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We have analyzed by means of Rutherford backscattering spectrometry (RBS) the Ti lattice

location and the degree of crystalline lattice recovery in heavily Ti implanted silicon layers

subsequently pulsed laser melted (PLM). Theoretical studies have predicted that Ti should occupy

interstitial sites in silicon for a metallic-intermediate band (IB) formation. The analysis of Ti lattice

location after PLM processes is a crucial point to evaluate the IB formation that can be clarifyied

by means of RBS measurements. After PLM, time-of-flight secondary ion mass spectrometry

measurements show that the Ti concentration in the layers is well above the theoretical limit for IB

formation. RBS measurements have shown a significant improvement of the lattice quality at the

highest PLM energy density studied. The RBS channeling spectra reveals clearly that after PLM

processes Ti impurities are mostly occupying interstitial lattice sites. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4768274]

INTRODUCTION

In the last few years, much effort has been focused on

improving the photovoltaic conversion efficiency of solar

cells. In the framework of the third generation of solar cells,

the intermediate band (IB) idea has emerged as a promising

candidate to overcome the efficiency of the conventional

Shockley-Queisser thermodynamical limit of single junction

solar cells.1,2 The introduction of an IB inside the band gap of

a semiconductor would allow the absorption of sub-band gap

photons. These low energy photons could promote electrons

from the valence band to the conduction band via the IB, con-

tributing with additional electrons to enhance the solar cell ef-

ficiency. In recent years, several experimental investigations

have demonstrated IB formation in highly mismatched alloys

(HMA) and quantum dots.3,4 Another suggested way to obtain

an IB is the introduction of deep level impurities into the host

semiconductor at concentrations that exceed the metallic Mott

limit (�5.9� 1019 cm�3).5

Silicon-based research in the IB materials field has

attracted great interest due to the potential to increase the ef-

ficiency of the silicon solar cells, which comprise the 90% of

the solar cell market. Supersaturated silicon with calchoge-

nides6 or Ti (Ref. 7) are being investigated extensively.

These IB materials have been fabricated using the combina-

tion of techniques that are out of thermodynamical equilib-

rium; such as the ion implantation followed by pulsed laser

melting (PLM). With these techniques, we obtain silicon

with the required Ti impurity concentration to exceed the

Mott limit while retaining a high crystal quality. In order to

evaluate the PLM effects on the crystallinity of the Ti

implanted Si layers, an exhaustive analysis has been done in

this work.

Theoretical predictions, based on the density functional

theory (DFT), have suggested that the formation of an IB in

Ti supersaturated silicon could take place only when Ti is

located in an interstitial site.8 These theoretical calculations

predict that Ti impurities occupying substitutional lattice

positions would form an empty IB. This behavior is not de-

sirable since a certain carrier population is required in the IB

to pump electrons from the IB to the conduction band inde-

pendently of the carrier charge concentration pumped from

the valence band to the IB.5 Recent UV-Raman studies of

the heavily Ti-implanted Si layers have suggested Ti intersti-

tial presence associated to a new observed vibrational mode

at 600 cm�1.9

We have recently reported electrical transport properties

of Ti supersaturated Si fabricated with the same conditions

that exhibit an anomalous electrical decoupling behavior at

low temperatures. This electrical behavior has been explained

in terms of IB formation.10,11 In addition, strong sub-band

gap absorption has been observed in Ti-supersaturated Si

samples. This absorption is not related to defects or free

carrier absorption and has been attributed to the IB

formation.12

In this paper, we investigate the Ti lattice location in Ti

supersaturated Si layers by means of channeling Rutherford

backscattering spectrometry (RBS) measurements. Ti con-

centration profile obtained by means of time-of-flight sec-

ondary ion mass spectrometry (ToF-SIMS) measurements

show that after PLM a Ti concentration above the theoretical

Mott limit is obtained. We also find a high lattice recovery

by means RBS measurements after the PLM performed at

0.8 J/cm2.a)Electronic mail: dpastor@fis.ucm.es.
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EXPERIMENTAL

Single crystal n-type silicons (thickness¼ 300 lm;

