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Abstract

In this paper, we analyze the photoluminescence spectra (PL) of porous silicon (PS)
layer which is elaborated by electrochemical etching and passivated by Fe’ ions (PSF) via
current density, electro-deposition and temperature measurements. We observe unusual
surface morphology of PSF surface and anomalous emission behavior. The PSF surface
shows regular distribution of cracks, leaving isolated regions or “platelets” of nearly uniform
thickness. These cracks become more pronounced for high current densities. The temperature
dependence of the PL peak energy (Ep.) presents anomalous behaviors ,i.e., the PL peak
energy shows a successive red/blue/redshift (S-shaped behavior) with increasing temperature
that we attribute to the existence of strong potential fluctuations induced by the
electrochemical etching of PS layers. A competition process between localized and
delocalized excitons is used to discuss these PL properties. In this case, the potential
confinement plays a key role on the enhancement of PL intensity in PSF. To explain the
temperature dependence of the PL intensity, we have proposed a recombination model based

on the tunneling and dissociation of excitons.
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1. Introduction
In recent years, Porous silicon (PS) layer has been intensively investigated due to its

strong photoluminescence (PL) properties in the visible range [1] at room temperature.

For its large surface area and high chemical reactivity, PS is also considered as a promising
material for different applications such as photovoltaic conversion [2,3], silicon-insulator
(SOI) [4,5] and sensor technologies[6,7]. However, the inefficiency and instability [8,9,10] of
the optical properties of the PS create many problems in the application area such as the
decrease of PL intensity [9,10] and the shift of the energy of maximum of PL band [9,10] due
to the surface oxidation of PS crystallites. To solve this problem, new nano-composites lines
have been developed by the insertion of atomic or molecular species such as hydrocarbons,
polymers, semiconductors and transition metals [11-15]. Herino et al [16] investigated the
deposition of metals and other conducting materials in relation to their influence on the
luminescent properties of PS and to their modification of its conductivity. The metal
incorporation has been carried out by electrochemical or electroless methods and also by
evaporation and revealed an increase of the electroluminescence after the deposition of In and
Al into porous silicon. Galvanostatic and electroless deposition of Au, Ni and Cu has been
used and it is accompanied by an oxidation of the porous silicon surface whereas cathodic
deposition does not generate oxide formation at the pore surface [17]. Silicon dots have been
also obtained using liquid and vapor phase preparation methods, which the formation has
been evidenced using SEM (Scanning Electron Microscopy) and AFM (Atomic Force
Microscopy) [18, 19].

Electro-deposition of Au, Pt and Pd into macro-pores has been studied [20, 21]. It has
shown that macro-porous silicon filling with Pd and Pt starts growing from the pore bottom.
On the other hand, for the deposition of Au, no condition could be found to achieve this
behavior. The deposition is performed under cathodic conditions by choosing an appropriate
supporting electrolyte which induces a shift of the open-circuit potential to negative values
and inhibits oxidation of the silicon. Since the equilibrium potential of Au is more positive
compared with Pt and Pd, the rate of hole injection is faster and this is the result of the greater
difference between the equilibrium potential and the silicon valence band.

Even if the electro-deposition process is well described in the literature [16,17,20,21],
the physical properties of the obtained compound depend on fixed parameters of the sample
preparation including the chemical nature of the semiconductor, crystal orientation, doping
type and density, electrolyte composition and applied current or voltage. Systematic
investigations with different electro-deposition parameters are required in order to find new

and better physical properties. Iron has been successfully used to stabilize PS layers and



interesting results has been obtained [22]. Direct impregnation of SP in Fe(NOs); solution [22]
has been used to showed an improvement and stabilization of PS photoluminescence (PL)
after only three weeks. Rahmani et al. [22] demonstrated by EDX analysis that atomic
percentage of iron has decreased from the top to the bottom of the layer indicating that iron
deposition occurs mainly at the pore bottom. Rahmani et al attributed this stability of the PL
to the passivation of the Si nano-crystallites by iron. Beside, a gradient of the metal content
towards the pore tips has been observed by Ronkel et al. [17]. Fe-deposition into the pores
carried out to achieve electrical contact to porous silicon starts with the nucleation at the pore

bottom because of the cathodic standard potential of Fe that is close to the one of silicon [17].

