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Abstract The control of the spontaneous emission (SE)
rate of dye molecules (4-dicyanomethylene-2-methyl-6-
p-dimethylaminostyryl-4H-pyran (DCM) and Coumarin
523 (C523)) embedded in the Porous Silicon (PS) matrix
has been studied using picosecond resolved fluorescence
decay and polarization studies. We have shown that the SE
rates of the two organic dyes embedded in the PS matrix
depend on the relative positions of the emission maxima of
the dyes with respect to electronic band gap energy of the
PS matrix. We have also explored that the electronic band
gap of the host PS matrix can easily be tuned by partial
oxidation of the PS and the nature of SE of the embedded
dyes can be tuned accordingly. The demonstrated retarda-
tion or enhancement of the spontaneous photon emission
may enable the application of fluorescent organic molecules
in PS matrix in several quantum optical devices including
the realization of single photon sources.
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Introduction

Controlling the spontaneous emission (SE) of an emitter in
the matrix of a photonic crystal has attracted significant
attention in the field of quantum opto-electronic devices
[1–4]. Applications are related to the development of various
photonic devices like illumination displays, optical commu-
nication, solar energy and quantum information systems
[4–7]. Several attempts to manipulate the SE dynamics of
fluorescent quantum dots in various photonic crystal matrix-
es are reported in recent literature [3, 8]. In one of the studies
CdSe quantum dots (QDs) are embedded in a titania inverse
opal matrix and it has been demonstrated that the dynamics
of SE of the QDs can be controlled by changing the lattice
parameters of the host matrix [3]. Impregnation of organic
dyes and their emission dynamics in solid state photonic
crystal matrixes are also very interesting because of their
applications in solar cells, optical wave guides, laser material
and various sensors [7, 9, 10].

Recently, it has been demonstrated that density modulated
porous silicon (PS) structures can act as a very useful photonic
matrix to host various dyes in much easier ways [11, 12].
However, detailed investigations of the emission dynamics
of the PS-impregnated dyes are sparse [13]. In one of the
studies on a PS-Rhodamine composite, using a steady state
polarization memory effect, it has been shown that the photo-
excited dye undergoes an energy transfer reaction to the host
matrix [12]. In the case of energy migration from the guest
dye to the host matrix, enhancement of the SE rate is
expected. However, the control of SE rate (enhancement and/
or retardation) of different embedded organic dyes with
different emission energies in a PS host matrix has not yet
been reported. In a recent report it has been demonstrated
that surface oxidation of the PS matrix effectively lowers the
electronic band gap [14]. This is based on electronic states
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that appear in the band gap of the smaller quantum dots
(higher porosity) when a Si=O bond is formed. Changes in
the electronic band-gap energy of the PS matrix with various
degrees of porosity and surface oxidation are observed in this
study [14]. The motive of our present work is to demonstrate
a relatively less cumbersome way to control the SE of the
guest organic emitters in a host PS matrix with tunable
electronic band gap.

Material and methods

Self supporting PS layers were formed by electrochemical
anodization of highly doped p-type (100) oriented Si wafers
with the resistivity of 0.01–0.02Ω cm in an HF based
electrolyte [15]. After the porous layer reached the desired
thickness of 25 µm, the anodization current was increased by
a factor of 10 to release the porous layer from the bulk wafer
underneath. The pore diameter and porosity of PS used in the
present study are of the order of 10 nm and 50%,
respectively, as determined by volumetric nitrogen sorption
isotherms [16] at T=77 K and scanning electron microscopy.

Partially oxidized PS matrixes were obtained by
immersing freshly prepared PS layers in hydrogen peroxide
(H2O2) for 24 h and drying under vacuum. Here we have
investigated the effect of oxidation of the matrix on the
emission of the guest organic dyes. This work refers to
freshly prepared, pristine PS and H2O2 oxidized PS as
unoxidized (PS) and partially oxidized (OX-PS) matrixes,
respectively. It has to be noted that fresh PS offers relatively
strong photoluminescence due to confinement in the
remaining Si crystallites surrounding the pores. However,
intentional oxidation upon treatment with H2O2 or uninten-
tional oxidation due to exposure to open air reduces the
emission of the PS matrix [14, 17]. A systematic study on
the rate of SE of the dye molecules upon controlled
oxidation of the PS matrix is our future plan.

