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The tailored disorder explores light-matter interaction with various functionalities in solar photovoltaic, lasing,
structural coloration, and quantum technologies. However, studies are limited to exploring tailored disorder-
induced light scattering, while the interactions between emitters and random cavities still need to be analyzed.
We demonstrate a significant Purcell-enhanced emission using random cavities in a spatially dispersed silicon
(Si) pyramid array. The numerical simulation reveals spatial confinement of electric field intensity in the cavity
with substantial Purcell enhancement for an embedded emitter. We experimentally verify Purcell enhancement
using localized emitters coupled to Si pyramids, demonstrating fivefold enhanced emission intensity. We achieve
a 67% reduction in emission lifetime for random cavity-coupled emitters, which depends on Si pyramid density
across the sample, supported with numerical simulations. Our results put forward an amenable approach to
tailoring random cavities to manipulate the emission properties of quantum emitters.
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I. INTRODUCTION

Controlling emission dynamics of light emitters has be-
come a backbone of modern atomic and optical physics
that led to insights in sensing, lasing, plasmonics, and solar
photovoltaics [1–6]. Enabling emitter coupling using cavities
is required to achieve emission enhancement, directionality,
strong-coupling regime, low-threshold lasing, and on-demand
single photon generation [7,8]. This is possible due to the
enhanced local density of optical states (LDOS), which con-
trols light-matter interaction of the emitters placed in the
cavity through Fermi’s “golden rule” [9,10]. Photonic crys-
tal cavities are the champion structures that allow controlled
classical and quantum applications by engineering ordered
photonic structures. Such ordered structures are tailored by
varying geometry to have precise control for applications
[7,8,11–19]. However, the photonic or plasmonic cavity struc-
tures are sensitive to inherent sample imperfections and finite-
size effects [20–23]. This has shifted the interest in exploring
structures with intentional or unintentional disorder that al-
low localization of emitted light and thus enhance emission
[24,25].

The LDOS enhancement using cavities is defined using the
Purcell factor that depends on the spatial and spectral overlap
between the cavity mode and emitter emission profile [6,7].
Usually, Purcell enhancement is used to describe emission rate
modification, defined as the ratio between emission rate of an
emitter placed in a cavity and emission rate in a homogeneous
medium. Spatially correlated disordered photonic structures
are explored for tuning LDOS to manipulate light transport

*These authors contributed equally to the work.
†Contact author: rvnair@iitrpr.ac.in

and emission [26–32]. Photonic crystal waveguides with tai-
lored disorder have been used to achieve Purcell enhancement
by exciting localized modes with promising applications com-
pared to their complementary ordered structures [24,27,32].
This includes applications such as random lasing, light trap-
ping, antireflection, and LDOS tuning [26,33–35]. However,
these waveguides require rigorous tuning to couple emitters
with disordered cavities. It also requires complex fabrication
protocols and low-temperature operation to activate embed-
ded emitters [27].

Recently, two-dimensional (2D) random arrays of micron-
sized silicon (Si) pyramids have attracted attention due to their
excellent light trapping capabilities, ease of fabrication, scal-
ability, and as a substrate for Raman enhancement [36–42].
They are effectively utilized in ultrathin solar cells to im-
prove cell efficiency through photon absorption enhancement
and to tune magnetic properties of materials [43–45]. The Si
pyramid structure is also proposed as a broadband omnidi-
rectional antireflector and an antibacterial surface [46–48].
These previously reported studies are primarily concerned
with applications related to design parameters or structural
aspects of Si pyramids. It is shown that the textured Si sur-
faces can enhance photonic DOS, leading to an intensity
enhancement effect through field confinement that allows for
absorption [49]. It suggests that the light can directly cou-
ple from incident medium to Si pyramid structure. In the
time reversal process, when emitters are coupled with such
structures, the emitted light can effectively decouple from
the structure and are emitted out. Thus, a properly tuned Si
pyramid structure can host random cavities, which could be
a platform for achieving Purcell enhancement for a coupled
emitter. However, it is not universally true when the system
induces nonradiative decay channels or when the quantum
efficiency of the emitter is significantly low. In such cases,
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FIG. 1. (a) Two parallel-facing Si pyramids having Lz and Lx as height and base width, respectively. An offset value gives distance between
two pyramids’ center. (b) Electric field intensity confinement is obtained near the bottom of pyramids’ valley at 575 nm, while confinement is
minimal for 1000 nm incident light and occurs near the top of pyramids. Red dotted lines show the pyramid’s outer edge.

