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rodeposition process using ionic
liquid to grow highly luminescent silicon/rare earth
(Er, Tb) thin films with tunable composition

Shibin Thomas,a Jeremy Mallet,*a Hervé Rinnertb and Michael Molinari *a

A one-stepmethod for the electrodeposition of silicon–erbium (Si/Er) and silicon–terbium (Si/Tb) thin films

using room temperature ionic liquid (RTIL) has been successfully developed. By playing with the

electrochemical parameters, the concentration of incorporated rare earth (RE) ions (Er3+ and Tb3+) in the

thin films can be tuned. The obtained thin films have been characterized by electron microscopy and

composition analysis techniques. The structural quality of the obtained thin films is characterized by

a uniform distribution of Si atoms and RE ions throughout the thickness. The study of the optical

properties, carried out by photoluminescence (PL) spectroscopy, demonstrates the efficient optical

activity of the films with typical Er and Tb luminescence at room temperature depending on the RE

content. The deposition method described is a promising strategy for incorporating RE ions in

semiconducting thin films to achieve materials for opto-electronic applications.
1. Introduction

Rare earth doped semiconductors are intensively studied due to
their unique electronic and optical properties.1,2 RE ions are
characterized by their narrow and efficient emission lines in the
visible and near infrared (NIR) range which are almost insen-
sitive to their host matrices due to the shielding effect of outer
5s and 5p electrons. Among the RE ions, Er3+ has gained more
attention because of its highly efficient light emission at 1.53
mm.3 Similarly, Tb3+ has strong radiative intra 4f transitions in
the visible wavelengths close to the typical blue-green colour.4

So, materials incorporating these ions are considered as
potential candidates in modern opto-electronics. As silicon is
currently the most leading functional material for industrial
applications, RE incorporation in Si represents a promising way
of developing silicon based opto-electronics. RE incorporated Si
materials are widely used for applications in telecommunica-
tion,5 photovoltaics6,7 and display applications such as electro-
luminescence8,9 or Light Emitting Diodes (LEDs).10

A great number of techniques have been developed to
incorporate the RE ions into silicon, such as ion implantation,11

magnetron co-sputtering12,13 and plasma enhanced chemical
vapour deposition (PECVD).14,15 However these current
synthesis methods involve constraining deposition conditions
such as high vacuum, high temperature, different steps of
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growth and the use of potentially dangerous precursors which
makes these processes complicated and expensive. Therefore,
the development of low cost and non-constraining alternative
techniques for the RE incorporation in Si is of primary
importance.

Electrochemical growth methods have emerged as low cost
techniques as it operates low temperatures and does not involve
any high vacuum or other constraining conditions. Electrode-
position of metals and semiconductor compounds from
aqueous electrolytes has been extensively studied by various
researchers and it is currently a well-established eld. However,
elemental Si and RE metals cannot be electrodeposited from
aqueous electrolytes due to their large reduction potential and
also to the high reactivity of the common precursors such as Si
or RE halides with water. Besides, the RE metals are highly
corrosive in aqueous medium as they react with water to give
hydrogen and metal hydroxides or oxides.16 Hence, the elec-
trodeposition of Si and RE metals requires the use of a non-
aqueous electrolytic medium such as RTILs,17–19 organic
solvents20–22 or molten salts.23–25 Among these solvents, the
RTILs offer a number of advantages such as wide electro-
chemical window, high ionic conductivity, superior thermal
stability and negligible vapour pressure.26 In addition to being
less corrosive than other non-aqueous electrolytes, RTILs allow
deposition at relatively lower temperatures. Additionally, they
offer high solubility to most of the semiconductor and reactive
metal salts, including the salts of rare earth metals, facilitating
their use as the solvent for electrodeposition.

