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Abstract. A model of thermal relaxation within localized states based on the extended multiple trapping
framework is used to describe the red-shift of the emission maximum intensity as the excitation energy
decreases. The model is applied to amorphous hydrogenated silicon (a-Si:H) and to organic-inorganic
hybrids systems giving values for the energy gap, Eo, (1.896-3.882 ¢V) and for the 3 (4.36-12.08 eV ™)
parameter that characterizes the experimental decay of the density of localized states within the gap
consistent with those achieved by some other recombination models previously reported for a-Si:H.. The
thermal relaxation within localized states model is more physically detailed incorporating radiative and
non-radiative transition mechanism for carriers relaxing into localized states that are explicitly absent in

the previously reported theoretical descriptions

PACS. 78.55.Qr Amorphous materials; glasses and other disordered solids — 81.05.Gc  Amorphous
semiconductors — 81.07.Pr Organic-inorganic hybrid nanostructures

1 Introduction

The lack of long-range order characteristic of amorphous
semiconductors, a-SC, is the main factor that determines
their singular photoluminescence properties, that are not
observed in crystalline semiconductors [1,2]. In particu-
lar, we can refer the red-shift of the emission energy as
the excitation energy decreases. Transport and photolumi-
nescence properties are determined by the disorder effects
in the density of states, namely the inclusion of localized
states within the forbidden optical gap characteristic of
crystalline structures [1]. In particular, photoluminescence
has been attributed to the recombination of electrons and
holes separately trapped in such band tail states [1(b),2].
High energy carriers excited in extended states thermalize
rapidly to the bottom of the bands where further thermal-
ization into localized states proceeds much slowly and in
competition with recombination processes.

Although several reports have been produced show-
ing the excitation energy dependence of the light emission
for different a-SC, such as amorphous hydrogenated sili-
con, a-Si:H [2-7], chalcogenide glasses, namely, AsaSes [8],
hydrogenated amorphous carbon [9-11], alloys of sili-
con and hydrogen carbon [12], porous silicon [13] and
siloxene, Sig(OH)3Hs [14], the physical mechanisms be-
hind it are still controversial. That emission red-shift
is also observed in efficient white-light photoluminescent
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organic-inorganic hybrids lacking metal activator ions,
such as those obtained from 3-aminopropyltriethoxysilane
(APTES) [15] and from urea cross-linked xerogels, classed
as di-ureasils [16-21].

The concept of “hybrid organic-inorganic” materi-
als emerged in the last two decades with the birth of
“soft” inorganic chemistry processes (essentially the sol-
gel method) [22]. In addition to the high versatility in
chemical and physical properties and in shaping and pat-
terning, hybrid materials present the crucial advantage
to facilitate both integration and miniaturization. There-
fore, a significant number of innovative and advanced hy-
brids have been synthesized in the past few years opening
a land of promising applications in many fields: optics,
electronics, ionics, mechanics, membranes, functional and
protective coatings, catalysis, sensors, biology, medicine,
biotechnology, etc. [23].

The emission energy dependence with changes in the
excitation energy has been extensively studied for the case
of amorphous hydrogenated silicon a-Si:H [3-7]. The ra-
diative transitions involving carriers excited into localized
states as been proposed as responsible for the excitation
energy dependence of the emission energy in amorphous
semiconductors. Chen et al. proposed a thermalization gap
model trying to reproduce quantitatively the experimen-
tal observations [3,4]. Boulitrop et al. proposed that the
excited carriers thermalize within an exponential tail of
localized states and that the radiative transitions occur
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within the lowest energy states among a given number N
of available states [2].

