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Abstract 
The effect of high dose vanadium ion implantation and pulsed laser annealing on the crystal 
structure and sub-bandgap optical absorption features of V-supersaturated silicon samples has 
been studied through the combination of experimental and theoretical approaches. Interest 
in V-supersaturated Si focusses on its potential as a material having a new band within the 
Si bandgap. Rutherford backscattering spectrometry measurements and formation energies 
computed through quantum calculations provide evidence that V atoms are mainly located at 
interstitial positions. The response of sub-bandgap spectral photoconductance is extended far 
into the infrared region of the spectrum. Theoretical simulations (based on density functional 
theory and many-body perturbation in GW approximation) bring to light that, in addition to 
V atoms at interstitial positions, Si defects should also be taken into account in explaining the 
experimental profile of the spectral photoconductance. The combination of experimental and 
theoretical methods provides evidence that the improved spectral photoconductance up to 
6.2 /jm (0.2 eV) is due to new sub-bandgap transitions, for which the new band due to V atoms 
within the Si bandgap plays an essential role. This enables the use of V-supersaturated silicon 
in the third generation of photovoltaic devices. 
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1. Introduction 

Nowadays, the global scientific community is making a 
joint effort to increase the efficiency of renewable energy 
systems. Particularly in the field of photovoltaics (PV), a 
third generation of solar cells, based on new concepts that 
increase device efficiency, is emerging. Solar cells are com­
monly divided into three main categories (generations). The 
first generation of solar cells (also called wafer solar cells) is 
based on crystalline silicon. They are the most commercially 

predominant due to high efficiencies. Nonetheless, they are 
relatively expensive to produce. Second generation solar cells, 
commonly known as thin-film solar cells, are characterized by 
their potential to reduce material and production cost. Third 
generation of solar cells aims to considerably improve device 
efficiencies, with only a small increase in areal costs, hence 
reducing the cost per peak Watt. Further, third generation solar 
cells keep the economic and environmental cost advantages of 
thin-film deposition techniques (i.e. by using thin-film deposi­
tion methods and abundant, non-toxic materials) [1,2]. 
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Figure 1. Scheme of the electronic band structure for an IB 
material located between p- and n-type semiconductors. The three 
possible electronic transitions for an intermediate band material are 
also shown. 

To achieve improved efficiency, the two main power-loss 
mechanisms must be bypassed: the inability to absorb photons 
with energy lower than the bandgap, and the thermalisation 
of photons with energy higher than the bandgap. To this end, 
various approaches have been proposed: (i) increasing the 
number of bandgaps; (ii) capturing carriers before thermali­
sation; and (iii) multiple carrier pair generation per photon 
with high energy or single carrier pair generation with mul­
tiple photons of low energy. Among these, only those based on 
the implementation of strategy (i), for instance tandem solar 
cells, have been developed with efficiencies higher than the 
Shockley-Queisser limit [1, 2]. Even so, other approaches 
such as quantum well or impurity band materials have also 
been widely studied. 

The intermediate band solar cell (IBSC), based on an inter­
mediate band (IB) material, is one of the most promising can­
didates [3]. The concept, called impurity PV device [4], was 
first proposed by Wolf in 1960 to achieve higher PV efficiency, 
and was taken up again in 1997 by Luque and Marti, who 
showed that this type of IBSC could enhance solar efficiency 
[5]. Since then, a great deal of work has been done toward 
designing novel IB materials [6, 7], describing their phys­
ical properties [8], and obtaining practical devices that can 
demonstrate their operational principle [9]. The IB material 
is a semiconductor with its classical conduction band (CB) 
and valence band (VB), which also has a third narrow band 
of partially filled states within the bandgap (see figure 1). As 
a result, an IB material would be able to absorb sub-bandgap 
photons to promote charge carriers from the VB to the IB 
and from the IB to the CB at comparable rates using a wider 
wavelength range of the solar spectrum, mimicking nature 
in the so-called Z-scheme that follows a similar strategy in 
the photosynthesis [10]. This mechanism would increase the 
sub-bandgap absorption and the solar cell efficiency com­
pared with the Shockley-Queisser limit, which determines 
the highest efficiency of a single junction solar cell at around 
40.7% for a semiconductor with a 1.1 eV bandgap [11]. 