In order to compare the SE dynamics of the dyes in the
PS matrix with the respective dynamics on non-porous
optically transparent media, we have also studied thin films
of the dyes on quartz plates. All samples (PS and quartz)
were immersed for 5 h in a mixture of individual dye
solutions (DCM[18] and C523[19]) in chloroform. Then
the PS-samples were rinsed in chloroform in order to

Fig. 1 a SEM image of the
surface and cross section view
of freshly prepared porous
silicon (PS) b SEM image of the
surface and cross section view
of the partially oxidized porous
silicon (OX-PS)



remove all the residual dye molecules at the top surface of
the samples. Finally, both dyes in PS and on quartz were
dried for 2 h in a lyophilizer (Thermo LL1500) under
vacuum. The cross sectional structure and surface mor-
phology of as prepared and partially oxidized PS sample
were investigated by using a field emission-type scanning
electron microscope (FE-SEM; JEOL. Ltd., JSM-6500F).

For the emission and excitation measurements a Jobin
Yvon Fluoromax-3 spectrophotometer was used. Picosecond
resolved emission dynamics were investigated using a Life-
spec Spectrometer (Instrumental Response Function, IRF
∼61 ps, excitation at 375 nm) from Edinburgh Instruments
(UK). All spectroscopic measurements were performed
at room temperature. We have used a high-pass optical filter
(420 nm) in order to avoid interference of the excitation
light in the emission transients. The observed fluorescence
transients are fitted by using a nonlinear least square

fitting procedure to a function ðX ðtÞ ¼ Rt

0
E t0ð ÞR t � t0ð Þdt0Þ

comprising of convolution of the IRF (E(t)) with a sum of
exponentials ðRðtÞ ¼ AþPN

i¼1

Bie�t=t iÞ with pre-exponential

factors (Bi), characteristic lifetimes (t i ) and a background (A)
[20]. Relative concentration in a multi-exponential decay is
finally expressed as Cn ¼ Bn

PN

i¼1

Bi

� 100. The quality of the

curve fitting is evaluated by reduced chi-square and residual
data. The average time constant τav of a multi exponential

fluorescence decay is estimated as tav ¼
PN

i¼1
Cit i.

Results and discussion

Figure 1a shows SEM micrographs of top and crossectional
views of the PS matrix. The larger mesopore structures are
easily observed in the SEM imaging. The pores lie along
the perpendicular direction to the Si surface and have

Fig. 2 a Absorption spectra of
C523 and DCM on quartz
b Emission spectra of C523 and
DCM on quartz. The excitation
spectrum of PS matrix at
770 nm emission wavelength is
shown. c Emission spectra of
C523 and DCM in PS. The
emission spectrum of the PS
matrix is also shown. d Excita-
tion spectrum of C523 on quartz
and in PS (upper) and excitation
spectrum of DCM on quartz and
in PS (lower)



diameters ∼10–12 nm. The pores themselves are heavily
branched and their visible characteristics correspond to a
‘fir tree’ structure. The longer mesopore structures are also
easily seen in the cleaved cross-section of the material by
use of SEM imaging. H2O2 treatment of PS layers of this
type leads to considerable oxidation at the pore wall
surface, which is clearly evident from the top view and
also cross section view Fig. 1b.