In this work, we propose a new model — designated
as thermal relaxation within localized states — that clar-
ify the physical mechanisms behind the thermalization
processes considering that the excited carriers can move
within localized states accordingly to the extended mul-
tiple trapping approach [5,6]. Such approach was previ-
ously used to study the time-dependent emission of a-Si:H
after a excitation pulse with energy well above the op-
tical absorption edge for this system [6]. Starting from
the extended multiple trapping model, we consider here
more general conditions of excitation, namely the excita-
tion with photons of arbitrary energy below the absorp-
tion edge. Under low intensity excitation conditions the
time integrated emission intensity after a pulse excitation
at ¢ = 0 can be shown to be equivalent to the steady-
state emission intensity under a continuous excitation of
the system. For each excitation energy we computed the
emission spectra which red-shifts as the excitation energy
decreases. The carriers excitation is directly determined
from the density of states considered and the number of
involved states in the thermal relaxation is determined by
the localization degree of the states and by the carriers life-
times prior to emission. These quantities — degree of state
localization and transition rates — give a dynamic inter-
pretation to the recombination process, which is somewhat
hidden in previous descriptions of the red-shift phenom-
ena.

This model is tested for a-Si:H, the results obtained
are consistent with those achieved by previously reported
recombination models, and it is applied to two sol-gel de-
rived organic-inorganic di-ureasils hybrids. The thermal
relaxation within localized states model is thereby suit-
able to describe quantitatively the recombinations mecha-
nisms subjacent to the emission red shift as the excitation
energy decreases. Moreover, time-dependent and steady-
state results can be simultaneously considered.

2 Experimental emission red-shift data

The red-shift of the emission energy (E,) as the excita-
tion energy (Ex) decreases has been reported for several
a-SC materials. In particular, we can refer different sam-
ples of a-Si:H investigated by several groups [2-7] and
a-C:H prepared from toluene and benzene [9]. For a-Si:H,
the emission peak position varies from 1.26 to 1.38 eV, for
excitation energies between 1.55 and 1.83 eV [3,4]. This
variation is linear and has a FE,,/Ex slope around 0.5 [3].
For excitation energies between 2.97 and 3.60 eV (2.26
and 2.77 €V) the emission energy of the a-C:H films pre-
pared from toluene (benzene) present a linear regime with
a slope around 0.22 (0.44), and the energy peak position
changes from 2.61 to 2.77 eV (2.07 to 2.19 eV) [9]. Increas-
ing the excitation energy beyond these values the emission
energy remains approximately constant [9].

Through the analyses of the data available in
the literature, we collected the energy peak position
versus the corresponding excitation energy for some
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Fig. 1. Variation of F, with Fyx for different a-SC (a) a-Si:H
(®,A4) [2-4], a-SiC:H [12] (*), p-Si (%) [13], Sis(OH)sHs
(v) [14]; (b) As2Ses (O) [8], a-C:Hp (X) [11], a-C:H prepared
from toluene (©) and benzene (H) [9].

a-SC, AsySes [8], a-C:H [10], hydrogenated carbon
(diamond-like), a-C:Hp [11], a-SiC:H [12], p-Si [13], and
Sig(OH)3Hs [1]. The slope E,/Ex is 0.50£0.06 for
AssSes, a-C:H, and a-SiC:H and for the remaining samples
ranges from 0.09£0.03 (p-Si) to 0.41£0.01 (Sig(OH)3Hs).
Figure 1 assembles all these experimental results.

The red-shift of the emission energy as the excita-
tion energy decreases has also been observed in organic-
inorganic hybrids, such as di-ureasils. The di-ureasil
organic-inorganic hybrids are formed by a siliceous net-
work covalently bonded through urea linkages to oxyethy-
lene polymer chains with two distinct average polymer
repeat units (40.5 and 8.5, designated as d-U(2000) and
d-U(600), respectively). The di-ureasils, prepared as de-
tailed reported elsewhere [16,19,21], display an efficient
white light photoluminescence in the temperature range
between 14 and 300 K [16,18-21]. The emission maxi-
mum intensity peak, I, strongly depends on the excita-
tion energy, Fy [16,18-21], as exemplified in Figure 2. The
emission was acquired at 14 K using a 0.25 m KRATOS
GM-252 excitation monocromator and a 1 m 1704 SPEX
Czerny-Turner spectrometer coupled to an RCA C31034
photomultiplier. The excitation source was 1000 W xenon
arc lamp coupled to a KRATOS LH 15 IN/1 S monochro-
mator.

