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Abstract Passivation of porous silicon (PS) by LaF3 by a novel chemical-bath technique has been investigated in this
report. The porous silicon surface has been passivated with LaF3 by reacting LaCI3 with HF in the etching chamber at room
temperature. Without removing the porous silicon fromthe anodizing chamber LaF3 as a result of chemical reaction between
LaClI3 and HF was allowed to passivate the PS surface. Several cycles of reaction that gives the various thickness of LaF3
layer on PS have been investigated. The Scanning Electron Microscopy (SEM) on the surface of LaF3/PS/Si structure
confirms the LaF3 film deposition on PS layer. The X-ray diffraction (XRD) of the deposited layer revealed a hexagonal
nanocrystalline LaF3 deposition. The as-deposited thin (10-cycle) LaF 3 layer contained very low concentration of lanthanum
(La) and fluorine (F). The concentration of La and F started increasing with the increase in reaction cycle. But the
photoluminescence (PL) of as deposited-LaF3 passivated PS was lower than that of fresh PS. Annealing the just passivated
PS structure recovered the PL intensity. Experimental results show that the optimized chemical bath passivation process for

the LaF3 on porous silicon could enable the porous silicon to be an important material for photonic application.
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1. Introduction

Porous silicon (PS) has the potentiality to emit visible
light and it is expected that this material can be effectively
used to fabricate silicon-based visible light emitting devices
and optical interconnections. A disadvantage of this material
is the aging, that is, the slow spontaneous oxidation of PS[1].
A native oxide layer forms on the surface of the pores and the
thickness of this oxide layer grows with time. Due to the
aging effect, the structural and optical properties of PS show
continuous change with storage time[1]. Passivation of PS is
very important for the stabilization and enhancement of
room-temperature photoluminescence (PL) of PS.[2]. The
surface defects passivation can be achieved from various
chemical adsorbates by severaltechniques[3-5]. In this work,
an attempt has been made to grow an epitaxy of Lanthanum
Fluoride (LaF3) on PS surface, as a passivation step, aiming
to obtain stable and enhanced luminescence of PS layers.
LaF; is a large band-gap (about 10.3 eV)[6] material having
a hexagonal crystal structure with a refractive index
ofl.61[7]. LaF; thin films exhibit extremely good moisture
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resistance, therefore they are very useful, e.g., for protecting
optical components[8]. As a passivating layer LaF3 has been
grown on PS in various ways such as thermal evaporation
and e-beam evaporation[9]. Thin films deposited by thermal
evaporation are known to possess a columnar microstructure
that strongly influences many of their properties[10]. But in
this process just prepared PS needs to be transferred to the
vacuum coating unit for deposition. Due to extremely high
reactivity of the just prepared PS, during this time of drying
and transferring the PS to the coating unit oxygen
passivation occurs and that is believed to degrade the PL
intensity [11, 12]. Moreover it is very difficult to passivate
the silicon inside the pores by physical deposition technique.
In the quest of finding a way of in-situ passition of LaF3 on
the PS so that the PS needs not to be exposed to ambient air
before passivation and pores are well passivated, we propose
a novel technique quite similar to chemical bath deposition
of LaF;s. This technique is very simple and contains only
one-step. In this CBD of LaF3 technique, LaCls is allowed to
react with HF which produces the LaFs. When this reaction
is done in the PS etching chamber the LaF; crystallizes on
the PS surface and passivates the surface dangling bond of
the just prepared PS. This report investigates the structural
and optical properties of the novel CBD-LaF3/PS system.

2. Experimental
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Anodic etching was carried out on a (100) oriented
phosphorous doped n-type c-Si of 1-2 Q.cmresistivity using
an electrolyte of HF (48%) and ethanol (98%) in 1:1
proportion undera constant current density of 15 mA/cm? for
30 min at room temperature. The electrochemical
anodization of Si wafer was done using a double tank cell
set-up as shown in Fig-1. The wafer was cut into pieces and
these pieces of Si wafer were cleaned by successively
immersing in acetone, ethanol and deionized water. The
electrolyte consisted of HF: C,HsOH in the ratio of 1:1 by
volume. The etching was done at a current density of 15
mA/cn?. A 100W tungsten lamp was used for illumination
from 15 cm distance. After 30 minute anodization, the
etching solution and back contact solution was drained out
keeping the samples in the etching chamber. The same
double-tank chamber in the upright position is used for LaF3
deposition (Fig 2). Fresh HF was then introduced in the
chamber to wash out any remaining etching solution on the
chamber. After draining out the HF that used for washing,
0.2 M solution of LaCl; and 48% HF were introduced
simu ltaneously into the etching chamber through the “HF in”
and “LaCl; in” channels to do the chemical reaction.
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Figure 1. Schematic drawing of a double-tank chamber for PS fabrication
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Figure 2. Double-tank chamber in upright position for chemical bath
deposition of LaFs

The chemical reaction that produces LaFj is pretty simple,
at room temperature, the addition of hydrofluoric acid to an
aqueous solution of lanthanum chloride precipitates out
lanthanum fluoride, LaF3[13]. The formation of white
precipitate (LaFz) confirmed the mechanism of film
formation.