the nonradiative component will affect the system, resulting
in quenching of the emission.

In contrast, earlier studies have concentrated on investigat-
ing design parameters of Si pyramids to achieve antireflection
coatings and a platform to enhance absorption for incident
light. However, coupling the emitter to the random arrays
of Si pyramids has not yet been explored. Such coupling
enables control over emission properties of coupled emitters
with significant enhancement in emission, which provides a
path to innovative applications. In addition to emission rate
enhancement, the directionality of emitted light can be im-
proved using random cavities. Such easy-to-fabricate random
cavities induce a paradigm shift in enhancing emission rate of
localized emitters with applications in classical and quantum
photonic technologies [3,15–17,22,27].

Here, we report Purcell enhancement with improved emis-
sion collection and directionality from dye molecules coupled
to random cavities created using a 2D array of Si pyra-
mids. The random cavities are simulated by randomizing
the base and height of Si pyramids using the finite differ-
ence time domain (FDTD) method to understand the extent
of spatial light confinement. The fabricated random cavities
are coupled with dye moelcules to experimentally study the
Purcell enhancement and their spatial variation across the
sample. The time-resolved and photoluminescence emission
measurements show the Purcell enhancement for emitters
coupled with such random cavities, supported by simula-
tions. The spatial-dependent fluctuations in emission rate
are observed owing to pyramid density variations across
sample.

II. RESULTS AND DISCUSSION

A. Cavity design using two pyramids

We consider the cavity formed using two parallel placed
Si pyramids, as shown in Fig. 1(a). The Si pyramids
are designed using an inbuilt script programming language
available with the FDTD method (Ansys, Lumerical). The
wavelength-dependent Si refractive index is taken from the
Palik handbook for calculations [50] (see Supplemental
Material I, Fig. S1a [51]). The configuration of two pyramids

significantly reduces computational time. The pyramids are
positioned on a Si substrate in the x-y plane with height
(Lz) and base width (Lx). The separation between pyramids
is given by an offset value derived from pyramid’s center,
as shown in Fig. 1(a). The sample region used for FDTD
calculations is 3 µm × 2 µm wide in the x and y directions and
2.2 µm wide along the z direction with a perfectly matching
layer as the boundary. We impinge a Gaussian beam of wave-
length 575 and 1000 nm on Si pyramids, and electric field
intensity between pyramids is calculated using a frequency-
domain profiler and power monitor placed in the x-z plane.
The optimized Lz = 600 nm and Lx = 1000 nm are used to
achieve maximum field intensity confinement between pyra-
mids at 575 nm. However, a minimal value of Lz and Lx is
essential to maintain light confinement within the pyramids’
valley (Supplemental Material I, Fig. S2). The distance be-
tween pyramids varies from top to bottom, with maximum and
minimum spacing at top and bottom, respectively. The inci-
dent light is trapped in cavity by recurrent reflections between
pyramid faces, leading to resonant mode formation that can
confine light intensity between pyramids [52]. Optimizing ge-
ometry and material properties of the pyramid enables broad
wavelength light confinement, which is helpful for various
applications [53].