In the present work, the filling of porous silicon matrices with iron nanostructures is
carried out electrochemically in a second process step after the anodization of the silicon
wafer. Here we report the influence of iron electro-deposition parameters including iron
concentration and current density on optical and morphological properties of PS electro-
passivated by iron ions (PSF). The correlation of the optical and morphological properties of

samples has been investigated using photoluminescence study.

2. Experimental details

An ohmic contact was first formed by coating the backside of the silicon wafer with
aluminum (Al) and subsequently annealed at 300°C for 30 min. PS layer was created from
boron-doped p-type Si(100) substrate by electrochemical etching in 2:1:1 of 40% hydrofluoric
acid, ethanol and water mixture with a current density of 10mA/cm® for 6 minutes. After
anodization process, the samples were rinsed in pure water and dried by argon gas. The
electro-deposition of iron was carried out in an aqueous electrolyte containing FeCl; (0.3M)
forl5 min at different current densities and was followed by drying with argon gas to remove
residual impurities. Five samples PSF3, PSF11, PSF22, PSF28 and PSF32 have been prepared
for the following electro-deposition current densities J=3pA/em?® J~=11pA/cm?,
Jc=22uA/cm2, J.= 28uA/cm2 and J. = 32uA/cm2.
Structural and morphological qualities of both PS and PSF samples prepared for different
current densities were investigated by scanning electron microscope (SEM) (JEOL JSM -5600
LV equipped with X-ray (EDX) spectrometer used for compositional investigation on the
cross-section of the samples. The minimum iron concentration which can be detected is about
0.1 at%. The estimated error for each concentration variation was at most 0.3% taking into
account the doping inhomogeneity of the sample. The scanned surface is about 1um? with a

resolution of 1pum.



PL measurements were carried out in a variable temperature (10-300 K) closed-cycle
cryostat with Jobin-Yvon T64000 spectrometer. We used the 488 nm wavelength of spectra
Physics 2017 argon laser and an incident laser power of 5 mW at the surface of the sample.

The Raman shift was determined with an accuracy of 0.25 cm ' (1800 gr/mm grating mode).

3. Results and discussions

3.1.  Characterization of porous silicon/iron composites by SEM and EDX

SEM images of the surface were taken before (PS as prepared sample) and after iron
electro-deposition (PSF3 and PSF22 samples) in order to study the evolution of the surface
morphology (Fig. 1). After Fe ion electro-deposition, regular cracks were formed leaving
isolated regions or “platelets” of nearly uniform thickness. These cracks become more
pronounced for relative high current densities J. (Fig. 1C) and disappear for very high J.

(Fig. 1D) due to the increase of the corrosive effect of the electro-deposition.

The SEM images of the cross section of samples etched with different J, are shown in Fig. 2.
It seems that the cracks are formed at a region of high stress that we associate to lattice
defects. The presence of pores favors the formation of cracks through the structure, leaving
distinctive “islands” where the porous silicon network has collapsed laterally parallel to the Si

substrate.

The platelets or islands are loosely bound to the substrate (see Fig .2 B and C) and show slight
curling around their edges for samples etched for J.< 22uA/cm’. The degree of curling
increases with increasing J. and becomes even higher for J. = 32pA/cm? (Fig. 2D), this effect
induces an increase in diameters due to the total dissolution of Si nano-crystallites. At low
current densities, pores unzip normally to the surface inducing lateral collapse of the platelets
as seen in Fig.2B. The increase of J. would induce both lateral and normal stresses which
would be responsible for the sponge structure of samples. For high J, the formation of curled

platelets proves the corrosive behavior of electro-deposition.

Complementary studies using Energy dispersive X-ray analysis were carried out to estimate
the iron concentration through the depth of the porous layer. In Fig. 3, we show that Fe atomic
percentage for PSF3 sample decreases from the top to the bottom of the layer. This proves
that iron is well incorporated into the PS layer but the amount is not homogeneously
distributed in the porous layer. By an electro-deposition method, Iron is mainly deposited in
the first micrometer of the porous layer from the surface, and not at the pore bottom as in the

impregnation method.