Figure 2a represents the normalized absorption spectra of
C523 and DCM on the quartz plate. Figure 2b shows the
excitation spectrum (emission at 770 nm) indicative of a
distribution of electronic absorption energies of the host PS
matrix in absence of guest organic dyes. The spectrum
indicates an electronic absorption band around 640 nm
(∼1.94 eV). A strong overlap of the PS-absorption band with
the emission spectrum of DCM on quartz (emission at
645 nm; ∼1.92 eV) is also evident. On the other hand the
emission peak of C523 (at 590 nm, ∼2.1 eV) at a relatively
higher energy state has a relatively lower spectral overlap
with the PS absorption band. Figure 2c shows the emission
spectra of the PS-embedded dyes. Here it is expected that
both dyes transfer their excited state energy to the host PS
matrix. Relatively poor SNR (signal to noise ratio) in the
emission spectra of the embedded dyes with respect to that on
the quartz plate (Fig. 2b) are indicative of emission intensity
quenching in the PS-matrix. The emission of the PS-matrix
(black) is also shown for comparison. The emission spectrum
of DCM in the pristine (unoxidized) PS matrix shows (blue)
a broad emission band with an insignificant apparent shift is
the emission peak compared to that on the quartz surface.
However, the DCM emission in the OX-PS shows significant
red shift peaking at 770 nm. It has to be noted that the
emission band of the DCM is in close proximity to that of
the electronic excitation of the PS-matrix. On the other hand
the excitation band of the OX-PS is expected to have a lower
energy than that of the PS-matrix[14].

Our observation clearly indicates the role of the band gap
of the host PS with respect to the transition energy of the guest
organic dyes on the emission energy of the dye molecules.
The emission spectrum of C523 in the PS matrix shows a red
shift. However, the change in the emission pattern of C523 in
the OX-PS compared to that in the PS is found to be
insignificantly small. In order to investigate the effect of
overlap of the electronic band of the host PS with that of the
guest dyes in the emission properties of the dyes, we have
compared the excitation spectra of the dyes on the quartz
surface with those in the PS-matrix. As shown in Fig. 2d,
C523 in the PS-matrix reveals significant red shift compared
that on the quartz surface. The observation is consistent with
the fact that C523 is adsorbed at the inner surface of the
PS-pores and emission is coming from bound C523 dyes.
Similar conclusion has been made to explain excitation
spectra of the dye 9 AC at a ZrO2 surface[21]. The excitation

spectrum of DCM in the PS matrix is similar to that on the
quartz surface. The observation along with the significant
decrease in the quantum yield of the DCM molecule in the
PS matrix compared to that of on the quartz surface, may be
rationalized that the emission is from a very small fraction of
DCM molecules, which are not adsorbed in pores but stuck

Fig. 3 a Picosecond resolved emission transients of C523 and DCM
on quartz. The transient of the PS matrix is shown for comparison.
b Emission transients of C523 on quartz and in the PS matrix at
590 nm. c Emission transients of DCM on quartz and in the PS matrix
at 590 nm



at the surface of the PS. An alternative explanation for the
insignificant shift in the excitation spectrum of DCM dye in
the PS matrix could be due to the similarity of “band energy”
of the dye with the host matrix.

The dynamical behavior of the SE of the dye molecules is
evident from the data shown in Fig. 3. In Fig. 3a, time

dependent SE of C523 and DCM on quartz plate are given.
In the same figure, the emission dynamics of the PS-matrix
is demonstrated indicating insignificant apparent decay
(15 ns) at 610 nm in our experimental time window,
associated with significant baseline offset. This observation
is consistent with the very long excited state lifetime of
the PS luminescence (∼10 μs) [22]. In our experiment the
repetition frequency of the excitation laser is 5 MHz, i.e. the
time window between two successive excitation pulses is
0.2 µs. Figure 3b and c show emission decays (at 590 nm) of
the dyes in the PS matrix and the emission decays of the
dyes on a quartz plate at the same emission wavelengths.

Numerical fitting of the emission decay of C523 in PS
matrix reveals 55 ps (77%), 1.6 ns (17%), 7 ns (6%) with
an average excited state lifetime of 800 ps. The elevated
baseline in the fluorescence transient is indicative of the
interference of luminescence from the host PS matrix in
the C523 emission. The emission decay of the C523 on the
quartz plate shows an average lifetime of 1.60 ns (258 ps
(26%), 1.50 ns (26%), 4.2 ns (16%)). On the other hand the
average lifetime of DCM in the PS matrix is 1.20 ns
(175 ps (48%), 1.50 ns (38%), 3.8 ns (14%)), which is
slower than that on the quartz plate; 280 ps (46 ps (70%),
437 ps (23%), 1.95 ns (7%)). The insignificantly small
baseline offset in the emission transient rules out a possible
interference of PS luminescence in the DCM emission.
From Fig. 3b and c, the enhancement of SE of C523 and
retardation of SE of DCM, respectively, compared to those
on quartz plates are clearly evident.