Figure 1(b) shows the cross-sectional view of light con-
finement in the cavity region between two pyramids (dotted
red line) for 575 and 1000 nm incident light. The Lx and
Lz values are optimized for maximum field confinement for
575 nm. We observe a substantial confinement for 575 nm
compared to 1000 nm. The location of high-intensity regions
in the cavity also differs for both wavelengths. The intensity
corresponding to 575 nm is localized precisely at the center
between pyramids, whereas 1000 nm light is reflected back
into incident medium. The pyramid parameters are varied
to optimize sample for maximum field confinement between
pyramids (Supplemental Material I, Fig. S2 and Table S1
[51]). The field confinement region can be modulated using
an offset value, defining separation between pyramids. It is
found that maximum field confinement region shifts down-
side towards the substrate with an increase in offset value
(Supplemental Material I, Fig. S3). The optimization of pyra-
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FIG. 2. (a) Purcell factor calculation for the 400–1000-nm spec-
tral range at various dipole locations along the x axis. The dipole is
oriented horizontally with respect to the Si substrate and placed at
a high-field confinement region between pyramids. Near x = 0 nm,
the Purcell factor increases for wavelength 575 nm. (b) The far-field
radiation enhancement from emitter placed at x = 0 nm in the two-
pyramid configuration.

mid parameters is helpful to realize cavity-coupled emitters to
achieve emission enhancement.

B. Purcell enhancement and far-field radiation

The Purcell factor is calculated to understand the extent
of field confinement inside the cavity to increase emis-
sion rate of an embedded emitter. The Purcell effect is a
collective consequence of field confinement within cavity
and increased LDOS. According to Fermi’s golden rule,
spontaneous emission rate (γ ) depends on available den-
sity of optical states (DOS) at emission wavelength: γ =
2π

h̄2

∑
f |〈 f |ĤI |i〉|2δ(ω f − ωi ), where ĤI = −μ̂.Ê is the inter-

action Hamiltonian in dipole approximation with the dipole
moment operator (μ̂) and field operator (Ê ). If emission
is sensitive to local environment, then LDOS is a more
relevant quantity to calculate local environment-dependent
emission rate (γl ) [54]. The γl is related to LDOS in

terms of Green’s function (
↔
G): γl = 2ωo

3h̄Eo
| �μ|2ρl (�ro, ωo), where

ρl (�ro, ωo) = 6ωo
πc2 Im{n̂ ·

↔
G(�ro, �ro; ωo) · n̂} is the LDOS for a

given dipole orientation within the system with unit vector n̂ in
the direction of dipole moment �μ. The resulting electric field
at a location (�r) radiated by dipole (oriented along a given
axis) located at �ro computes the component of Green’s dyadic
↔
G [54]. In general, for all three orthogonal dipole orientations,

the electric field and
↔
G are related as

�E (�r) = ω2μoμr

n2

↔
G(�r, �ro) · �μ, (1)

where each diagonal element of
↔
G (Gxx, Gyy, Gzz) corresponds

to the electric field component of the dipole oriented along the
x, y, and z axes (Ex, Ey, Ez).

The ratio of γl when the emitter is in a cavity to the emitter
in a free space, provides a Purcell factor, which is directly
proportional to LDOS. A high Purcell factor indicates that
the emission rate is enhanced due to an increased LDOS
within the cavity [55]. Figure 2(a) shows a spectral-dependent
Purcell factor for a dipole placed between the region of two
pyramids. The calculations are done at various x positions