These emission features were already intensively
studied either by steady-state and time-resolved spec-
troscopy [18-21]. Such studies allowed us to con-
clude that their emission results from the overlap of
donor-acceptor pair recombinations occurring in the
siliceous nanodomains and in the NH groups of the
urea linkages [20,21]. For excitation energies between
3.10 and 3.76 eV (330-400 nm), the deconvolution fitting
procedure revealed the presence of two Gaussian bands,
in the blue and purplish-blue spectral regions, whereas
for excitation wavelengths higher than 3.10 eV (400 nm)
the emission spectra display only the blue component (in-
set in Fig. 2) [20,21]. For the excitation energy range
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Fig. 2. Emission spectra (14 K) of the d-U(2000) di-ureasil
under different excitation wavelengths: (1) 330 nm, (2) 365 nm,
(3) 400 nm and (4) 420 nm. The insets show (a) the fitted
Gaussian components, blue (open triangles) and purplish-blue
(solid triangles), and the resulting overlap () and (b) the
blue band () for the emission spectra exited under 365 and
420 nm, respectively.

used (2.95-3.76 eV), the energy of the blue band (related
with the NH groups) is within 2.5-2.6 eV, whereas that of
the purplish-blue band (associated with the siliceous nan-
odomains) varies between 2.7 and 3.0 eV. In that excita-
tion energy interval is the purplish-blue band the responsi-
ble for the red-shift of the overall emission. Therefore, we
will only take into account in the rest of the paper the
emission features of that siliceous nanodomains-related
component.

In Figures 3a, 3b we represent the dependence of
the purplish-blue emission energy on the excitation en-
ergy for d-U(2000) and d-U(600), respectively. The vari-
ation of E, with the increase of Ey presents two distinct
regimes: (i) linear regime, characterized by a slope E},/Ex
around 0.5 and (ii) saturation regime, in which the emis-
sion peak position is independent of the excitation en-
ergy [20,21]. This behavior is also common to other classes
of organic-inorganic hybrids, namely APTES-derived ma-
terials and urethane cross-linked xerogels designated as di-
urethanesils [21]. In all cases small changes are detected
in the emission energy (<0.5 eV) and the slope E,/Ex
remains approximately equal to 0.5 [21].

3 Numerical modelling
3.1 Thermalization gap model

The thermalization gap model was first suggested to ex-
plain the observed red-shift of the emission spectra of
a-Si:H samples when the excitation energy was varied be-
tween 1.55 and 1.83 eV [3,4]. It was observed a linear
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Fig. 3. Variation of E;, with Ey for (a) d-U(2000) and (b)
d-U(600). The solid line represents the linear fit to the data
(R > 0.999) within the linear region; and the dashed lines
correspond to the same variation calculated by the thermal
relaxation within localized states model.

dependence between the emission peak and the excitation
energy with a slope approximately equal to 0.5 [3,4]. For
excitation energies between 1.83 and 2.34 eV, the emission
energy peaks at a constant value. In an attempt to explain
such experimental results, Chen et al. [3] proposed the
thermalization gap model, assuming that the conduction
band is parabolic and that there is no density of states be-
low the energetic minimum of the conduction band, F,..
The valence band is described by an exponential func-
tion, and above the top of the valence band, E,,, there
is a density of localized states. In a qualitative way, this
model stands that the holes created below E,, thermalize
to Fo, and that the electrons excited to the conduction
band rapidly thermalize to the minimum of the band, F,.,
and recombine with a given energy FEo¢ [3,4]. This means
that all the holes below E,, generate an unshifted spec-
trum. However, if the excitation energy is smaller than
E, = Eoc — Eqy, then there are holes with energy AFE
above F,, that recombine with electrons at F,., generat-
ing an identical emission spectrum to the one obtained
in the previous situation but red shifted by an energy
AE [3,4]. Chen et al. suggested that the emission inten-
sity of the experimental spectra, I(Aw), can be written as
a sum of these two contributions [3]:

Ey+FEv
I(hw) = Nbfo(ﬁw) +/
max(FEov+FEx,Eoc)

x Io(hw + AE)ge(E)gy(E — Ey) dE

(1)
where Ny, fE"+E°V

oy 9c (E) g» (E — Ex)dE represents the
number of holes below E,, and Ef is the Fermi level. The
first term NpIo(hw) corresponds to the unshifted spec-
tra weighted by the number of holes below E,,. The sec-
ond term expresses the emission intensity of the spectrum
red shifted by AF, with respect to the previous case, and

weighted by the convolution of the density of the involved
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Fig. 4. Variation of E,, with Ex for a-Si:H [3,4]. The dashed
and dotted lines correspond to the same variation calculated
by the thermal relaxation within localized states model and
the thermalization gap model, respectively.

states [3]. The integration variable E is the energy of
the excited states in the conduction band. Consequently,
the upper integration limit, Fx + Er, corresponds to the
higher energy level accessible to the electrons in the con-
duction band after excitation. The lower integration limit,
max(FEoy + Fx, Eoc), is the lowest energetic value in the
conduction band where it is possible to excite electrons
(coming from electron states in the valence band with an
energy larger than F,y). The shift of the emission spec-
trum, AE = F — E, — E, is the difference between the
energy of the electron promoted from the valence band
with an energy (E—Fy) and the limit of the thermaliza-
tion gap, Eoy.

We have calculated I (fiw) through equation (1) assum-
ing that the emission spectra are well reproduced by a
Gaussian function and using the parameters provided by
references [3] and [4] for a-Si:H. We found that the linear
dependence of E, vs. E, for excitation energies between
1.55 and 1.83 eV is described by a slope always equal
to one. In spite of a nice qualitative description of the
experimental results, namely the emission red shift with
decreasing excitation energy, this model is not adequate
to predict quantitatively the experimental E,/Ey slope
(approximately 0.5). Figure 4 compares the experimental
results reported for a-Si:H [3,4] with those estimated by
the thermalization gap model.

3.2 Boulitrop et al. model

Boulitrop et al. proposed a different model in order to
explain the red shift of the emission with decreasing exci-
tation energy of a-Si:H [2]. This model, contrarily to the
thermalization gap one, describes quantitatively the lin-
ear dependence observed between the emission (E,) and
the excitation energy (FEY). This model assumes that the
optical excitation is induced by electron-hole pairs with
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an available exponential density of states given by:
g (E) o< exp [-fL (E — Eo)] .- (2)

where Fy is the band gap. This exponential density of
states arises as a consequence of the fact that the density
of states of electrons and holes has an exponential band
tail characterized by the (3, and (. parameters, respec-
tively. It turns out that for G, ~ (. ~ (8 we should have
B~ /2 [2].

The peculiarity of this model consists in considering
that thermalization occurs to the lower energetic state
among N +1 randomly chosen localized states, from which
the emission occurs [2]. The probability, P(F), to have a
state with energy FE, which is the state with lowest en-
ergy, within N + 1 randomly chosen states, distributed in
energy according to g, (E), is given by:

P(E) o exp [fL (Eo — B)] [1—exp (—fL (Eo — E))]J(V |

3

The previous expression corresponds to an asymmetric

function that well reproduces the experimental spectra,

in particular for a-Si:H [2] The observed red shift of the

emission spectra with the decrease in the excitation energy

was modeled by weighting equation (3) by an absorption

factor a(Ex) that measures the probability to excite states

with minimum energy E. The emission intensity, I(E, Ey),
was written as [2]:

2
I(E,E,) x P (E) % (4)
x

For Ey > Fy, the emission spectra is independent of the
excitation energy, while for Ey < Ej it is observed a red-
shift of the emission peak energy with the decrease of the
excitation energy. Equation (4) accurately reproduces the
experimental data measured for the a-Si:H, suggesting a
slope m = 0.5 for the linear region of the variation between
E, and Ex [2].