3.2. Photoluminescence studies

3.2.1. Electro-deposition current density dependence of PL at T=300K

Fig. 4 shows the PL spectra of PS and PSF samples for different current density J.. We
observed an enhancement of the PL intensity (Ip) with increasing J.. The Ipp intensity
reached a maximum for Jo = 22uA/cm2. For J.< Joum, we note a slight blue-shift of the PL
band energy which we attributed to the increasing confinement in dots and wires that we
attribute to the decrease of the nano-crystallite sizes [23, 24]. As we have already discussed
(See Fig. 1), the pores unzip normal to the surface inducing lateral collapse of the platelet and
causing a change in the pore-morphology. So, a corrosive behavior of electro-deposition
occurs for high J., leading to a complete dissolution of silicon nano-crystallites and

accompanied of a decrease of the Ipy (Fig. 4).

3.2.2. PL and shape of crystallites

It has been proven in several studies [25, 26] that the porous p-type layer is formed by
cylindrical and spherical crystallites shapes. Thus, PS is described as a mixture of quantum
dots (QD) and quantum wires (QW) of different concentrations and sizes. The theoretical PL
spectra could be calculated by using a simple quantum confinement-based model [27, 28]
where the visible red photoluminescence (PL) is only produced in QWs and QDs. The total
PL intensity (Ipp) of PS is the sum of contributions of wire and dot emission.

IpL =y, + Ipp (1)

Where and represent the intensity contributions of wires and dots in the PL spectra

respectively and they are expressed by [27, 28]:

_ 1 .d 0.72 _

hy = kwxwAE~>1°X exp[— 3 (T2)? ((—[AEy ] 772 = 1)?] @
-3.88 1 dopy2 cp°7? -0.72 2

Ip = kpxpAE XeXP[—E(g) (_doD [AEp] - 1)7] (3)

kw and kp are suitable normalization constants. yy, and yp are the concentrations of
luminescent wires and dots, respectively, and their root mean square and. We assume a
Gaussian distribution of the diameters dy, and dj, of the wire and the dots, centered on their
mean values doy, and dgp, respectively. We have adopted the dependence of [dypy]™*°[29]
for the energy gap versus the crystallite diameter dwp). AEwm) are the confinement
contributions of QWs and QDs on the energy gap of the PS.

From the fitting of theoretical PL spectra to experimental ones (See Fig. 5), we have

determined all the optimized fitting parameters yw, xp, dow, dop, ow and op characterizing the

QWs and the QDs (See Table 1).



In Fig. 5, we present the variation of QD (QW) diameter dp (dw) as function of electro-
deposition current density J.. For low J., we observe a decrease of the diameters dp and dyy,
illustrating an etching effect of Si atoms and a reducing of crystallite sizes which induces a
blue shift of the PL band (See Fig. 4). However, for J. which is relatively high (28uA/cm?), dp
and dw do not change. This behavior is accompanied by a corrosive behavior as it has been
shown by SEM images (See Fig. 1). As for the adjusting theoretical PL spectra, an increase of
the PL intensity ratio [Ip (QW)/Ip(QD)] is first observed with electrodeposition process. This
proved that the etching process reduced the sizes of both wires and dots and preferentially
destroys the spheres. The reduction of the sizes induced a blue shift of the total PL band for
low current density (etching mechanism) and then a decrease of PL intensity occurs for high