for y = 0 nm and z = 570 nm as it contains regions of both

high and low electric field intensity distribution. The
↔
G is

calculated by considering different dipole orientations for
Purcell factor calculations. However, it is observed that a
dipole with orientation parallel to the pyramid face (along
the y axis) shows a maximum Purcell factor at 575 nm.
Thus, the calculations proceed further only with a dipole
having orientation parallel to the pyramid face. The calcu-
lated Purcell factor shows the maximum value for a dipole
placed in the region of maximum field intensity at 575 nm,
as seen in Fig. 1(b). The enhanced Purcell factor confirms
a LDOS increase at a cavity’s center (x = 0 nm) formed by
pyramids, where maximum overlap between dipole moment
and cavity mode is obtained. The Purcell factor is con-
stant within x = ±25 nm between pyramids. Higher values
are also observed near ±200 nm from the pyramid cen-
ter. Such higher values are because of absorption when the
emitter is very close to the Si, which is due to the nonra-
diative part of the Purcell factor (Supplemental Material I,
Fig. S1b). Figure 2(b) shows the calculated far-field radi-
ation pattern for a dipole emitting at 575 and 1000 nm
placed in a cavity compared to dipole emission above the
Si substrate without pyramids. The radiation pattern empha-
sizes that the emission is directional for 575 nm emission
wavelength (open black squares) compared to 1000 nm (open
red circles). At 575 nm, the emission is directed towards the
upward direction within ±15◦ due to the cavity effect induced
by parallel placed Si pyramids. The calculations also show
that the structure directs 30 times more emission towards the
collection objective than the bare Si substrate. However, at
1000 nm, the emission is scattered sideways as it is not a
cavity-optimized wavelength. This is also corroborated by the
field calculations shown in Fig. 1(b), wherein the field at 1000
nm penetrates inside the pyramids. The near-field dipole emis-
sion from pyramid structure confirms out-of-plane emission
intensity enhancement toward the positive z axis, improving
the collection of emitted light (Supplemental Material I, Fig.
S4). The results demonstrate the possibility to obtain the en-
hanced Purcell factor and emission collection using parallel
placed Si pyramids. The Si pyramids are then randomized to
study the formation of random cavities in a disordered array
of Si pyramids.

C. Design and fabrication of random cavities

The random Si pyramid cavities are designed using
script commands in Lumerical (Supplemental Material I).
Figures 3(a)–3(d) show electric field intensity confinement be-
tween pyramids, arranged randomly with varying pyramids’
density for 575 nm incident light. The intense buildup of field
intensity is observed between pyramids, which arises due to
trapped light in the presence of random cavities, increasing
field intensity magnitude. Figure 3(a) shows a random distri-
bution of six pyramids of different sizes. The pyramids are at
a larger distance from each other, resulting in minimal field
confinement. However, when pyramid density is increased,
the field confinement regions and field intensity increase, as
shown in Fig. 3(b). It is found that increasing pyramid den-
sity alone does not necessarily enhance field confinement;
instead, it depends upon both the pyramid’s size and density.
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FIG. 3. Randomly distributed pyramid cavities (x-y view,
575 nm). (a) The six pyramids are relatively far from each other;
hence, minimal light confinement is obtained between pyramids. (b)
Sixteen random pyramids are added to configurations shown in (a),
effectively inducing more light confinement between pyramids. (c),
(d) The randomly rearranged ten pyramids show a change in spatial
region of light confinement.

Figures 3(c) and 3(d) show the field intensity confinement due
to random cavities created using ten pyramids. The pyramids
are randomized to achieve different types of random cavity
configurations. The absence of field intensity confinement for
1000 nm incident light confirms that the confinement depends
on incident wavelength (Supplemental Material I, Fig. S5).
Additionally, the upper and lower limits of structure parame-
ters are taken to strengthen field confinement at 575 nm, which
would not work efficiently for 1000 nm. The results indicate
that the field intensity confinement obtained in the random
cavities formed by Si pyramids can substantially modify the
emission rate of an embedded emitter.

We have experimentally studied the emission dynamics of
dye molecules [Rhodamine 6G (R6G), Sigma Aldrich] emit-
ting at 575 nm coupled with an array of random Si pyramids
to verify the simulation results. The Si pyramids are fabricated
on Si substrate using the chemical etch method (Supple-
mental Material II [51]). Figure 4(a) shows the scanning
electron microscope (SEM) image of the sample, depicting
randomly positioned Si pyramids. The cross-sectional SEM
image in Fig. 4(b) shows randomly arranged vertical pyramids
facing each other, similar to geometry used in simulations.
We find significant variation in base length from 0.5 to
9.5 µm with a maximum pyramid base size between 2 and
3 µm with an average height of 1.13 µm, similar to values
used in simulation (Supplemental Material II, Fig. S6). The
pyramids’ density varies across the sample, which provides
different field intensity confinement, as seen in Fig. 3, hence
the spatial-dependent emission rate is excepted. The Purcell
enhancement induced by random cavities is studied by mea-
suring emission intensity and rate of R6G dye molecules.