In order to evaluate the applicability of this model
with respect to the experimental results concerning other
a-SC, equation (4) was applied to fit the emission spectra
of the d-U(2000) and d-U(600) di-ureasils, under differ-
ent excitation energies. The fitting procedure was simul-
taneously applied to all the spectra minimizing the sum
of the squared errors (A1) between the calculated energy
peak position and fwhm values using equation (4) and the
measured ones. A good-quality fit was obtained and the
resulting fit parameters, Or,, IV, and Ey, together with the
respective Ay value are collected in Table 1. This proce-
dure was also applied to a-Si:H. Similarly, the emission
spectra of di-ureasils are well reproduced by equation (4)
and the resulting fitting parameters are also listed in Ta-
ble 1. The (3, N, and Ej listed in Table 1 obtained from
the fit of the data for a-Si:H given by [4] are very close to
the values reported by [2], namely B;, = 9.1eV~!, N = 50,
and Fy = 1.92.

3.3 Model of thermal relaxation within localized states

Whilst the model proposed by Boulitrop et al. [2] explain
qualitatively and quantitatively the experimental results,
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Table 1. (1, Eo and N parameters calculated from the fit of
equation (5) to the emission spectra of d-U(2000), d-U(600),
and a-Si:H recorded under different excitation energies. The fit
error is also presented (A1).

Eo (eV) Bu(eV™h) N A (eV)
a-Si:H 1.92 7.10 45 0.05
d-U(2000) 3.87 5.44 59 0.20
d-U(600) 3.74 6.44 56 0.15

the physical dynamic mechanisms behind the thermaliza-
tion process in the localized states are not explicitly in-
cluded. In an attempt to consider plainly these dynamic
processes, we consider a thermal relaxation model within
localized states. After the excitation of the electrons to
high-energy states in the conduction band, there is re-
laxation to the bottom of the band where states are lo-
calized. At lower excitation energies it is also possible to
excite directly to localized states. Due to the decrease of
the density of states and the increase in their localization
as we go to lower energies, thermalization of the electrons
occurs in an increasingly higher time scale. During the
thermalization within localized states we will assume that
the electron can move accordingly to the extended mul-
tiple trapping model [5-7]. This means that the electron
can move both to the conduction band and to localized
states with higher and lower energy. Simultaneously to
these transitions among localized states, radiative transi-
tions may also occur. In the extended multiple trapping
model, the transition rate, ¢;;, between two states with en-
ergy I and Ej, whose localized wave function is centered
around 7} and 7, respectively, is [6]:

tij (I75]) = f (B3, B3, T) Py (I75]) (5)

where |75 | = |7 =7, f(Ei, E;,T) is a thermal
activation factor and P (|7]) is the square of the tran-
sition matrix element [6]. The transition probability be-
tween the two states i and j depends on the overlap be-
tween the respective wavefunctions and, consequently, on
the rj; distance between the two states, and also on the
characteristic reciprocal localization radius, A; and A;. We
will average over the position of the state j, considering
a uniform distribution for the position of states through
the sample. As proposed by Maschke et al., the average

transition rate, Eij’ for an electron placed in 7}, with en-

ergy in the interval i, [E; — 0E/2, E; + dE /2], that moves
to another state, whose energy belongs to the interval j,
[E; —0E /2, Ej + 6E/2], can be written as [6]:

ty =D f (B, E;,T) h(Xi/Xo,Aj/Xo) i (E;) OB, (6)
where g, (E;) § Ej represents the concentration of localized
electronic states in the conduction band tail states in the
interval j and the expression for h (A, Aj) can be found
in reference [6]. Maschke and co-workers [6] estimated the
prefactor D of the order of 1076 )\0_35_1 for a-Si:H being
Ao the reciprocal localization length for E; = 0. All the
fits were made, taken 6 FE = 0.01 eV.
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The time dependence of the number of carriers that are
in the energetic interval ¢, n;, and the number of carriers
in the conduction band, ng, are described by the following
rate equation [6]:

dni — — ni
It = 7Tlizt1j + antji — ?1

J# J#

(7)