J. due to corrosive mechanism as clearly illustrated in Fig. 4.

3.2.3. PL temperature dependence

In Fig. 7, we present the evolution of the PL maximum band energy [Ep (T)] of
samples PSF3, PSF11 and PSF22 as a function of temperature in the range [10 — 300K] under
a constant excitation power of 300 W/cm™. The Ep (T) of PSF3 and PSF11 show S-shape
variation which corresponds to a red shift with increasing temperature in the range
[10 - 60 K], a blue shift in the range [60 - 180 K] and then a red shift in the range
[180 - 300 K]. This S-shape behavior has already been observed by several authors [30-33]
and has been attributed to localized exciton (LE) by potential fluctuations induced by random
distribution of impurities, defects and alloy disorder in samples [34]. The S-shape disappears
in the case of PSF22 sample where Ep; (T) presents a temperature variation according to Bose-
Einstein model [35] (See Fig. 7c). In Fig. 7(a and b), the first S-shape redshift between 10 and
100 K is attributed to thermal relaxation of LE to absolute potential minimum [30]. With an
additional increase in the temperature, the excitons are thermally delocalized and transferred
to the higher-energy states (blueshift) above the mobility edge (ME) in the band-tail until
reaching the conduction-band edge. With a larger increase in temperature, the thermal energy
prevents the exciton localization, and the PL band follows the variation of the energy gap
according to Varshni law (second redshift). Thus, the S-shaped behavior of the PL band (Ep.
(T)) is the signature of the competition processes between the recombination of localized and
delocalized excitons. We have analyzed the S- shape using the theoretical band-tail model

[36], which is given by the following equation:
aT? o?
Eg(T) =Ego = 57~ 11 “4)

Ey(T) plays the role of the optic gap depending on temperature T. Ey is Eo(T=0), a and  the
Varshni coefficients [37, 38], and K the Boltzmann constant (K3 = 8.6173324 10°eV.k™).



The third term comes from the localization effect in which o indicates the degree of
localization, i.e., the large value of ¢ means a strong localization effect. We present in
Fig.7.a (b) the fitting of experimental values E4(T) using the equation (4) for PSF3(PSF11).
The adjusting values of Ey, a, B and o are reported in table 3. Note that for T=300K, all the
excitons are delocalized due to the thermal excitation. Thus, the energy gap is more important
in the PSF11 (Egp=1.88eV) sample than in the PSF3 (E,q,=1.78¢V) sample.

As temperature rises, the PL maximum band energy [Epi(T)] which is shown in
Fig. 7.c. shift to lower energy side and each intensity decreases with increasing temperature.
This behavior is caused by the decrease in the gap with the increase of the temperature. In fact
there are two factors responsible for the variation of the energy gap with temperature.

First, because of thermal expansion the band structure and energy band gap decreases
with increasing temperature. Second the effects of lattice vibrations and electron phonon
interaction, which induce a link of the valence and conduction band and reflect the
temperature dependence of the distribution of phonons. To describe this behavior there are
several empirical laws (Varshni, Bose-Einstein, etc).

The most frequently used empirical relation for numerical fittings of Eg(T) was first
suggested by Varshni [37, 38] and given as follows :

aT?
B+T

Where E is the transition energy at 0 K, a and 8 are the Varshni coefficients.

Vina et al [35] proposed an empirical relation, which can be expressed as:

A
Eg = EyO T e8/T_1 (6)

Where the value of the energy gap at 0 K isEgy, A is an empirical constant and 6
approximates the Debye temperatures [39].

The evolution of the peak energy of sample as a function of temperature simulated
using the Bose-Einstein (Vina law) and the Varshni equation is presented in Fig. 7c. The
adjustment parameters between 10K and 300K for the sample are listed in Table 3.

In our case, the Vina model is more accurate to the experiment data and reflects the
behavior at low and high temperature revealing the domination of the electron-phonon

interactions.

3.2.4. PL intensity study
In Fig. 8, we display the normalized integrated PL intensity for PSF3, PSFell and the
PSF22 samples as a function of temperature. When the temperature increases, we observe a

monotonic intensity decrease of the PSF22 sample while the PSF3 and PSF11 samples



witnessed two intensity decrease regions. In the low temperature region, the increasing PL
intensity indicates that more carriers were captured by the local potential fluctuations. At
higher temperatures, the carrier thermal escape from the local potential fluctuations becomes
dominant, leading to a decrease in the PL intensity. Therefore, the competition between these
two processes will exhibit a maximum PL intensity at a certain temperature Ty. It can be seen
from Fig. 8 that these samples exhibit different maximum intensity temperatures. The
confinement energies for PSF11 (E = 1.88eV) are typically shallower than for SPF3 samples
(E=1.78eV), therefore, carriers in the PSF11 will thermally escape from the local potential
fluctuations at lower temperatures, which will result in a lower Ty (Ty=140K) for the PSF11

sample.