FIG. 4. (a) The SEM image of the sample, which depicts random
formation of Si pyramids over a large area. The inset shows zoomed
sample image with pyramids of varying geometrical parameters.
(b) The cross-sectional SEM image of sample shows Si pyramids
of different heights and bases.

D. Emission intensity and rate measurement: Purcell effect

Figure 5(a) shows a schematic of the sample with random-
ized Si pyramids drop casted with R6G dye molecules, excited
using a 532-nm pulsed laser through a microscope objective of
20 × magnification with a 0.4 numerical aperture. The sample
is scanned using a home-built confocal microscope to locate
localized emitters trapped in random cavities (Supplemental
Material III, Fig. S8 [51]). The emitted light is collected
using the same objective in reflection geometry. Figure 5(b)
shows a typical confocal image of a sample over a region of
0.75 µm2 at 575 nm, which shows localized emission spots
induced by the cavities. The bright region (red circle) shows
emission from dye molecules coupled to a cavity formed due
to Si pyramids. The dark region in the map represents a bare
Si surface with some background emission intensity. There
are also sample regions wherein the intensity is very low
due to weak coupling of dye molecules with Si pyramids.
A very high-intensity spot (yellow dotted circle) is also ob-
served while mapping the sample. This region results from a
scattering point on the pyramidal surface, confirmed by mea-
suring the intensity for a longer duration and the time-resolved
measurements. The emission intensity measurements are done
by focusing on sample depth, which excites dye molecules
trapped in cavity created by five to six randomly arranged
pyramids. Figure 5(c) shows the measured emission intensity
from dye molecule trapped between Si pyramids (red squares)
and a reference sample (blue circles). We have taken R6G
dye suspension as the reference sample. The band edge of
long-pass dichroic mirror is noticeable in emission spectra
of R6G with a cut-on wavelength at 550 nm, hence spectra
appear slightly asymmetrical. The emission from R6G dye
molecules drop-casted on a flat Si substrate (grey region) is
lower due to emission quenching by the Si substrate. The
measured emission spectra from Si pyramids show sixfold
intensity enhancement compared to the reference sample at
575 nm. This emission intensity enhancement from the R6G
dye molecule trapped between Si pyramids is due to the
random cavity effect. The in-plane emission from the dye
molecule undergoes recurrent reflection due to parallel facing
Si pyramids like a Fabry-Perot cavity. The enhanced emission
intensity from Si pyramid coupled dye molecules confirms
that absorption is negligible compared to emission from flat Si
substrate. The randomness is observed in terms of variation in
pyramids’ shape, size, and density over a given sample region.
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FIG. 5. (a) The schematic of random cavities formed using Si pyramids drop-casted with dye molecules, which are excited using 532 nm
through 20 × microscope objective. (b) A confocal image is obtained from sample, which is spatially scanned in x-y directions over a region
of 0.56 µm2. (c) The emission intensity spectra acquired from sample (red squares) show enhanced emission intensity compared to R6G dye
suspension (blue circles) and R6G dye on a flat Si substrate (grey region).

The cavity effect is observed when the system is studied
on a scale of individual pyramids, such as a system of two
pyramids separated by a definite distance. The observed Q
factor is indeed lower than 10, forming a broad cavity mode.
Thus, it is concluded that the random cavities show resonance
behavior on a very local basis. Additionally, the cavity is an
open-end structure with emitted light collected through the
structure’s top. Hence, emission or absorption in that direction
is negligible, and out-of-plane emission is eventually collected
by microscope objective in reflection geometry.