There have been a number of reports on the electrodeposi-
tion of elemental Si or its alloys from RTILs.27–32 However, the
use of RTILs for the deposition of REmetals is not well attended
RSC Adv., 2018, 8, 3789–3797 | 3789
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and there have been only very few attempts towards the reali-
zation of it.33,34 A comparison of the Er3+ electroreduction from
different non-aqueous electrolytes including quaternary
ammonium based ionic liquids has been reported recently by
Small et al.,35 however, obtaining RE deposits with high purity
remains challenging. To our knowledge, there are no other
reports on the use of RTILs for the electrodeposition of Er and
Tb, which are highly important dopants in Si based opto-
electronic materials. These two RE metal ions differs in their
optical emission properties, Er3+ emitting in the Near Infra-Red
(NIR) and Tb3+ emitting in the visible range of the electromag-
netic spectrum which enables to cover a large eld of applica-
tions. Electrochemical incorporation of RE ions in silicon has
been demonstrated in the literature,36–39 however, the technique
is only limited to the porous Si (p-Si) systems which is a fragile
material and suffers from instability issues to consider for opto-
electronic applications. Additionally, the technique is a two-step
approach where the p-Si is fabricated by anodic etching process
in the rst step followed by the incorporation of RE ions by
electrochemical polarisation. The involvement of multi-step
fabrication routes and the requirement of potentially
dangerous chemicals such as HF makes the process complex
and inappropriate for large scale production.

The present study demonstrates the successful electrode-
position of metallic Er and Tb with high purity from RTIL for
the rst time, and develops a novel electrochemical approach
for obtaining Si/RE thin lms by co-depositing RE metals with
Si. Besides, it is shown that the RE content in Si thin lms can
be tuned by controlling the electrochemical parameters. Finally,
the luminescence properties of the deposited Si/RE thin lms
have been investigated to conrm the potential of the materials
for applications in modern opto-electronics.

2. Experimental

For the present study, 1-butyl-1-methylpyrrolidinium bis(tri-
uoromethylsulfonyl)imide ([Py1,4]TFSI) ionic liquid purchased
from Solvionic was used as the solvent for electrodeposition of
REmetals and Si. The quality of [Py1,4]TFSI given by the supplier
is 99.99%. In order to reduce the water content, the IL was dried
under vacuum at 100 �C for at least 5 days. The drying of the IL
was performed in an argon lled glove box (Innovative Tech-
nology) with oxygen and moisture content below 1 ppm. Silicon
tetrachloride (99.998%), erbium chloride (99.99%) and terbium
chloride (99.99%) purchased from Sigma Aldrich were used as
the precursors for silicon, erbium and terbium respectively.

All the electrochemical studies were performed inside an
Argon lled glove box using a three electrode based electro-
chemical cell. n-Doped silicon (100) substrate was used as the
working electrode for the deposition. Prior to use, the Si
substrates were treated with ammonium uoride–hydrouoric
acid mixture etching solution to remove the natural oxide (SiOx)
layer on the surface. Platinum wire was used as the quasi-
reference electrode which provides relatively stable electrode
potentials for the present electrochemical studies. A platinum
wire was used as the counter electrode. Utmost care was given
for the cleaning and drying of the electrochemical cell and the
3790 | RSC Adv., 2018, 8, 3789–3797
electrodes before performing the electrochemical experiments.
All the electrochemical measurements were done using a Vol-
talab PGZ 100 potentiostat/galvanostat controlled by Volta-
master 4 soware. The experiments were carried out at
a controlled temperature of 70 �C which enables to limit
possible heating effects during the process and thus enhances
its reproducibility. The surface morphology of the deposited
thin lm was obtained by a Scanning Electron Microscopy
(SEM, HITACHI S-3400N). The chemical composition of the
deposit was analysed by Energy Dispersive X-ray spectroscopy
(EDX) coupled to the SEM. The composition and homogeneity
of the thin lms were further analysed by Secondary Ion Mass
Spectrometry (SIMS). The photoluminescence (PL) spectra were
obtained using the 325 nm line of a He–Cd laser for the exci-
tation and the sample emission was collected with a mono-
chromator equipped with an InGaAs photomultiplier cooled at
140 K.