At a low temperature of 10K, carriers in the PSF3 sample are randomly distributed among the
potential minima (Fig. 8). As the temperature increases from 10 K up to T = 120 K, weakly
localized carriers are thermally activated and relax down into other strongly localized states
and reach a saturated redistribution, resulting in the initial redshift of the peak energy and a
decrease of PL intensity. In the 120-160 K interval, increasing temperature enable carriers to
achieve the thermal equilibrium with the lattice and to occupy higher-energy levels of the
localized states, resulting thus in the blueshift of the peak energy toward the free-exciton
ground state up to T=170 K and an increase of the IPL. With a higher increase in temperature,
the thermal energy prevents the exciton localization and the line shape of the PL spectrum
becomes a characteristic line shape of the delocalized exciton recombination resulting in a
decrease of the PL intensity. In fact there are two kinds of carrier transfer processes:
i- tunneling transfer [40, 41] which occurs when the carrier energy is lower than the barrier
height. ii- classical activation transfer [40] due to thermal activation across the barrier which
is negligible at the low temperatures. Due to the effect of the different carrier injection
processes the emission intensity of samples could be changed. Increasing temperature could
enhance the tunneling rate. However, the thermal dissociation of excitons increases with

temperature promoting the escape of excitons from QD to QW.

The integrated PL intensity of samples as a function of reciprocal temperature is
displayed in fig 9. On the basis of the excitons - tunneling and dissociation model, the
temperature dependence of the PL intensity from the QD and QW can be expressed by the
equation bellow [42]:

+D. (7)



The first and second terms of equation represent the excitons tunneling and the thermal
dissociation respectively. A, B, C and D are constants, E; is the LO-phonon energy of
tunneling assistance, E, is an activation energy of thermal dissociation and Kp is Boltzmann’s
constant. By fitting the experimental data for the PSF3 (PSF11) samples (fig9), we obtain
A<0, E1=15.8meV (E;=12.83meV) and E,= 16.8meV (E;= 13.45meV).

It is easy to find that the contribution of the exciton tunneling to the emission from the PSF3
(PSF11) samples is negative, which implies that the exciton tunneling can reduce the

emission.

By fitting the experimental data for PSF22, we obtain E;= 66meV and E,= 68meV. The
value of E; is close to the LO-phonon energy of silicon barrier (63meV). However the value
of activation energy is much larger than that of PSF3 and PSF11 and the binding energy of the
exciton in the Si bulk (the exciton binding of silicon=15meV). Therefore, in a nanoparticle
exciton cannot be broken up by thermal phonons, thus, the higher activation energy possibly

associated to the exciton tunneling process [43].

4. Conclusions

In summary, we have studied PL of PSF at different temperatures and current
densities. According to this study, we observed anomalous emission behavior due to the
presence of strong potential fluctuations in the material, which could be at the origin of the S-
shape of the PL band temperature dependence. Typical surface morphology is observed in
PSF. The observed PL behavior was associated to the competition between localized exciton
and free exciton recombination. The PL is explained using quantum confinement model
which well described the typical observed morphology of PSF surface. The increase of
electro-deposition current density promotes the transformation of spherical crystallites to
cylindrical ones and induced an important fluctuating potential. Temperature dependent PL of
SPF3 and SPF11 samples show the thermal quenching with increasing temperature. PL peak
energy shows S-shaped behavior, i.e., a redshift-blueshift-redshift with increasing
temperature. This S-shaped behavior of PL peak energy can be explained by localized exciton
model. At low temperature, recombination occurs due to the localized states. At high
temperature, a blueshift occurs due to carriers escape into the LE states. With further increase
of temperature, the band gap evolution follows the Bose-Einstein model. The S-shaped
temperature dependence was not observed for the rest of samples.
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Figures and tables captions

Figure 1: SEM of PS as prepared (A), PSF3 [J=3pA/cm’] (B), PSF22 [J=22uA/cm?] (C) and
PSF32 [J=32pA/cm’] (D).

Figure 2: SEM of cross-section of PS, PSF3, PSF22 and PSF32 structures for J = OpA/cm’® (A),
J=3pA/em’ (B), J = 22uA/cm’ (C) and J = 32pA/em” (D) respectively.

