bridge” that is conceptually illustrated in Figure
3b and the inset of Figure 3a. The size-dependent closing of the
bandgap transforms an amorphous semiconductor into a quasi-
metal and enables the observation of indirect and direct optical
transitions.
Within this model, the observed l-ERS emission can now be

attributed to optical transitions in the vicinity of the Fermi
level. Here, we establish a connection between the observed l-
ERS and emission effects that are associated with photon
momentum, phenomena previously reported in rough
metals,32,33 disordered semiconductors,47 and high entropy
oxides.48 Similar to metals, the l-ERS peak remains centered at
the Rayleigh line for varying sizes of the crystallites, yet a clear
correlation exists between its line width (Γ) and structure size
(Figure 3a). An empirical connection between the disorder-
driven Raman line width (Γ) and Urbach energy (EU), i.e., Γ ∼
EU, has been previously established.49,50 Our data demon-
strates that the l-ERS line width (Urbach energy) exhibits an
exponential growth that is inversely proportional to the
structure size (Figure 3a). At 4 nm, the l-ERS line width
reaches the value of 43 meV (350 cm−1), while, for larger
structures, it asymptotically approaches the thermal energy kT
≈ 23 meV (200 cm−1). It is crucial to note that the l-ERS peak
diminishes as the cross-linked glass undergoes excessive or full
crystallization.
Applying a similar rationale, the h-ERS and its energy

redshift are explained as an ERS process linked to an optical
transition from the Urbach bridge to the conduction band
(Figure 3b). To extract an electron from the trapped state
within the bridge in the mobility gap, a change in electron
momentum is necessary.51 While previous studies by Zhang
and Drabold52 have explored the use of phonons to assist in
this transition, the authors acknowledge that the energy of a
single phonon would not suffice for enabling the transition

from deep in the mobility gap as observed by the emission’s
heavy tail (Figure 2f, >4000 cm−1). Alternatively, both the
energy and momentum required for such transitions can be
supplied by the photon confined within the nanostructure.
Photon localization can occur in disordered media, driven by
nanoscale variations in the refractive index. The intricate
process can be further improved through the lightning-rod
effect53 in the material, where the distribution of structural size,
shape, and asperities�extending down to spatial singularities
such as vacancies and sub-to-near nm Si crystallization
nuclei�plays a crucial role. These factors should contribute
to a significant expansion of photon momentum, enabling
indirect optical transitions from deeper states within the
Urbach bridge to the conduction band.
To facilitate a careful examination of the data within the

context of the proposed Urbach bridge concept, Figure 4
shows Raman spectral maps summarizing the overall trends
and correlations observed for two distinct types of structures.
The first type, extensively discussed earlier, consists of 1D
arrays (Figure 1, Figure 4a−e). The second one comprises a
2D network of cross-linked semiconductor glass (Figure 4f−j).
It has been fabricated on a similar a-Si film through scanning
the laser beam and forming a network of cross-linked
protrusions with a gradually adjusted pitch, as imaged by
AFM topography (Figure SF6a). The spectral maps acquired
from these structures not only establish clear correlations but
affirm a direct connection between structure size, degree of
crystallinity, and their corresponding spectral responses.
Parts a,b and f,g of Figure 4 show spectral VRS maps

originating from a-Si and c-Si. An inversion of the VRS maps
for a-Si and c-Si is evident. Following the discussion above, the
degree of crystallinity is intricately tied to the writing speed,
driven by a substantial difference in the thermal conductivity
between a-Si and c-Si. Hence, in the case of the 1D array, the
crystallization in the LAZ and, consequently, the c-Si VRS are
depressed when a slower writing speed (0.5 μm/s) is used. At
the same time, the boundaries between LAZ and HAZ contain
substantial c-Si nanostructures, as confirmed by AFM (Figure
1d), causing these regions to light up in this spectral range.
With an increase in writing speed, crystallization proceeds

Figure 4. A 1D array of straight lines fabricated on a-Si film by using different laser scanning speeds: VRS maps (a-Si (a) and c-Si (b)) and
ERS maps (l-ERS (c) and h-ERS (d, e)). A light-structured cross-linked network on a-Si film at different pitch: VRS maps (a-Si (f), c-Si (g),
and a boson peak (h)) and ERS maps (h-ERS (i, j)).
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more uniformly, leading to a decrease in the VRS intensity at
the HAZ boundaries.
ERS maps (l-ERS and h-ERS) for both types of samples