The enhanced emission intensity measurement corrobo-
rates localized field intensity between pyramids, as seen in
Fig. 3. The confined field intensity within the sample couples
with dipole emission and enhances emission due to the cavity
effect. The improved emission collected by objective results
from enhanced far-field radiation induced by cavity, similar
to simulated results shown in Fig. 2(b). The geometry of
pyramids increases the probability of light interaction with
emitters, thus enhancing emission. However, during drop-
casting of dye molecules, it is possible to have a large number
of emitters localized in some sample regions compared to oth-
ers. This difference in emitter concentration could be a reason
for an increase in emission intensity. Additionally, measured
enhancement in emission intensity could be a convoluted
result of enhancement in pump field, variation in photonic en-
vironment, and enhanced detection efficiency. Hence, relying
solely on emission intensity measurements may not accurately
confirm enhanced emission induced by random cavities. Thus,
decay rate measurements are required to confirm observed
intensity enhancement by random cavities.

We perform decay rate measurements to estimate emis-
sion rate enhancement of coupled dye molecules to random
cavities. The spatial-dependent decay rate measurements are
performed to calculate average lifetime values while spatially
scanning a sample. Accordingly, the measured lifetime values
from different sample regions with higher and lower pyramid
densities are compared with the reference sample. Figure 6(a)
shows measured decay curves from the reference sample (red
squares) compared to decay curves obtained from the sample
region with low (blue circles) and high (pink triangles) density
of Si pyramids at 575 nm. The fast decay curve (solid green
line) corresponds to a scattering point on a sample without any
emission, which accounts for instrument response function.
The measured decay rate from the Si pyramids sample is

relatively fast compared to the reference sample, with an ex-
tremely fast decay obtained from a densely packed pyramids
region. This suggests a spatial-dependent decay rate, a sig-
nature of LDOS fluctuation across random cavity structures.
Such LDOS fluctuation is a trademark of emitters embedded
in disordered photonic structures with long tail statistics in
emission decay rate [27]. This authenticates that the Purcell
effect depends on pyramid density for random cavities.

The measured decay curve from a sample is fitted using
a biexponential function (solid lines) due to fast and slow
lifetime components constituting the decay process. However,
the emission from the reference sample is fitted using a single
exponential function (dotted line), as shown in Fig. 6(a). The
estimated lifetime value for the reference sample is 3.73 ns,
similar to the known lifetime value for R6G dye suspension
[56]. The emission decay curve from the sample is fitted
using I (t ) = A1e−t/τ1 + A2e−t/τ2 , where A1 and A2 are the
peak amplitudes and τ1 and τ2 are the emission lifetime for
slow and fast decay components at a particular emission in-
tensity I for time t . The cavity-coupled emission fitting with
a biexponential decay function confirms that additional de-
cay channels are being offered due to cavity coupling. The
average emission lifetime value 〈τ 〉 is obtained using 〈τ 〉 =
τ1

A1τ1
A1τ1+ A2τ2

+ τ2
A2τ2

A1τ1+ A2τ2
[57]. The estimated 〈τ 〉 value is

1.95 and 1.20 ns from sample regions with lower and higher

FIG. 6. (a) The decay curves of emission at 575 nm for the
reference (red squares) and from low-density (blue circles) and high-
density (pink triangles) pyramids on the sample with exponential
fits (black dotted and yellow solid line). The green line indicates
scattering from the sample. (b) The variation in �/�0 values acquired
across different regions on sample as a function of number of pyra-
mids forming cavity. The overlaid lines emphasize the direction of
the decay rate as number of pyramids increases.
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FIG. 7. The histograms (red bars) of the emission rate values are obtained from different spatial positions on sample with varying pyramid
densities. (a) high dense pyramids region on sample, (b) less dense pyramids region on sample, and (c) least dense pyramids region on sample.
The histograms are fitted with a Gaussian distribution function (solid blue line). Inset: The schematic of the pyramid density variation across
sample with corresponding calculated Purcell factor (PF). The heat-map plots show the variation in field intensity confinement with variation
in the density of pyramids. (d) The far-field radiation enhancement for different pyramid configurations.