3. Results and discussion
3.1. Electrodeposition of Si

In order to study the electrochemical stability of the RTIL and to
understand the electrochemical processes at the interface,
Cyclic Voltammetry (CV) was performed. Fig. 1a shows the CV's
of pure [Py1,4]TFSI (dashed line) and 0.01 M SiCl4 in [Py1,4]TFSI
(solid line) recorded on Si (100) substrate at a scan rate of 10 mV
s�1. The CV of pure [Py1,4]TFSI does not show any cathodic
reduction peaks till �3.5 V, which indicates the stability of the
IL in the cathodic scan. The rise of current below �3.5 V could
be attributed to the breakdown of the organic cation, i.e. the
cathodic reduction of [Py1,4]

+ cation. The CV of the [Py1,4]TFSI
conrms that the IL is pure, dry and electrochemically stable
enough to be used as the solvent for electrodeposition. The
electrochemical window of [Py1,4]TFSI is calculated to be around
5 V. The high electrochemical stability of the IL, especially in the
cathodic regime, makes possible the electrodeposition of
semiconductors and RE metals. As can be seen in the Fig. 1a,
the CV of 0.01 M SiCl4 in [Py1,4]TFSI exhibits two reduction
peaks, observed at �1 V and �2.5 V in the cathodic scan. The
origin of the reduction peak at �1 V is not yet fully understood,
however it could be related to some charging/discharging
process occurring at the interface. In order to conrm that
this reduction peak is not related to the electro reduction of Si,
electrodeposition has been done by applying potentials between
�1 V and �2 V. No observable deposits have been obtained on
the substrate. The reduction peak at �2.5 V is due to the bulk
reduction of silicon onto the working electrode, which is
conrmed by the EDX analysis of the yellowish white lm ob-
tained on the substrate.

Fig. 1b shows the top view SEM image of the Si deposit ob-
tained by applying a constant potential of �2.7 V for 1 hour at
70 �C. The deposition leads to the formation of a homogeneous
Si thin lm on the electrode. The morphology of the deposit
reveals the roughness of the lm containing few cracks on the
surface. These cracks observed at high magnication (Fig. 1b)
could be a result of internal stresses during the deposition. EDX
analysis (inset of Fig. 1b) performed simultaneously with SEM
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) CV (scan rate of 10 mV s�1) of pure [Py1,4]TFSI (dashed line)
and [Py1,4]TFSI with 0.01 M SiCl4 (solid line) on Si (100) substrate vs. Pt
at 70 �C. (b) Top view SEM image of the Si thin film obtained by
potentiostatic deposition at �2.7 V vs. Pt. Inset shows the EDX profile
of the Si deposit. (c) Cross-section SEM image of the Si thin film.

Fig. 2 (a) CV (scan rate of 10mV s�1) of [Py1,4]TFSI with 0.01 M ErCl3 on
Si (100) substrate vs. Pt at 70 �C. (b) Top view SEM image of the Er thin
film deposited by applying �3.2 V vs. Pt. Inset shows the corre-
sponding EDX spectrum (c) CV (scan rate of 10 mV s�1) of [Py1,4]TFSI
with 0.01 M TbCl3 on Si (100) substrate vs. Pt at 70 �C. (d) Top view SEM
image of Tb thin film deposited by applying �3.2 V vs. Pt. Inset shows
the EDX spectrum obtained from the deposit.
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imaging shows that the thin lm consists of only Si and O. No
other impurities were detected in the detection limit of the EDX
spectroscopy. The presence of oxygen is due to the oxidation of
Si in air during the storage of deposit prior to the SEM and EDX
observation. Fig. 1c shows the cross-section SEM image of the Si
thin lm. It is clear from the image that the thin lm growth
occurs in a laminar fashion resulting in a dense compact lm at
the end. The thickness of the deposit is measured to be 1.6 mm.
Careful examinations of the SEM images, supported by the
similarities of the present growth conditions with previous
reports,27,28,40 suggest that the deposited Si is amorphous in
nature. The above results shows that pure a-Si thin lm was
electrodeposited from [Py1,4]TFSI, which is an important
preliminary step for the further studies described in this article.
3.2. Electrodeposition of RE (Er, Tb) metals

Prior to perform the co-deposition of RE metals with Si, the
possibility of electrodeposition of pure REmetals from RTIL has
been studied. The results described below shows the successful
electrodeposition of pure Er and Tb metals from RTIL.