The above observation can be rationalized in the
following model (Scheme 1). The emission maximum of
the C523 at 590 nm is (at 2.1 eV; 81.08 kBT) higher than
the absorption band of the host matrix at 640 nm (1.94 eV;
∼74.9 kBT). Thus it is expected that dipole radiation of

Scheme 1 Possible photophysical processes of the embedded dyes
C523 and DCM in the PS and OX-PS matrices are schematically
presented. a Conventional excited state energy transfer from C523 to
the host PS matrix is shown. Here emission from the system contains a
de-excitation of the guest C523 and host PS as indicated by solid
arrows. b The emission of embedded DCM in the PS matrix is
presented. Here, the emission from the host PS matrix is quite
forbidden because of the carrier trapping from PS to DCM molecule
as indicated by dotted arrow. c The mechanism of the relatively faster
fluorescence decay of DCM in OX-PS matrix compared to that on the
quartz surface is shown. Direct/indirect energy transfer from DCM to
the host matrix is shown. Insignificant emission from the host matrix
is also indicated by a dotted arrow

Scheme 2 The resonance structure of the DCM molecule is shown.
Possible carrier (electron and hole) trapping centers are given



C523 can easily be migrated to the host matrix with lower
electronic energy, showing a much faster decay component
in the SE dynamics (Scheme 1(a)). On the other hand
the emission maximum of DCM at 645 nm (1.92 eV;
∼71.43 kBT) is similar to that of the absorption of the PS
matrix (absorption peak at 640 nm) with an insignificant
difference between the two levels less than kBT (0.83 kBT).
Therefore the excited state energy of the DCM molecule
can easily migrate to the PS-matrix, because of strong
spectral overlap (Fig. 2b). Upon receiving excited state
energy from a guest DCM molecule an electron hole pair
(EHP) in the PS matrix is expected to be generated. The
very long carrier lifetime in the host PS (∼10 µs) eventually
increases the possibility of trapping the carrier (electron and
hole) in the DCM molecule[23]. Finally, the optical energy
can be released due to a recombination of EHP in the DCM
molecule itself (Scheme 1(b)). From the resonance level
structure of the DCM molecule[24], the possibility of
trapping electrons and holes simultaneously is very clear
(Scheme 2). In a recent electroluminescence measurement
of emission from DCM doped Alq3 [tris-(8-hydroxyquino-
line)] layers, the possibility of carrier trapping from host
Alq3 matrix to the DCM molecules (injected EHP recom-
bination in the molecule) and overshooting of luminescence
of the device due to electroluminescence of the DCM has
been demonstrated.[23] The observed average lifetime of
1.2 ns of the DCM molecule in the PS matrix is consistent
with the average lifetime of the molecule in a constrained
medium[18, 25] and hence confirms confinement of the
structural dynamics of DCM[24] in the PS pore compared
to that on quartz surface.

Under these conditions there should be two types of
DCM populations. One population may undergo an energy
transfer with a ultrafast emission dynamics and another
population should have a much longer lifetime due to
electroluminescence of the DCM molecule. Such a situation
is a primary case for a time resolved polarization memory
(TRPM) analysis. The observed time resolved polarization
memory effect [12, 18] ðr tð Þ ¼ Ik tð Þ�I? tð Þ

Ik tð Þþ2I? tð ÞÞ is in accordance
with the above arguments, see Fig. 4a and b. The ultrafast
decay of C523 in the porous matrix indicates an exciton
migration to the host matrix (τ1∼211 ps (95%), τ2∼10 ns
(5%)). The dip-rise nature of the TRPM of DCM in the PS
matrix with two distinct DCM populations having two