density of Si pyramids, respectively. The strong reduction
in lifetime corroborates increased LDOS due to stronger
field intensity localization, as seen in the simulated result
of Fig. 3(b). The decay rate measurements further confirm a
substantial decrease in the 〈τ 〉 value from regions with high
pyramid density compared to those with low density, suggest-
ing density-dependent variation in emission rate and, thus, the
LDOS fluctuations [35,58]. This fluctuation in emission rate
is studied while scanning the whole sample with simultaneous
imaging using a charge coupled device camera. The estimated
lifetime from regions with very low pyramid density is similar
to the lifetime value for the reference sample. The minimal
field intensity confinement occurs when the pyramid density
is low, as there are insufficient pyramids to support a strong
cavity effect, similar to the simulation result in Fig. 3(a). We
have also seen that when the excitation beam is positioned
precisely between two pyramids, the lifetime value is esti-
mated to be 1.14 ns due to a strong cavity effect. However,
when the excitation beam is off-tuned from the cavity, the
lifetime value increases as expected (Supplemental Material
III, Fig. S9). Hence, it is essential to identify the right location
on the sample to measure substantial Purcell enhancement
induced by random cavity. The enhancement in collected
emission intensity shown in Fig. 5(c), supported by decay
rate enhancement, confirms radiative emission from cavity-
coupled dye molecules. However, based on observed rates,
the emitted light intensity surpasses the expected magnitude
due to emission directivity induced by the pyramid cavity,
as shown in Fig. 2(b). The measured values are comparable

to calculated values, which indicates that the dye molecules
are situated between pyramids, supported by simulation re-
sults. The observation of the fast decay rate of coupled dye
molecules with random cavities supports enhanced emission
intensity.

E. Fluctuations in the measured decay rates

Figure 6(b) shows decay rate changes due to variations in
Si pyramid density (number of pyramids) across the sample.
The normalized decay rate (�/�0) is acquired from the differ-
ent regions of the sample, with � and �0 being the decay rate
of the sample and reference, respectively. We obtain the varia-
tion from �/�0 = 3.3 for sample regions with high pyramids
density to �/�0 = 1.9 for sample regions with low pyramids
density. The �/�0 = 1.9 corresponds to 〈τ 〉 = 3.9 ns from the
sample region with low pyramid density, which conveys that
dye emission is not affected by the sample. This implies that
it is necessary to have sufficient pyramid density to induce
a strong cavity effect that enables a strong Purcell effect. The
results validate that the Purcell enhancement depends on pyra-
mid density through better field intensity confinement, similar
to simulation results. We perform spatial-dependent emission
rate measurements in the sample to quantify spatial fluctua-
tions in the emission rate. Figure 7(a) depicts the histogram
of normalized decay rate (�/�0) distribution obtained from
the densely packed pyramids region. The distribution is fitted
using the Gaussian function (solid blue line). As expected,
the mean decay rate is quite high due to a strong Purcell
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effect induced by the cavity, which depicts a strong coupling
between emitted light and cavity mode. The mean value of
�/�0 distribution is 3.7 with a distribution width (w) of 0.51.
Figures 7(b) and 7(c) represent the histogram of �/�0 from
the sample regions with low pyramid density. The mean value
of the distributions is 2.37 with w = 0.89 and 1.67 with w

= 0.45. We observe a large distribution width from sample
regions with lower pyramid density compared to those with
higher ones. This large width accounts for emission acquired
from regions where dye molecules are not strongly coupled to
random cavities, and most of the emission is collected from
planner Si substrate.