3.2.1. Electrodeposition of pure Er. Fig. 2a shows the CV of
[Py1,4]TFSI with 0.01 M ErCl3 on Si (100) substrate vs. Pt at 70 �C.
This journal is © The Royal Society of Chemistry 2018
The CV has no signicant reduction peaks till �1 V. A small
increase in current density is observed from �1 V to �2.4 V,
which turns into a steep increase from �2.5 V to �2.7 V in the
cathodic scan. The origin of these reduction currents is not well
understood now and a detailed investigation on the electro-
chemical behaviour of ErCl3 in RTIL will be required, which is
beyond the scope of this study. Electrodeposition has been done
by applying potentials more positive than�2.6 V and we neither
observed any microscopic deposit nor a colour change on the
substrate. The growth rate of Er above�2.6 V could be too low to
observe any deposit. The onset of Er metal reduction is observed
at �2.7 V in the CV. The reduction plateau observed at �3 V
corresponds to the bulk reduction of Er metal onto the working
electrode, which is conrmed by the successful electrodeposi-
tion of Er at this potential range. The rising current aer �3.2 V
is due to the irreversible reduction of the organic cation in
[Py1,4]TFSI.

Aer identifying the reduction potential of Er from the CV,
potentiostatic electrodeposition was performed by applying
�3.2 V for 1 hour onto Si (100) substrate using 0.01 M ErCl3 in
[Py1,4]TFSI at 70 �C. The surface morphology of the obtained
deposit was characterized by the SEM. Fig. 2b shows the
representative top view SEM image obtained from the metallic
Er thin lm. It can be observed from the image that the
potentiostatic deposition leads to a homogeneous deposition of
Er on the substrate. The surface of the metallic thin lm is
rough and contains few micrometre sized clusters. The chem-
ical composition of the thin lm was analysed by EDX (Fig. 2b
inset) which gave signals of mainly Er with no signicant
impurities or oxygen in the detection limit, meaning that the
RSC Adv., 2018, 8, 3789–3797 | 3791
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Fig. 3 (a) CV (scan rate of 10 mV s�1) of [Py1,4]TFSI with 0.01 M SiCl4
and 0.01 M ErCl3 (solid line) on Si (100) substrate vs. Pt at 70 �C. The
dashed line represents the CV of [Py1,4]TFSI with 0.01 M SiCl4 alone. (b)
Top view SEM image of the Si/Er thin film obtained by applying �3.2 V
vs. Pt. (c) The EDX spectrum obtained from the Si/Er thin film. (d) SIMS
depth profile of the deposit.
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deposited thin lm comprises of pure Er metal. The Si signal
observed in the EDX spectrum is due to the Si (100) substrate
used for deposition.

3.2.2. Electrodeposition of pure Tb. Fig. 2c shows the CV of
[Py1,4]TFSI with 0.01M TbCl3 on Si (100) substrate vs. Pt at 70 �C.
Similar to the CV of ErCl3 in [Py1,4]TFSI, the present CV also
shows a small increase in current density from�1.2 V to�2.5 V,
the origin of which is unclear now and needs further investi-
gation. The peak shoulder observed at �3 V corresponds to the
bulk reduction of Tb3+ ions into metallic Tb. No observable
deposit was obtained by applying potentials more positive than
�2.6 V.

Metallic Tb was potentiostatically electrodeposited onto Si
(100) substrate from 0.01 M TbCl3 in [Py1,4]TFSI by applying
�3.2 V for 1 hour at 70 �C. Fig. 2d shows the top view SEM image
of the deposited Tb thin lm. The thin lm evolves as a smooth
homogeneous layer on the substrate. The EDX analysis (Fig. 2d
inset) reveals the presence of Tb and O in the thin lm. Metallic
Tb is well known for its affinity towards oxygen.41 The Tb deposit
undergoes oxidation in air to form its oxides (Tb1�xOx) as it is
exposed to the ambient atmosphere. The Si signal is arising
from the Si (100) substrate used. The result shows that pure Tb
thin lm is successfully electrodeposited from the RTIL, which
turns into Tb1�xOx once exposed to the air.
3.3. Co-deposition of RE (Er, Tb) metals with Si

Understanding the potential for RTILs in electrodepositing
both Si and RE (Er, Tb) metals is mandatory to study the
possibility of co-depositing Si with REmetals, as the principle of
the co-deposition is to use the two precursors (Si and RE) in the
solution and to work at a given potential appropriate for the
deposition of the twometals. The results of the investigation are
described below.