l¼ 1450 cm2/Vs; n¼ 2.2� 1013 cm�3, (111) grown direc-

tion) were implanted in a VARIAN CF3000 Ion Implanter

at 33 keV with Ti at doses: 1015, 5� 1015, 1016, and 5

� 1016 cm�2 using a 7� tilt angle to minimize ion channeling

effects. After implantation, samples were PLM processed

with a KrF excimer laser (248 nm) at 0.2 and 0.8 J/cm2 with

a single pulse of 20 ns at J. P. Sercel Associates Inc. (New

Hampshire, USA). Ti implantations were simulated with

Montecarlo numerical calculations program SRIM.13

Depth profiles of Ti-implanted Si were obtained by ToF-

SIMS characterizations. These measurements were carried

out with a TOF_SIMS IV model manufactured by ion-TOF,

using a 25 keV pulsed Bi3þ beam at 45� incidence. Details of

ToF-SIMS measurements can be found elsewhere.11

RBS measurements were carried out at the 5 MV Cock-

roft–Walton tandetron accelerator of the Centro de Micro-

An�alisis de Materiales (CMAM) in the Universidad

Aut�onoma de Madrid. The vacuum of the chamber was

5� 10�6 Pa. For the measurements, 2 MeV Heþ ions were

used. The scattered ions were detected simultaneously by

two Si semiconductor particle detectors, placed at scattering

angles of 126� and 171�. The measurements were performed

orientating the samples at random and channeling geometry

in the direction (111). Numerical simulations of the RBS

spectra were obtained using a standard backscattering simu-

lation package (SIMNRA).14

RESULTS

In Fig. 1(a), we show the ToF-SIMS depth profiles of

Ti-implanted Si samples with doses of 1015 and 1016 cm�2

before and after PLM process at 0.8 J/cm2. SRIM profile sim-

ulations for these implantation doses are also showed. The Ti

profiles of all the as-implanted samples present the typical

gaussian-like profile and are well above the theoretical limit

for the IB formation. For the sample implanted with a

1015 cm�2 dose, the SRIM simulations of as-implanted sam-

ples is in good agreement with as-implanted Ti depth profile

of the ToF-SIMS measurements, except in the deeper region

where the Ti depth profiles exhibit a long end tail that has

been produced by the channeling residual effects of the ion

implantation. Conversely, for the sample implanted with the

highest dose, there are higher differences between SRIM

simulations and ToF-SIMS measurements. This could be

because of this implanted dose presents a most significantly

channeling effect that cannot be simulated with the SRIM

code.

After the PLM processes performed at 0.8 J/cm2, the Ti

depth profiles still have a high Ti concentration well above

the Mott limit. This confirms that thermal processes per-

formed in non equilibrium permit to obtain the impurity con-

centration required to IB formation when the solubility limit

is exceeded.15 This PLM process has been extensively used

after ion implantation to obtain IB materials in the highly

mismatched alloys and supersaturated silicon.6,16 It is worth

noting that these non thermodynamical equilibrium techni-

ques have been employed recently to achieve a good lattice

quality in deep level impurity supersaturated Si layers.17

To form an IB material, it is essential to obtain a Ti con-

centration above Mott limit. In the ToF-SIMS profiles of

Figs. 1(a) and 1(b), a clear Ti impurity push effect toward

the surface can be observed for all the analyzed samples.17

This push effect is produced during the PLM process when a

superficial layer of the sample is melted, and the impurities

tend to homogeneously spread in the melted region, because

the diffusion coefficients and the solubility limit are orders

of magnitude higher than in the solid phase. In the solidify-

ing stage, the melted front moves toward the surface of the

Si:Tiþ layer. Since the solubility limit in the solid phase is in

orders of magnitude lower than in the melted phase, a push

effect takes place, displacing the impurities toward the sur-

face of the sample. This push effect is clearly visible for the

lowest implantation dose (1015 cm2) where a narrow and su-

perficial Ti concentration peak is observed. Although this

push effect is not so evident in the figure for the sample

implanted with a dose one order of magnitude higher

(1016 cm�2), Ti concentration profile redistribution can be

clearly appreciated. The two different implanted doses pres-

ent a strong contrast when SIMS profiles before and after the

PLM annealing are compared. Whereas, in the sample

implanted with a 1015 cm�2 dose, the strong push effect

reduces substantially the depth with a Ti concentration above

the Mott limit, in the sample doped with 1016 cm�2, this

reduction is not so accentuated.