Figure 3: Variation of Fe atomic percent as a function of the deep in the porous layer of SPF3.

Figure 4: PL spectra of PS and PSF samples for different electro-deposition current.

Figure 5: Theoretically calculated PL contributions of dots (QD) and wires (QW) in the

experiment PL spectra (full curve) at T=300K for different electro-deposition current

density J.: a- J.= 0 pA/em? (PS), b- J=22pA/cm® (PSF22), c- J=32uA/cm? (PSF32).

Figure 6: Adjusted diameters of dots (continuous line) and wires (dashed line) of samples etched

at different electro-deposition current intensities.

Figure 7: PL band energy (EpL) as a function of temperature of samples PSF3, PSF11 and
PSF22.The solid curve is calculated using the Gaussian band-tail model described in
Ref [36] for samples of PSF3 and PSF11. Note that Bose-Einstein model is a very

good agreement with experimental data for sample PSF22.

Figure 8: The temperature dependence of the normalized integrated PL intensities for samples

PSF3, PSF11 and PSF22.
Figure 9: Integrated PL intensities as a function of the reciprocal temperature for PSF3, PSF11

and PSF22 samples.

Table 1: Optimized fitting parameters giving the theoretical curves shown in Fig. 5.
Table 2: Optimized fitting parameters giving the theoretical curves shown in figure 7.
Table 3: Adjustment Parameter for Varshni relation and the Bose-Einstein statistics

(Vina law).
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Figures caption

Figure 1: SEM of PS as prepared (A), PSF3 [J=3pA/cm’] (B), PSF22 [J=22uA/cm?] (C) and
PSF32 [J=32pA/cm’] (D).



Figure 2: SEM of cross-section of PS, PSF3, PSF22 and PSF32 structures for J = OpA/cm’ (A),
J=3pA/em’ (B), J = 22puA/cm’ (C) and J = 32pA/em” (D) respectively.

Figure 3: Variation of Fe atomic percent as a function of the deep in the porous layer of SPF3.
Figure 4: PL spectra of PS and PSF samples for different electro-deposition current.
Figure 5: Theoretically calculated PL contributions of dots (QD) and wires (QW) in the

experiment PL spectra (full curve) at T=300K for different electro-deposition current

density J.: a- J== 0 pA/em?® (PS), b- J=22uA/cm® (PSF22), c- J=32pA/cm? (PSF32).

Figure 6: Adjusted diameters of dots (continuous line) and wires (dashed line) of samples etched

at different electro-deposition current intensities.

Figure 7: PL band energy (Ep.) as a function of temperature of samples PSF3, PSF11 and
PSF22.The solid curve is calculated using the Gaussian band-tail model described in
Ref [36] for samples of PSF3 and PSF11. Note that Bose-Einstein model is a very

good agreement with experimental data for sample PSF22.

Figure 8: The temperature dependence of the normalized integrated PL intensities for samples

PSF3, PSF11 and PSF22.
Figure 9: Integrated PL intensities as a function of the reciprocal temperature for
PSF3, PSF11 and PSF22 samples.

Table 1

Samples J. (UA/em?)  xp(%) xw(%)  dop(nm)  dow(nm) e (QW)/ I (QD)

PS - 0.79 0.21 3.2 2.7 0.4

SPF11 11 0.42 0.57 3.1 2.5 2.04
SPF22 22 0.77 0.23 3.2 2.6 0.49

SPF28 28 0.50 0.50 3.1 2.5 1.52

SPF32 32 0.71 0.23 3.1 2.6 0.49




Table 2

Samples Jo (WA/cm?) Ego a B o
SPF3 3 193 1.58 700 36.7
SPF11 11 1.97 1.58 579.5 23
Table 3
Varshni law Vina law

Pic position : 1.8216 eV

E,=1.8342 eV E,=1.8288 eV
0=0.6 meV/K A=0.693 eV
B=799 K ©=799.8 K

Tables caption
Table 1: Optimized fitting parameters giving the theoretical curves shown in Fig. 5.
Table 2: Optimized fitting parameters giving the theoretical curves shown in figure 7.

Table 3: Adjustment Parameter for Varshni relation and the Bose-Einstein statistics (Vina law).
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