3.3.1. Si/Er thin lms. The co-deposition was performed
using electrolytic solution containing both the Si and Er
precursors. The solid line in Fig. 3a shows the CV of [Py1,4]TFSI
with 0.01 M SiCl4 and 0.01 M ErCl3 on Si (100) substrate vs. Pt at
70 �C. The dashed line in the graph represents the CV of [Py1,4]
TFSI with 0.01 M SiCl4 alone, given here for an easy comparison
of the reduction processes. The electrolytic mixture of 0.01 M
ErCl3/0.01 M SiCl4 in [Py1,4]TFSI contains two electro-active
cations, Si4+ and Er3+ ions. Accordingly, the CV of the electro-
lyte shows two prominent reduction peaks; a peak shoulder at
�2.5 V and the other peak at �3 V as can be identied from
Fig. 3a. In comparison with the CV of 0.01 M SiCl4 [Py1,4]TFSI, it
is clear that the peak shoulder at�2.5 V corresponds to the bulk
reduction of Si. The additional peak present at �3 V is assigned
to the reduction of Er3+ ions. The current density recorded
between�1.2 V and�2.2 V does not contribute to the reduction
of any elements of interest for the present study.

The CV was used to determine the potential range for per-
forming the co-deposition of Si with Er. The co-deposition of Si/
Er thin lm was done potentiostatically by applying�3.2 V for 1
hour at 70 �C. Fig. 3b shows the top view SEM image of the
deposited Si/Er thin lm. It can be seen clearly from the image
that the deposit comprises of a thin lm homogeneously
3792 | RSC Adv., 2018, 8, 3789–3797
covering the substrate with some roughness observed on the
surface. The deposit grows uniformly in the beginning of the
deposition to make a smooth thin lm covering the electrode.
As the deposition progresses, the higher electrical resistance of
the deposited Si/Er layer and the internal stresses formed at the
surface cause non-uniform distribution of the particles, leading
to the formation of micro islands and small cracks on the
surface. X-ray diffraction experiments (not shown here) shown
that the deposited thin lm is amorphous in nature. In order to
conrm the presence of Er in the Si thin lm, EDX analysis was
performed on the deposit. Fig. 3c shows the EDX spectrum for
the Si/Er deposit. The spectrum shows the signals correspond-
ing to Si, O and Er which indicates clearly the successful
incorporation of Er in the Si thin lm. The presence of oxygen is
due to the unavoidable oxidation of Si in the atmosphere. An
estimation of the elemental composition of the thin lms using
EDX shows that the content of Er in the thin lm varies between
8–13 atomic percentages (at%). In order to gain insights on the
homogeneity of the thin lm along the thickness, SIMS depth
prole analysis has been performed on the deposit. Fig. 3d
shows the SIMS depth prole of the Si/Er thin lm. The depth
prole reveals the signals of Si, Er and O. As can be seen from
the spectrum, the thin lm has uniform composition
throughout the depth, demonstrated by the uniform ionic
yields of Si, Er and O starting from the uppermost surface till
the substrate interface.

3.3.2. Si/Tb thin lms. A similar procedure has applied to
co-deposit Si and Tb. Fig. 4a represents the CV of [Py1,4]TFSI
with 0.01 M SiCl4 and 0.01 M TbCl3 (solid line) on Si (100)
substrate vs. Pt at 70 �C. In comparison with the CV of 0.01 M
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) CV (scan rate of 10 mV s�1) of [Py1,4]TFSI with 0.01 M SiCl4
and 0.01 M TbCl3 (solid line) on Si (100) substrate vs. Pt. at 70 �C. The
dashed line represents the CV of [Py1,4]TFSI with 0.01 M SiCl4 alone. (b)
Top view SEM image of the Si/Tb thin film obtained by applying �3.2 V
vs. Pt. (c) The EDX spectrum obtained from the Si/Tb thin film. (d) SIMS
depth profile of the deposit.