follow the spatial distribution of structural sizes and the degree
of crystallinity across their surfaces (Figure 4c−e and i,j). To
visualize l-ERS for the 1D array, we plot the integrated signal at
the anti-Stokes wing in the −1200-(−500) cm−1 spectral range
(Figure 4c), avoiding contributions from other spectral
features, particularly the Boson peak. In line with the
discussion of data in Figure 3a, the trend shows an increase
in the integrated signal (l-ERS width, Figure 4c) with a
decrease in structure size. Furthermore, a Boson peak map at
140 cm−1 for the 2D network is plotted in Figure 4h (see also
Figure SF6e). The Boson peak emerges in disordered systems
due to the hybridization of plane-wave bulk and confined
phonons.54,55 As can be seen on the spectral map, this peak
intensifies with crystallization near the LAZ/HAZ interface
due to an increase in v-DOS of bulk phonons, an observation
consistent with the VRS maps (Figure 4a,b and f,g) discussed
earlier. The Boson peak, however, proves insensitive to thermal
impact, as observed in HAZs (Figure SF7), although it shows a
slight degradation compared to that of a-Si. This phenomenon
may be attributed to thermal-induced amorphization, resulting
in increased roughness and stress relaxation.
The h-ERS maps, generated by integrating the signals above

600 cm−1, are shown in Figure 4d,e (1D array) and 4i,j (2D
network). In the case of the 1D array, the h-ERS intensity in
LAZ increases with the writing speed. Supporting Information
Part VIII provides additional maps generated by integration
over a narrower spectral range (Figure SF8). These results
corroborate earlier observations detailed in Figure 2c and d�
the h-ERS energy shift is inversely proportional to the structure
size. Following surface topography and the spatial distribution
of c-Si nanocrystals, the h-ERS extends further away from LAZ
and toward HAZ. The h-ERS maps of the 2D network exhibit a
similar trend (Figure 4i,j). Here, an interesting observation is
noted: multiple passes of the laser beam through closely
packed spatial locations seem to influence the morphology (or
size range) but not the level of crystallinity. This conclusion
naturally follows from the direct comparison between the c-Si
VRS map (Figure 4g) and the Si glass ERS map (Figure 4i). In
areas where multiple laser passes create a smaller pitch (left
side of the map, Figure 4i), the intensity of the ERS signal
intensifies. The closely packed pitch “foams” the film, causing it
to become more heterogeneous by blending amorphous and
crystalline phases.
The spectral maps of the ERS heavy tail are presented in

Figure 4e and j. Clearly, the h-ERS extends beyond the LAZ
and the highest energy-shifted ERS signals are observed well
into the HAZ. We note that the HAZ is not expected to
contain large, fully developed c-Si structures, as preliminary
confirmed by c-Si VRS (Figure 4b). However, these areas may
host crystal embryos�sub-to-near nm Si crystallization
nuclei�which can be present near the LAZ/HAZ interface
and extend into the HAZ due to the pressure gradient between
the zones.41 These intriguing subareas can be referred to as
pressure-affected zones (PAZs). A photon confined at such
crystalline embryos carries both energy and a significantly large
momentum, which can be transferred to an electron,
facilitating the transition from deep trapped states within the
forbidden gap to the conduction band (Figure 3b). This
process gives rise to a substantial energy-shifted ERS heavy tail,
extending it spectrally well above 4000 cm−1 and observable up

to 7000 cm−1 (Figure SF9). Such energy shifts cannot be
explained using conventional electron−phonon interac-
tions.31,46,56 To demonstrate the effect of pressure driven Si-
formations, we conducted a series of experiments using an
AFM cantilever (see Supporting Information Part X). In these
experiments, the tip was used in the contact tapping mode to
create pressure points on an a-Si film. The regions subjected to
such pressure exhibit a significant increase in the heavy tail of
h-ERS, while the spectra show no presence of c-Si (Figure
SF10a, orange spot, and corresponding spectrum on Figure
SF10c). Furthermore, we observe a clear correlation between
the Boson peak and the heavy tail of the ERS response,
specifically between the dark inner frames in Figure 4h (Boson
peak) and the bright frames in Figure 4j (heavy ERS tail).
Interestingly, these regions were not directly affected by laser
illumination. Nonetheless, the observed correlation suggests
the presence of crystalline embryos formed by local internal
stress when the film topology undergoes changes due to laser
writing.

CONCLUSIONS
This work presents a detailed study of light emission in
heterogeneous cross-linked glass composed of c-Si nanocrystals
embedded in an amorphous silicon matrix. With such a model
system at hand, we attempt to address a few outstanding
questions regarding the origin of PL and discuss the emission
spectrum in relation to crystal phase, size, and photon
excitation energy. Our findings challenge the conventional
notions of phonon-assisted fluorescence in quantum confined
systems. To interpret our observations, we revisit the concept
proposed in 1970 by Mott and Davis.28 They suggested that a
continuum of energy states forms in the forbidden gap once
disorder and crystallinity are presented on the nanoscale. This
extended e-DOS establishes a quasi-continuous connection
between the conduction and valence bands, here termed an
Urbach bridge. We propose that intra- and interband optical
transitions within the Urbach bridge underlie the observed
emission effect.
The observation and spectral analysis of the l-ERS lead us to