LaCl; + 3HF — LaF; + 3HCI
The solution inside the etching chamber was stirred for 10

seconds and resulting LaFz crystals were allowed to
passivtate the PS layer for 4 min. Aftereach cycle of reaction
the solution was drained out through the “Solution out”
channel and a new solution was introduced into the chamber
for the next deposition cycle. In this case, the deposition
results from a chemical reaction in solution, which may
involve the surface silicon atoms, and in this case, we will
speak of chemical grafting of the surface, and why the
reaction is limited to the formation of one monolayer[14].
The whole process was repeated to obtain the various
thickness of LaFz on to PS. After completing the required
cycle the wafer was removed from the chamber, rinsed with
de-ionized water and dried in air at roomtemperature. In the
first case,

3. Results and Discussion

(c)
Figure 3. SEM imageofthetop surfaceof (a) 10 (b) 20 and (c) 30 reaction
cycles-grown LaFs/PS/Si structure

Itis interesting now to examine the growth of the LaFs in
terms of morphology. As shown in Fig 3 the surface
morphology and chemical co mposition of LaF3 surface in the
LaF3/PS/Si heterostructure were examined by SEM and
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EDX analysis. Surface of LaFz for 10 deposition-cycles is
shown in Fig. 3(a). Here the pores of the porous silicon are
still visible indicating a very thin LaF3 layer on PS, which is
also evident from the corresponding EDX spectra as shown
in Fig 4.
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Figure 4. EDX spectra of 10-reaction cycle LaFson PS

The quantitative analysis shows a very low concentration
of lanthanum and fluorine (0.06 at.%) compared with the
silicon concentration (64.3 at.%) and oxygen (35.56
at.%).The SEM image and the corresponding EDX spectra of
20 and 30-cycle of LaF; deposition has been shown in Fig
3(b) and (c). As the number of cycle of deposition increases,
the LaF; covers the whole pores and surface and the
concentration of lanthanum and fluorine increases to 0.4
at.% and 2.84 at.% respectively. Fig 5 shows the growth of
La and F with deposition cycle.
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Figure 5. Growth of Laand F

Since in the chemical reaction our source of F was only
HF, even the 10-reaction cycle could not make appreciable
passivation. The resulting LaF3 film was not stoichiometric.
The fluorine to lanthanum ratio was 9 instead of 3. This is
quite normal for the as-deposited films. The Fig. 6 tells us
another story, as the reaction cycle increases the amount of
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Cl and also oxygen decreases. At the surface of 30-reaction
cycle, there was no Cl but an appreciable amount of oxygen
that might have incorporated during the crystallization
process. Voids and large amounts of cracks were found on
the thinner LaF3 surface (Fig 3(b)). For thicker surface the
voids disappeared, but a high density of cracks can be
noticed.
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Figure 6. Growth of oxygen and Cl with reaction cycle

The structural analysis of LaF3 thin film was carried out
using X-ray diffractometer vary ing diffraction angle 20 from
20°to 60< Fig. 7 shows the XRD pattern of LaF; thin film
deposited by CBD method onto the PS. The presence of a
number of peaks in pattern is the indication of
polycrystalline nature of the material.
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Figure 7. XRD spectra of as-deposited LaF; thinfilm

The position and the relative intensity are identified from
the ICSD file. The position of these peaks closely resembles
of hexagonal (P-3c1) and polycrystalline structure with ref
01-082-0687. The comparison of the observed diffraction
peak pattern with standard diffraction data confirmed that the
deposited material is the hexagonal LaFs;. The individual
crystalline size in the films has been determined using
Scherer’s formula, and was found of the order of9-13 nm.

PL of various LaFz-passivated PS samples were
investigated. An excitation wavelength of 320 nm was used
for the PL studies. We obtained Gaussian shaped PL with a
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peak around 636 nm. The PL spectra of PS containing three
different layers of LaF3 have been compared in Fig 8. These
results clearly show that no interaction between LaFz and PS
has occurred in the LaF3/PS system under the described
condition. The mixture of two materials did not modify their
intrinsic properties. The PL intensity was lowest for the 10
reaction cycle where according to the ED X analysis, amount
of La and F were very low but oxygen was highest. This
reduced intensity was lack of surface passivation. The
intensity was highest for the 20 reaction cycle. As the LaF3
got thicker (30 reaction cycle) the LaF3 layer became less
transparent and why the intensity was less than that of 20
reaction cycle.
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Figure 8. PL sectraof PSpassivated by LaFs with different reaction
cycle
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Figure 9. PL invegtigation of 20 cycle-deposited LaFz on PS

As shown in Fig 9, the PL intensity ofthe as-passivated PS
suffered by aging. When the whole structure was annealed at
400C for 10 minute the PL intensity was recovered. During
the chemical deposition of LaF; oxygen was also
incorporated in the LaFs film probably as water molecule
that with time degrades the PL intensity. When heat treated,
the oxygen goes away and the PL was recovered.

4. Conclusions

Porous silicon has been tried to passivate with LaFj
deposited by a novel chemical-bath technique that involves
only one-step chemical reaction of LaCl; and HF. The EDX
analysis shows that the amount of lanthanum and fluorine
increases as the reaction cycle increases. The deposited LaF;
film was amorphous in nature. For a 320 nm excitation the
PL peak appeared around 636 nm. The PL showed aging but
heat treatment (annealing) could recoverthe PL intensity due
to annealing. It can be concluded that optimized thickness of
LaF; deposited in this novel CBD technique may enable the
porous silicon to be an important photonic material.
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