Different manufacturing approaches are being explored 
to obtain an IB material: (i) supersaturated silicon with deep 
levels [12]; (ii) thin film chalcogenide-based devices, firstly 

proposed based on theoretical calculations, whose photolumi-
nescence and photocatalyst test demonstrated experimentally, 
for the first time, the existence of an IB material [13]; (iii) 
highly mismatched alloys, in which a large anion is substi­
tuted by a much lighter one [14]; (iv) quantum dot solar cells 
[15]. In this work, we deal with the deep level approach, 
which consists of the introduction of a great amount of deep 
level impurities in a silicon semiconductor via hyper doping 
[16, 17]. At low concentration, deep level impurities pro­
duce discrete levels within the host semiconductor bandgap, 
i.e. localized states that are very effective as recombination 
centers. However, a different phenomenon takes place when 
the concentration of impurities overcomes the so-called Mott 
transition limit [18, 19]. Due to the closer spatial proximity 
between impurities, and to the Pauli Exclusion Principle, 
an energy splitting of the discrete deep levels occurs. This 
phenomenon leads to a localization-delocalization transition 
similar to the insulator-metal transition, and thus a band of 
allowed states with delocalized character is formed within the 
band gap of the host semiconductor. As a consequence of this 
new band of allowed states, the non-radiative recombination 
is reduced and the sub-bandgap absorption increases [20, 21]. 
This concentration limit has been theoretically calculated to 
be approximately 6 x 1019 cm - 3 [22], and experimentally 
confirmed in Ti [23, 24], V [25], and S [26] supersaturated Si 
systems. Experimental observations of the lifetime recovery 
were observed in Ti supersaturated Si material, with an effec­
tive carrier lifetime of 3.5 /xs at a carrier injection level of 
1016 cm - 3 [21]. Among the various transition metals, great 
effort has been put into the understanding of Ti supersaturated 
Si materials [16, 24, 27, 28], while theoretical and exper­
imental knowledge regarding the V supersaturated Si system 
is lacking. 

This work combines experimental and computational 
approaches to infer the main effects of introducing high 
vanadium concentrations into bulk Si, i.e. V-supersaturated 
Si material. Rutherford back scattering spectroscopy (RBS) 
measurements were carried out to obtain information about its 
structure and composition, while spectral photoconductance 
yielded information about the sub-bandgap photo-generation 
processes that take place in the V-supersaturated Si material. 
Theoretical simulations, based on density functional theory 
(DFT) and many-body perturbation theory, were carried out to 
deepen the knowledge of V-implantation from an energetic point 
of view and the optoelectronic structure of V-supersaturated Si. 
This work gives us a detailed picture of V-implantation in bulk 
Si and its relation with the sub-bandgap photoresponse. 

2. Results and discussion 

To obtain V supersaturated Si material, samples l x l cm in 
size of float zonen-type Si (111) with a thickness of 300 /im 
(p w 200 Q cm, ^ - 1500cm2 V"1 s"1, n w 2.2 • 1013 cm"3 

at room temperature) were implanted at 32keV with V at 
two different doses (1015 and 1016 cm-2) using a 7° tilt angle. 
Subsequently, the implanted samples were processed by 
pulsed laser melting (PLM) at 1 J cm -2 with a KrF excimer 
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Figure 2. RBS spectra in both channeling and random 
configurations, for the vanadium supersaturated silicon samples 
implanted with 1015 cm~2 and 1016 cm~2 and subsequently 
pulsed laser melted at 1 J cm~2. The channeling spectrum of a Si 
unimplanted substrate is also presented for comparison. The inset 
shows details of the spectra centered at the vanadium peak signal 
(in the energy region from 1390 to 1480 keV). 

laser (248 nm) at IPG Photonics. An alternative annealing 
technique to PLM is the flash lamp annealing process with 
millisecond time duration [29]. This technique allows for up-
scalable wafer processing. However, it has only proven to be 
useful for the fabrication of chalcogen-hyperdoped silicon 
[30]. In the case of transition-metal-hyperdoped silicon, non-
homogeneous hemispherical particles of Si containing Ti are 
obtained [31]. Therefore, we decided to use the PLM process 
for the fabrication of V hyperdoped Si samples. More details 
on the fabrication process—as well as transmission electron 
microscopy (TEM) and vanadium concentration depth pro­
files—of these samples can be obtained from our previous 
work [25]. 