The first term represents the rate of carriers’ loss, due to
transitions to other states, and the second term denotes
gains, due to transitions from other states. The third term
corresponds to the radiative and non-radiative transitions.
The parameter Ti_l = Ti,_rl —I—Ti,_nlr is the sum of the radiative
and non-radiative inverse transition rates. We are only
interested in the total emission intensity with energy Fj.
This corresponds to the integrated intensity over time,
after excitation of the system at ¢ =0 s.

The initial distribution of electrons n;(0) generated by
the excitation pulse depends on the excitation energy and
is determined by the convolution of the density of states,
according to:

{ | 9.(E)gy(E—Ex) dE < Ex > Ey
1o (0) X { Eo<E<Ex
0 <= FEy < Ey
(8)
gL (Ei)gv (Ei — EX) AE < E, > LE;
n; (0)
0 < By < E;.
(9)
where g. (E) is a parabolic density of states in the con-
duction band (for E > Ey),

ge (E) = A/E — Ey

and g, (F) is a parabolic density of states in the valence

band
gy (E) = A,vV—E (11)

where A. and A, are constants, that for simplicity are
taken to be equal to each other and equal to A. The
quantity gr,(E) is the localized band-tail of the conduc-
tion band given by

gL (E) = Cexp|B(E — Ep)] .

Through the 7; (s) Laplace transform, the equation (7) is
converted into a set of linear equations for each value of
the variable s

The integrated intensity over time can be written as:

1(E) :/"i ®) g 1O
0

(10)

(12)

Ty Ty

Since we are only interested in this quantity we only have
to solve a system of linear equations to get 7; (0). To study
the system under continuous excitation another term ()
should be added to equation (7), where 7; represents the
carriers generation rates for an energy state ¢ created un-
der continuous excitation. Under low excitation intensity
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conditions this rate of carrier generation should be pro-
portional to the initial distribution of carriers generated
by an excitation pulse, i.e., v; & n; (0). Furthermore, the
transition rates for low occupation of the states are ex-
actly the same as before. In steady state, dd’é‘ = 0, and
the rate equations reduce precisely to the same system of
equations that, in this case, gives us the steady state oc-
cupation of each state, n;, thus providing the steady state

emission intensity, I(£;) = . Therefore, if the excita-

tion intensity is low there is no difference in the integrated
intensity after a pulsed excitation of the system at ¢t =0s
and the steady state regime.

In order to study the previous model, the following
assumptions were made:

i) The reciprocal localization wavelength of the states
close to the limits of the conduction band depends on
the energy accordingly to [7]:

A= [L—b(E - E), (13)
where A\g and b are constants [6];

ii) The radiative and non-radiative recombination decay

times, 7, and Ty, respectively, are independent of the

energy of each state. We will consider an effective av-
erage decay time, 7¢, written as Tal = Tr_l + Tn_rl;

The electron, independently of the initial state, will

recombine with a hole emitting energy (E;—AFE), where

AFE represents a certain constant energetic shift.

iii)

The constant shift AE can have several different physical
origins — as in [6] we can argue that radiative recombina-
tion occurs at recombination centers at a constant energy
in the gap. Shah et al. [4] proposed for a-Si:H that ra-
diative recombination occurs between band tail electrons
and self-trapped holes at localized band tail states having
a well defined energy.