suggest ERS as the dominant mechanism of emission, a
phenomenon previously observed and explained in the context
of extended photon momentum on nanoscale asperities of
metal surfaces32 and even individual gold particles.33 The
electronic Raman nature of the emission is further supported
by a substantial h-ERS redshift, its correlation with size, and
lack of dependence on excitation photon energy.
In our proposed model, both emission features originate

from the Urbach bridge, a conclusion supported by the
synchronous appearance and evolution of the signals upon
mixing of amorphous and crystalline phases. Both features
disappear when the system is fully transformed to bulk c-Si.
The l-ERS on the Urbach bridge is associated with ERS
transitions near the Fermi level. We argue that confined
photons with expanded momentum likely exist in a nano-
structured a-Si/c-Si matrix. Interband optical transitions from
the Urbach bridge to the conduction band are responsible for
h-ERS. This insight helps explain its heavy tail (>4000 cm−1

energy shift, see Figure SF9a and b) originating from
transitions between deep states in the forbidden gap and the
conduction band. These transitions require the smallest
structural confinement and a large photon momentum
available at embryonic c-Si sites. The size dependence of the
l-ERS and h-ERS underscores their potential utility as
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spectroscopic probes for quantifying the structural disorder in
vitreous semiconductors and empowers optical spectroscopy to
enable structural analysis of disordered solids. Our findings
hold significant promise in the realm of semiconductor
photonics, encompassing applications in the areas of solar
energy conversion, light emitting diodes, optical sensors, and
lasers.
Lastly, we highlight an apparent similarity between the ERS

and Compton scattering processes. The Compton effect occurs
when a propagating photon with a relatively large momentum,
i.e., X-ray, scatters upon an electron.57 Similarly, the ERS
phenomenon discussed here is driven by a confined visible
photon with enhanced momentum that interacts with an
electron in a trapped state within the forbidden energy gap.
The matching of electron and photon momenta enables these
light−matter interactions that are otherwise forbidden. While
one of the conventional and efficient methods to confine light
involves utilizing plasmon resonances, its efficacy diminishes
when the structure size is less than 5 nm. Our work suggests
that the involvement of photons confined to crystalline
nanostructures within the heterogeneous glass can overcome
the momentum requirement for the observed ERS transitions,
underlining the relevance of such photonic states in the optical
response of disordered materials.

METHODS/EXPERIMENTAL
Sample Preparation. A modified Gatan Precision Ion Polishing

System (PIPS, Gatan Inc.) was used as a sputter coater for a-Si thin
film deposition on the borosilicate microscopy coverslip (170 μm). A
modification of the PIPS enables coating of bulk sample surfaces and
the deposition of thin films of a variety of materials. An advantage of
using PIPS for the latter purpose is the oil-free vacuum system, which
allows films to be deposited with minimal carbon contamination. The
sputter source was a piece of monocrystal wafer about 5 mm in
diameter mounted on a standard specimen holder post. This milling
system consists of two rare-earth Penning-type ion guns (PIGs),
which were used together to accelerate the sputtering process. The
angle between guns and rotating target source material was +150° and
did not change during the process. The system operated at the
maximum acceleration voltage of 8 kV. The wafer source was sputter-
cleaned for 2 min (pneumatic shutter in closed position) before the
deposition process started. The vacuum level prior to deposition was
typically 10−3 Pa or better. Typical sputtering times for producing
amorphous thin films were in the range of 30 to 90 min, depending on
the sputter source and thickness required.
Atomic Force Microscopy. The multimode scanning probe

microscope Prima (NT-MDT) was utilized for visualizing the
topography of the light-structured silicon glass samples. The AFM
cantilever (VIT_P) was made of antimony-doped single crystal silicon
(n-type, 0.01−0.025 Ohm-cm). The tip height was 14−16 μm, the tip
curvature radius was 30 nm, and the resonance frequency was 300
kHz. For the height analysis, a 67% confidence (3σ) interval was used
in Figure 1e and f (full range over heights).
Raman Spectroscopy and Microscopy. Raman spectra and

maps were captured with a multipurpose analytical instrument
NTEGRA SPECTRA (NT-MDT) in the upright configuration. The
confocal spectrometer was wavelength calibrated with a crystalline
silicon (100) wafer by registering the first-order Raman band at 521
cm−1. A sensitivity of the spectrometer was as high as ca. 1700 photon
counts per 0.1 s when a 100× objective (N.A. = 0.7) was used, along
with an exit slit (pinhole) of 100 μm and linearly polarized light with a
wavelength of 632.8 nm. The illumination power of the sample was 10
mW. A Newton EMCCD camera (ANDOR) was employed without
using the amplification option. Low-frequency Raman measurements
were performed using a 633 nm Bragg notch filter (OptiGrate) with a
spectral blocking window of 10 cm−1. For spectral intensity analysis, a
95% confidence interval (2σ) was used, averaged over 10 points.
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