Fig. 4 Polarization memory
decay, r(t) of C523 at 710 nm
(a) and DCM at 590 nm (b) in
PS. Solid black lines are
numerical fitting (see text).
c Measured SE decay rates of
C523 in PS matrix collected at
590 nm, 650 nm and 765 nm,
and C523 on quartz collected
from 560 nm to 770 nm with
15 nm intervals. d Measured SE
decay rates of DCM in the PS
matrix collected at 580 nm,
670 nm and 700 nm, and DCM
on quartz collected from 540 nm
to 700 nm with 15 nm intervals.
Solid black lines are guides to
the eyes

Fig. 5 Picosecond resolved emission transients of DCM on quartz
and in oxidized Porous Silicon (OX-PS) collected at 670 nm



different relaxation times (τ1∼16 ps (82.5%), τ2∼2 ns
(17.5)) [18, 26], is a clear evidence of simultaneous energy
transfer and electroluminescence due to back trapping
of charge carriers. Our observation of the dip-rise nature
of temporal polarization memory is consistent with that of
another dye 9-anthracene-carboxylate in a TiO2 host matrix
[27], where back electron transfer from TiO2 to the dye has
been concluded to be responsible for the apparent rise in the
polarization dynamics. The estimated excited state bleaching
rates for the dyes C523 and DCM in the PS matrix are plotted
in Fig. 4c and d. Here we estimate the excited state bleaching
rate constants by inverting the average excited state lifetime
of the dye molecules in the PS matrix and on the quartz plate
ðΓ i ¼ 1

tav
Þ. From the figures it is clear that the rate of excited

state deactivation rates of C523 in PS matrix at various
emission wavelengths are much faster than those on quartz
surface indicating enhanced spontaneous emission in the PS
matrix. On the other hand the excited state deactivation rates
of DCM in the PS matrix in various emission wavelengths
are slower than that on the quartz surface, which indicates
retarded spontaneous emission in the matrix.

In order to further establish the fact that the proximity of
the conduction band of the PS matrix is responsible for the
trapping of EHP in the guest DCM, we have studied the
dynamics of DCM emission in OX-PS (Fig. 5). As mentioned
earlier, oxidation of the PS matrix generates a number of
charge trapping states[14] and the effective band gap is
reduced. Under this condition, OX-PS matrix is not expected
to donate carriers to the guest DCM molecule. As shown in
Fig. 5, the rate of SE from DCM in the OX-PS is enhanced
compared to that on the quartz surface. The numerical fitting
values of the emission decay of DCM in OX-PS matrix
reveals 44 ps (73%), 255 ps (25%), 1.24 ns (2.5%) with an
average excited state lifetime of 126 ps and that on quartz
surface is 72 ps (73%), 500 ps (19%), 1.78 ns (8%) with an
average excited state lifetime of 290 ps collected at 670 nm.
It has to be noted that the retardation and enhancement of SE
of DCM in the PS and OX-PS matrixes respectively are the
consequence of gain and loss of excited state electrons
compared to those on the quartz plate. The excited state
deactivation rate can be estimated by comparing excited state
lifetime of DCM in the PS and OX-PS matrixes with those
on the quartz surfaces [28], k ¼ 1

t DCMþPS=OX�PSð Þ
� 1

t DCMð Þ
. In the

case of DCM in the PS matrix the carrier injection rate is
estimated to be 2.74×109. The excited state deactivation rate
in the OX-PS is 4.49×109, which is in the same order of the
carrier injection rate in the PS matrix. This observation is
summarized in Scheme 1(b) and is comparable to the case of
C523 in PS matrix.

In conclusion, we have demonstrated an enhancement and
retardation of SE from dyes with different emission wave-
lengths in the PS matrix. The fine tuning of the electronic
band gap of the host matrix with respect to the emission

energy of the guest organic dyes is the controlling factor of
the SE from the dyes in the same matrix. The present study
is an attempt to demonstrate such a control of SE of organic
emitters embedded in a nanostructured matrix.
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