3.4 Fit results for the thermal relaxation model

The previous model was applied to a-Si:H, d-U(2000) and
d-U(600). The fitting parameters of the model are: [,
b, D, 19, Fo, together with the C' and A of the density
of states. The initial distribution of the excited carriers
depends upon these two constants. This dependence oc-
curs only for excitation energies higher than FEy. In or-
der to keep the fitting as simple as possible we decided
to keep these two parameters constant through all the fits
reported and equal to the values C' = 10%! eV~! cm ™3 and
A =6 x 10?! eV~3/2cm—? which are order of magnitude
estimates for a-Si:H [3,4].

The constant C' appears in the expression for the tran-
sition rates (Eq. (6)) as a product with the variable D and,
consequently, only the product of these two constants,
CD, can be obtained from the fit.

Considering that we have six fitting parameters and
that many spurious local minima of the y? error could
occur we decided to use a genetic algorithm optimization
package known to be able to search for global minima over
rough error landscapes [24].
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Table 2. Values of the interval of variation of the parameters
used in fits for the thermal relaxation within localized states
model.

8 CD b 0 AE  Eo
(eV™h (s7'ev™l) (eVTh) (s7h) (eV) (eV)
[1,20] [107%, 10%] [0, 5000] [10™®, 1072] [0, 0.5] [1, 5]

The optimization algorithm requires that we start to
define the intervals of variation for the parameters. The
chosen intervals, for each fitting parameter, are listed in
Table 2 and they are always the same for every one of
the systems studied. We have chosen very broad variation
intervals in order not to introduce any bias in the final
value of the parameters. The fitting procedure was simul-
taneously applied to all the emission spectra available for
each material. The optimization variable was the x? er-
ror in the emission energy peak values, measured under
different excitation energies.

The optimal fit parameters are listed in Table 3. A
good quality fit was obtained for the samples as Fig-
ures 3a, 3b, and Figure 4 exemplify for the di-ureasils,
and a-Si:H, respectively.

Comparing the values for § and Ey in Table 1
with those found in Table 3 for a-Si:H, we realize that
the values predicted by the model of thermal relax-
ation within localized states are similar to the ones sug-
gested by the Boulitrop et al. model which are in the
range 3 = 6.7-10 eV~!. We should stress that the val-
ues of (B given by this model are approximately equal to
half the @ values for the band tails (under the hypothe-
sis of symmetric band-tails). For a-Si:H it is known that
the experimental § for the valence band tail obtained
from photoemission yield spectroscopy are in the range
12-20 eV~! [2] depending on sample preparation. Exper-
imental results for the conduction band tail give a higher
3 in the range 30-50 eV 1. In [6] Maschke et al. used for
the conduction band tail the value f = 52.6 eV~!. Our
[ value for a-Si:H obtained using the steady state emission
data of [3] and [4] is smaller and closer to the known values
for the valence band-tail. The value obtained by us was a
result of a fitting procedure to the emission peak shift as
function of the excitation energy and should be regarded
as an effective value that could be improved in several
ways: (a) by extending the model considering both the
energy dependence of the reciprocal lifetime of the carri-
ers (b) by taking into account the effect of the hole energy
distribution. (b) by including in the fitting procedure the
width of the emission spectra.

The fitted FEy parameter has a higher value for
d-U(600), when compared with that determined for
d-U(2000). Although the energy gap has not been exper-
imentally measured by absorption measurements, several
other arguments point out that d-U(2000) should have a
smaller Ey value. The size of the siliceous domains for each
hybrid were previously determined by small-angle X-ray
scattering, revealing that the siliceous domains in the
d-U(600) are smaller than those present in the d-U(2000)
di-ureasil, 4.0 and 5.2 A, respectively [19,21]. In fact, in
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Table 3. Values of the parameters 3, CD, b, 1o, AEand FE obtained from the fit of the thermal relaxation within localized
states model to the d-U(2000), d-U(600), and a-Si:H data. The fit x? error is also presented.