Fig. 5 Schematic representation of the cathodic potential regions for
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SiCl4 in [Py1,4]TFSI (dashed line), it is clear that the Si reduction
in the electrolytic system occurs at �2.5 V. The second peak
shoulder observed at�3.2 V corresponds to the reduction of the
Tb3+ ions. In comparison with the Si/Er CV shown in Fig. 3a, the
present CV is characterized by the presence of an apparent peak,
instead of a shoulder, related to the Si4+ reduction. This is
because of the lower rate of reduction observed for Tb3+ ions
compared to Er3+ ions, so that the reduction waves corre-
sponding to Si4+ and Tb3+ are not getting overlapped in the CV.
Also, it should be noted that the Er3+ reduction peak is observed
at �3 V while the peak corresponding to Tb3+ is slightly shied
and obtained at�3.2 V. No other signicant reduction peaks are
observed in the CV.

The co-deposition of Si/Tb thin lm was done potentios-
tatically onto Si (100) substrate by applying �3.2 V for 1 hour at
70 �C. Fig. 4b shows the top view SEM image of the obtained Si/
Tb thin lm. Contrary to the Si/Er thin lm, the morphology of
Si/Tb thin lm shows a at and smooth deposit with few small
cracks on the surface. It is worth comparing this with the SEM
images of the pure RE metal deposits (Fig. 2b and d) where the
metallic Er thin lm was observed to be rougher while the Tb
thin lm was very at and smooth. It suggests that the nature of
the RE metal can possibly inuence the surface morphology of
the deposit. Fig. 4c shows the EDX spectrum obtained from the
Si/Tb thin lm. The spectrum gives the signatures for Si, Tb and
O, indicating the successful incorporation of Tb in the Si thin
lm. Both Si and Tb contribute to the oxide content in the
deposit as both the elements have strong affinity towards
oxygen.

To conrm the homogeneity of the Tb incorporation in the
thin lm, SIMS depth prole analysis was performed. Fig. 4d
This journal is © The Royal Society of Chemistry 2018
shows the depth prole of the Si/Tb thin lm. As evident from
the spectrum, a quite uniform distribution of Tb and Si
throughout the thickness of the deposit is observed. Addition-
ally, the oxygen, which is bound to the Si and Tb here, is also
found to be uniformly distributed along the thickness of the
lm. The SIMS depth prole conrms that the homogeneity and
uniform chemical composition of the thin lm are maintained
throughout the growth.

3.4. Concentration of RE (Er, Tb) in Si thin lms-tunability

For the optical applications of the thin lms, it is important to
control the concentration of RE ions in the Si thin lm. So, the
possibility of controlling the RE concentration in the thin lms
by adjusting the electrochemical parameters has been studied.

Fig. 5 shows a schematic representation of a voltammogram
showing the potential regimes to deposit different elements
comprising the thin lm. As can be seen in the gure, the vol-
tammogram is divided into three potential regions. Region A
(�1 to �1.8 V) represents the cathodic potential range in which
no observable deposit is obtained by electrodeposition. Neither
Si nor RE metals can be deposited at this potential range.
Region B (�1.8 V to �2.6 V) represents the cathodic potentials
in which pure Si is being electrodeposited and no signicant
contribution from the RE metal ions is detected. Region C
(�2.7 V to �3.5 V) in the voltammogram represents the poten-
tial range in which a co-deposition of Si and RE metals occurs,
resulting in the Si/RE thin lms.

Region C in Fig. 5 is of great importance as it gives the range
of potentials in which RE metals are being co-deposited with Si.
Herein it is shown that it is possible to easily control the RE ion
content in the Si thin lm by varying a single electrochemical
parameter: the applied potential. Electrochemical co-deposition
of Si and RE (Er and Tb) was performed by applying different
potentials in the range from �2.7 V to �3.5 V.

The deposited thin lms were analysed by EDX to check the
composition of the deposits and for the estimation of the RE
electrodeposition of pure Si and RE (Er, Tb) incorporated Si thin films.