Inset: Variation of average decay rate (in terms of Purcell
factor) with pyramid density. The calculated Purcell factor for
different pyramid densities agrees with measured values. The
enhancement of electric field intensity for varying pyramid
density is also shown. The higher pyramid density leads to
stronger field confinement, resulting in a smaller mode vol-
ume and higher emission decay rate compared to samples
with lower pyramid density. The formation of more complex
clusters of pyramids leads to better light confinement (strong
cavity effect). Panel (d) shows the normalized far-field radi-
ation pattern for a dipole placed in cavity formed by two,
three, and four pyramids emitting at 575 and 1000 nm. The
far-field emission radiation pattern for 575 nm is enhanced
towards the upward direction due to directionality induced by
Si pyramids. Calculations show that the enhancement factor
increases 40 times for higher pyramids density. The emission
pattern for 1000 nm emitted light is scattered sideways as it
is not the cavity-optimized wavelength. The Purcell factor
values obtained are lower than those reported for photonic
crystal cavities or plasmonic cavities [59,60]. The present
work shows that the random arrangement of Si pyramids can
significantly modify emission properties of coupled emitters
by enhancing LDOS like an optical cavity. Naively, one may
think that random arrangement induce multiple scattering in
random directions without any type of localization and strong
disorder requires for localization effects. However, we have
shown a system wherein random arrangements of Si pyramids
can induce localization by forming random cavities, which is
experimentally verified using dye molecules coupled to such
cavities. This enhancement is due to unique optical environ-
ment created by Si pyramids, which influences the behavior
of nearby emitters. The proposed samples could, in principle,
provide a significant Purcell effect through proper randomness
engineering.

Further, pyramid density changes emission enhance-
ment, implying strong spatial confinement of field intensity
supported by FDTD simulations. The results propose an
amenable approach to tailor the emission rate of quantum
emitters using an easy-to-fabricate random cavity on a Si
wafer. The proposed light confinement using random cavities
would be useful for low-threshold lasing, tailored emission
from single quantum emitters like color centers, and nonlinear
optical processes due to precise spatial confinement of field
intensity, and further engineering may lead to Anderson lo-
calization in these systems. The Si pyramids can significantly
lead to enhanced emission efficiency due to their advantage
of tailoring the interaction of light and emitter by optimizing
geometry and spatial distribution of pyramids. The creation

of random cavities on Si using wet etching is easy but at the
expense of Si having finite absorption in the region of dye
emission. However, the enhanced emission is compared with
emitters on a Si substrate, so the etched nature of the cavity in-
duces the net effect. The proposed emission enhancement can
be extended to random cavities created using other materials
with different emitters or etched arrays on Si optimized for the
near-IR wavelength ranges. Additionally, the enhanced emis-
sion efficiency led by random Si pyramids is advantageous
for tailoring the light-matter interaction by optimizing the
geometry and spatial distribution of pyramids. The benefits of
this system extend to various applications, including surface
enhanced raman scattering, lasing, and nonlinear optics, all of
which depend on field confinement provided by Si pyramids.
It would be interesting to explore scattering and polarization
control of light using a random array of Si pyramids.

III. CONCLUSIONS

We have studied Purcell enhancement induced by ran-
dom cavities formed using parallel-facing Si pyramids. The
FDTD simulation results confirm enhanced Purcell effect for
a dipole placed at the gap between two pyramids due to strong
field intensity confinement. The randomization of Si pyra-
mids shows field intensity confinement between pyramids,
which depends on pyramid density. The emission intensity
measurements from localized regions of Si pyramids show
a substantial increase in emission counts of embedded dye
molecules. The in-plane emission is reflected back and forth
between pyramids due to the cavity effect, which enhances
out-of-plane emission intensity. The emission decay rate mea-
surements confirm Purcell enhancement induced by random
cavities created by Si pyramids, which vary with pyramid
density across the sample, substantiated by simulation results.
The calculations show that the structure improves emission
directionality by 30 times towards the collection objective
compared to bare Si substrate. The experiments validate the
calculations with six times the emission enhancement for cou-
pled dye molecules. The proposed monolithic structure can
be prepared to the size of a Si wafer without any lithographic
techniques that offer a spatial variation of cavity mode. The
structure provides a platform to couple quantum emitters, such
as defects in diamonds and hexagonal boron nitride. The Si
pyramids can significantly enhance emission efficiency due
to their advantage of tailoring light-matter interactions by
optimizing the geometry and spatial distribution of pyramids.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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