8 b To AE Eo CD x>

(eV™l) (10 eVl (107*s)  (eV) (eV) (10°seVTH)  (107%eV?)
a-Si:H 12.08 1.50 9.9 0.244 1.896 9.56 2.8
d-U(2000) 4.36 0.938 3.96 0.213 3.622 1.49 20.2
d-U(600) 5.08 1.15 69.5 0.211 3.882 2.56 54.8

silicon-based nanostructured materials the dimensional hi-
erarchy of the backbone determines the energy, in such a
way that an increase in the siliceous network corresponds
to a decrease in the respective energy gap [25]. In accor-
dance with that, a higher E\ values could be expected for
the d-U(600) di-ureasil.

The lifetime 75 was considered independent of the en-
ergy of each state, assumption ii) in Section 3.3. The con-
sequence of this assumption is that the predicted emis-
sion decay is described by a single exponential function.
However, it is often reported non-exponential decay curves
for amorphous and disordered materials. In such case, the
reciprocal lifetime 7;° ! should be taken as dependent on
the energy of the initial states 7, *(E). For the particular
case of a-Si:H, the energy dependent 7y values considered
by Maschke et al. [6] approximately varies between 1076
to 107! s. Comparing this interval range with the effec-
tive lifetime using the model of thermal relaxation within
localized states (~1x1072 s, see Tab. 3) we verify that
the fitted 7y value is within the interval and thus should
be regarded as an effective lifetime consistent with the
value obtained by Maschke et al. [6]. Furthermore, the en-
ergy dependent consideration, 7o(E), introduces a number
of additional fitting parameters, thus increasing the com-
plexity of the fit and requiring a detailed time-dependent
experimental data, that go beyond the main goal of this
work.

On the contrary, the decay curves of the di-ureasils are
well reproduced by single exponential functions [20,21],
supporting the assumption of an energy independent effec-
tive lifetime. Furthermore, the 7y value obtained from our
fitting procedure to the steady-state emission spectra are
of the order of the millisecond (Tab. 3) as it is the case for
the lifetime values, 3.54+0.1 x 1072 and 4.7+0.1 x 1073 s,
experimentally determined for d-U(2000) and d-U(600),
respectively [20].

To study the sensibility and stability of our model, the
input parameters were modified, namely, the reciprocal
localization wavelength of the states A was considered as
energy independent (b = 0, in Eq. (14)). Such assumption
lead to poor quality fits and induces major changes in F
and 7g. In both cases, higher values were found for Fjy,
which are not supported by experimental results, and 7y
decreased to ~10~7-107? s, which is an abnormal small
value accordingly to previous estimations for a-Si:H [6].
We have also made fits considering AE = 0 that gave
smaller § values and slightly larger Fy values that were
not consistent with independent estimations available for
a-Si:H [2-4].

4 Conclusion

In this work we studied the emission red-shift as the exci-
tation energy decreases, in some amorphous semiconduc-
tors. Emphasis was given to organic/inorganic di-ureasils,
previously studied by some of us, which have promising
applications as novel photonic hybrid materials. Despite
the experimental work done in recent years in these multi-
functional hybrids, their emission features have been only
qualitatively discussed. Here we proposed a new model of
thermal relaxation within localized states, in the frame-
work of the extended multiple trapping approach, to de-
scribe those emission properties. The fitted Ey and (i,
values obtained using the thermal relaxation within lo-
calized states representation are consistent with those ob-
tained using the Boulitrop’s model [2]. However, because
we explicitly consider the energy dependence of the elec-
tron transfer rates between localized states in competition
with radiative and non-radiative decay times; our descrip-
tion is more physically detailed. Furthermore, the model
proposed here can be used to study simultaneously time-
dependent and steady-state emission (absent in the pre-
vious studies of the emission red-shift as the excitation
energy decreases) and thus the same fitting values of the
parameters should be able to describe both phenomena.
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