RSC Adv., 2018, 8, 3789–3797 | 3793
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Table 1 Atomic percentage of RE (Tb, Er) metals incorporated in Si
thin films deposited under different applied potentials

Applied potential
(V vs. Pt)

Atomic%
of RE (Tb, Er) in deposit

�2.7 V <5%
�3 V 5–8%
�3.2 V 8–13%
�3.5 V 15–20%
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content in the thin lms. Table 1 shows the dependence of RE
content in the deposits with the applied potential. An applied
potential of �2.7 V resulted in Si thin lms with very low (<5
at%) RE content while the application of �3.5 V gave deposits
containing 15–20 at% of RE. It is clear from Table 1 that the
decrease of the applied potential leads to an increase of RE
content in the thin lms. It is important to point out here that
the deposits obtained by applying�3.5 V shows the inclusion of
some impurities such as sulfur and carbon, which is due to the
decomposition of the IL at higher negative potentials. However
a thorough cleaning of the deposits by immersing it in ethanol
for prolonged period resulted in decreasing the impurity levels
to negligible values, meaning that the impurities are rather
a surface contamination than being incorporated in the thin
lm. The above results show that the electrodeposition in RTILs
offers not only a single step process for the incorporation of RE
ions in Si, but also provides an easy way to control the
concentration of RE ions in the thin lms.
Fig. 6 (a) PL emission spectrum obtained at RT from as-deposited Si/
Er thin film (black) and PL emission spectrum at RT from annealed Si/Er
thin film (red) using 325 nm laser source. The inset shows the variation
of PL intensity at RT with the Er content in as-deposited Si/Er thin films.
(b) The PL emission spectrum obtained at RT from the as-deposited
(by applying �3 V vs. Pt) Si/Tb thin film. Inset shows the variation of PL
intensity at RT with the Tb content in the deposits.
3.5. Optical properties

For applications of the thin lms in silicon-based light emitting
systems, PL measurements were carried out on both Si/Er and
Si/Tb thin lms. The Si/Er thin lm obtained by applying �3 V,
having approximately 8 at% of Er, was chosen for the initial PL
experiments. The PL measurements were done with an excita-
tion at 325 nm. The black solid line in Fig. 6a shows the PL
emission spectrum obtained from Si/Er thin lm at room
temperature (RT). As evident from the spectrum, the PL gave
a weak emission at 1530 nm, which is characteristic of the 4I15/
2–

4I13/2 intra 4f transition in Er3+ ions in Si. The peak shoulder
observed at 1545 nm is due to the stark splitting of the Er3+

energy levels resulting in the peak splitting of the luminescence
band.42 In order to obtain an efficient PL emission, the Er
incorporated Si materials has to be annealed under oxygen
atmosphere, which is an important step to optically activate the
Er3+ ions in the Si matrix.43–45 Therefore the Si/Er thin lm was
annealed at 650 �C under oxygen for 5 minutes. The red solid
line in Fig. 6a shows the PL spectrum obtained at RT from the
annealed Si/Er thin lm. The PL gave a strong emission band at
1530 nm which is highly intense compared to the PL obtained
from the non-annealed deposit. The high temperature anneal-
ing process enhances the oxygen diffusion into the Si/Er thin
lm and leads to the formation of Er–O complexes,46 which act
as efficient electronic traps. In addition, the complexation of Er
with oxygen produces a solvation shell around the Er3+ ions,
3794 | RSC Adv., 2018, 8, 3789–3797
thereby reducing the temperature quenching and at the same
time promoting the radiative transitions.47 Hence, an increased
number of optically active emitting centres in the annealed Si/
Er thin lm results in the higher luminescence intensity.

The inset of Fig. 6a shows the variation of the PL intensity at
RT against Er content in the as-deposited thin lms. No PL
emission was detected from thin lm with less than 5 at% of Er
and a very weak PL was obtained from the deposit containing 8
at% of Er. The maximum PL intensity was obtained from the
thin lm containing 12 at% of Er in the deposit. The higher Er3+

concentrations may lead to the formation of micro-clusters of
erbium silicates such as Er2SiO5

48,49 or Er2Si2O7,50,51 which are
also luminescent in nature. However, it is observed that further
This journal is © The Royal Society of Chemistry 2018
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increase in Er content than 12 at% results in the quenching of
the PL emission. The Si/Er thin lm containing 20 at% of Er did
not give any detectable PL emission at RT. The higher concen-
tration of Er in the thin lm leads to the clustering of Er3+ ions
which results in the concentration quenching of the lumines-
cence due to the cross-relaxation processes.52,53 It is important
to note here that the low temperature electrodeposition in
RTILs leads to the incorporation of Er in amorphous Si (a-Si)
and not in crystalline Si (c-Si) as in the case of most of the
other growth techniques which could explain the observed
intense emission signal. It is known that the a-Si offers better
solubility for the Er3+ ions than the c-Si, and so a higher
concentration of Er3+ can be achieved in a-Si compared to the c-
Si.1,52,54 More importantly, it is reported that the a-Si clusters
have a sensitizing effect on the Er3+ ions,55–57 which helps to
improve the luminescence efficiency of Er3+ in Si. Therefore, the
electrochemical co-deposition technique elaborated here is very
important in this aspect as it gives the advantage of obtaining Er
incorporated a-Si in a single step.