Structural information was obtained through RBS. 
Measurements were carried out in the V supersaturated Si 
samples ion implanted with doses of 1015 and 1016 cm~2, and 
subsequently subjected to PLM and processed at 1 J cm~2. 
Figure 2 shows the RBS spectra in both, random and chan­
neling configurations for the V-supersaturated Si samples at 
1015 cm~2 and 1016 cm~2 doses and subsequently PLM pro­
cessed at 1 J cm~2. Backscattered spectra are analyzed using 
the SIMNRA simulation program [32]. The low energy side 
of the spectra, up to 1150keV, shows the contribution of the 
Si substrate. As observed in the channeling spectra, a peak 
related to dechanneling effects in the superficial layer emerges 
around 1120keV for all the samples. This dechanneling 
peak is higher for the sample implanted with a higher dose 
(1016 cm -2), whereas it is similar in height for the sample 
implanted with 1015 cm~2 and the untreated Si substrate. 
This observation indicates that the sample implanted with 
the higher dose presents a lower surface Si lattice quality, 
probably due to a higher number of Si atoms displaced from 
their position in the lattice during V ion implantation. In con­
trast, the spectrum of the sample implanted with the dose of 

1015 cm~2 shows a dechanneling peak (around 1125 keV) with 
a very low intensity, clearly similar to that of the silicon sub­
strate, pointing to a very high lattice reconstruction. It has been 
shown that an average surface roughness of 0.732 nm appears 
when silicon samples are annealed at a laser energy density 
of 1 J cm~2 [33]. It is expected that this roughness should 
not play an important role in the fabrication of the interme­
diate band solar cell, since the next step is the deposition of an 
intrinsic a-Si layer of 5nm [12], much thicker than the average 
roughness. Therefore, this deposition process will fully cover 
and act as a passivation layer of the V-supersaturated Si layer. 

In the high-energy side of the spectra, from 1390 to 
1480keV, we can observe the RBS signal of the V atoms, with 
different heights and widths depending on the dose implanted. 
As the implanted dose is increased, the V signal peak exhibits 
an increase in the intensity that is related to the higher V 
concentration. In addition, a broadening of the peak can be 
observed as the implantation dose is increased. This effect is 
related with the V redistribution produced by the PLM, which 
is different for the doses of 1015 and 1016 cm~2, being deeper 
for the higher implanted dose. This profile broadening is 
likely the result of the increased melt duration during PLM, 
caused by freezing-point depression due to the large amount 
of impurity present in the melt [34]. 

SIMNRA simulations shown in the inset of figure 2 repro­
duces the RBS spectra and the V peak energy location. From 
these fittings, an average thickness of V-supersaturated Si 
layer can be estimated: 32 nm for the sample implanted with 
1015 cm~2 and 92nm for the sample implanted with 1016 cm~2. 
Taking into account these thicknesses, we can estimate the V 
doses of the samples after PLM process obtained from the 
SIMNRA fitting: 1.3 x 1015 cm~2 for the sample implanted 
with 1015 cm~2 and 1.5 x 1016 cm~2 for the sample implanted 
with 1016 cm"2. 

All these results are in agreement with time of flight 
secondary ion mass spectrometry (ToF-SIMS) measurements 
and high-resolution transmission electron microscopy (HR-
TEM) images of similar samples reported previously [25]. 
In this sense, ToF-SIMS showed that both samples present a 
vanadium concentration higher than the theoretical limit to 
obtain an IB material. Specifically, the sample implanted with 
the dose of 1015 cm~2 exceeds this concentration limit in a 
layer of ~21nm, while the sample implanted with 1016 cm~2 

exceeds it in a layer of ~96nm. Note that slight differences 
in the doses are due to the depth resolution of the RBS meas­
urements, which is lower in comparison with the ToF-SIMS 
measurements (5-10nm). HR-TEM images showed a single 
crystal perfect lattice reconstruction after the PLM process for 
the sample implanted with 1015 cm~2. The sample implanted 
with the highest dose of 1016 cm~2 also presents a high quality 
single crystalline structure, but a set of filamentary structures 
known as cellular breakdown are also identified [35, 36]. In 
a recent work, the 3D structure and composition of Si cel­
lular-breakdown structures formed in a similar material have 
been investigated using atom probe tomography [37]. In this 
work, it has been shown that these filamentary structures are 
formed by segregation regions of transition metals with up to 
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