Contrary to the Si/Er thin lm, no thermal annealing treat-
ment is required for obtaining efficient PL from the Si/Tb thin
lms because of the inherent affinity of Tb towards the oxygen.41

The PL emission properties of the Si/Tb thin lms were studied
by excitation with 325 nm wavelength laser source. The PL
spectrum obtained at RT from Si/Tb thin lm deposited by
applying �3 V (8 at% Tb) is shown in Fig. 6b. The spectrum
shows emission bands in the visible wavelengths resulting from
the radiative transitions between the intra 4f energy levels of the
Tb3+ ions. In the spectra, four main PL bands can be identied
where the most intense peak at 543 nm corresponds to the
5D4–

7F5 transition. The other observed transitions are 5D4–
7F6

(486 nm), 5D4–
7F4 (583 nm), and 5D4–

7F3 (620 nm). It is inter-
esting to note here that no PL emission from the higher energy
5D3 is detected from the thin lms, as the cross relaxation
processes produces an increase in the population of 5D4 states
at the expense of 5D3 state.58 The stark splitting in the PL bands
is not clearly identiable from the spectrum because of the
setup spectral resolution as the wavelengths corresponding to
each stark level are very close (541 and 545 nm) for the
predominant PL band. The spectral shapes also depend on the
local environment surrounding the Tb3+ ions, and such spectral
shape is oen observed in comparable materials.59,60

The inset of Fig. 6b compares the PL emission intensities at
RT of Si/Tb thin lms with different Tb concentrations in the
deposit. It is clear that the PL intensity increases with the
increase in Tb content in the deposits. As evident from the
graph, the deposit containing the lowest Tb content (<5 at%)
also shows a detectable PL emission. In contrast to the Si/Er
thin lms, Si/Tb thin lm containing 15–20 at% of Tb shows
the highest PL intensity. The oxides (Tb2O3 or Tb4O7) 61–63 of Tb
formed at higher Tb3+ concentrations should have a signicant
contribution to the PL emission observed from the deposit. No
concentration quenching effect is observed in the Si/Tb thin
lms till 20 at% of Tb content, which is the maximum RE
content obtained by the current electrodeposition technique.
The absence of concentration quenching phenomena in Si/Tb
deposits could be due to the high penetration depth of Tb in
This journal is © The Royal Society of Chemistry 2018
Si64 and also to the high degree of oxidation of Tb in the deposit.
It is reported that the presence of oxygen helps to reduce the
segregation of RE in Si and makes the incorporation of it easier
by forming RE–O complexes.65,66
4. Conclusions

In summary, a single step electrochemical method for the
incorporation of RE ions (Er, Tb) in Si thin lm using RTIL has
been demonstrated for the rst time. The electrodeposited Si/
RE thin lms are of good structural quality with uniform
distribution of RE ions in the lm. It is shown that the
concentration of RE ions in the thin lms can be easily tuned by
adjusting the applied potential. Additionally, the electrodepo-
sition of metallic Er and Tb from RTILs has been successfully
demonstrated. The electrochemical co-deposition in RTIL
results in the incorporation of RE ions directly in amorphous Si,
the combination of which found to be efficient for optical
applications. The PL measurements show strong luminescence
emission at 1.53 mm from Si/Er thin lms and in the visible
wavelengths (450–650 nm) from Si/Tb thin lms. The intense PL
emissions at room temperature conrm the quality of the
electrodeposited thin lms for applications in opto-electronics.
The method described provides a simple and low cost alterna-
tive for the RE incorporation in Si. The obtained results also
prove the versatility of the RTILs as a solvent for electrodepo-
sition of semiconductors and RE incorporated semiconducting
materials.
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