Figure 1(b) displays ToF-SIMS profiles of samples with

representative doses and PLM energy densities that we are

going to discuss for RBS measurements. In this figure, it can

be appreciated that all the samples after PLM for the differ-

ent implanted doses preserve a Ti impurity concentration

well above the Mott limit. We estimate the width of the

implanted layer from ToF-SIMS profiles by considering the

width for which the Ti concentration is 90% of the total.

These widths are 20, 50, and 90 nm for samples implanted

with 1015, 5� 1015, and 5� 1016 cm�2 doses and PLM proc-

essed at 0.8 J/cm2, respectively. Comparing the Ti profiles of

FIG. 1. (a) ToF-SIMS profiles of Ti-implanted Si samples with 1015 and

1016 cm�2 before and after PLM processes at 0.8 J/cm2. SRIM profiles

simulation of as-implanted samples at 1015 and 1016 cm�2 are also shown.

(b) ToF-SIMS profiles of Ti-implanted Si samples with 1015 at 0.2 and

0.8 J/cm2, 5� 1015 cm�2 at 0.8 J/cm2, and 5� 1016 cm�2 at 0.8 J/cm2.
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the samples implanted with a dose of 1015 cm�2 and PLM

processed at 0.2 and 0.8 J/cm2 energy densities with the as-

implanted sample with the same dose (see Fig. 1(a)), we can

observe that the Ti profile at the lowest energy density

annealing exhibits only a slight push effect. For this sample,

the Ti superficial peak is present but with a visible reduced

concentration, suggesting a lower Ti loss than the sample

PLM processed at the highest energy density.

Fig. 2 shows the RBS spectra of Ti-implanted Si sam-

ples at 1015, 5� 1015, and 5� 1016 cm�2 doses and subse-

quently PLM processed at 0.8 J/cm2. The RBS spectrum of

the unimplanted silicon substrate is also shown for compara-

tive purposes. All these spectra were acquired in random

configuration. As it can be observed, the low energy side of

the spectra, up to about 1400 keV, shows the contribution of

the Si substrate with similar shape for all the samples. At

higher energies, between 1600 and 1700 keV, the signals

from the implanted Ti showed different widths and heights

depending on the implanted dose. As implanted dose is

increased, this peak exhibits an increase in the intensity that

is related to the higher Ti concentration introduced in the lat-

tice by ion implantation. The inset of Fig. 2 shows in detail

the energy region of the Ti peak. The area below of the dif-

ferent curves of this energy is proportional to the Ti concen-

tration. A progressive broadening can be observed for the Ti

related peak as implanted dose is increased, reaching a sig-

nificant broadening for the sample with the highest

implanted dose. In this case, where the Ti incorporation has

been performed by ion implantation, this peak broadening

reflects the Ti incorporation in a deeper region in agreement

with the ToF-SIMS measurements showed in Fig. 1.

Figure 3(a) shows the RBS spectra of the sample

implanted with the 1015 cm�2 doses and PLM processed at

0.8 J/cm2 in random geometry together with the SIMNRA

simulation. As it can be observed, the SIMNRA fit reproduces

faithfully the RBS spectrum considering the limitations in the

depth resolution of the measurements. To reach this approxi-

mation, we have introduced in the simulation a very thin

superficial Si layer in the top of the Ti impurified Si layer to

take into account that Ti concentration begin to be significant

from 5 nm below the surface. The inset displays the Ti related

peak with both experimental and SIMNRA simulated spectra.

Though there are slight differences between the SIMNRA fit

and the experimental spectrum, it can be observed that SIMNRA

simulation reproduces Ti peak energy location. The rest of

random spectra for the different doses has been also simu-

lated obtaining similar results. From these fittings, an average

thickness of Si layer with Ti implanted can be estimated:

20 nm for the sample implanted with 1015 cm�2, 45 nm for

the sample implanted with 5� 1015 cm�2, and 180 nm for the

sample implanted with 5� 1016 cm�2. These results are very

similar to that obtained from ToF-SIMS measurements and

there are some differences only for the highest implanted

dose. The Ti doses of the samples after PLM process obtained

from the SIMNRA fitting: 1.7� 1015, 8.7� 1015, and

7.5� 1016 cm�2 are clearly overestimated with respect to the

respective implanted doses of 1015, 5� 1015, and

5� 1016 cm�2. This is because of the depth resolution of

these RBS measurements (40–50 nm) which are lower in

comparison with the ToF-SIMS measurements (5–10 nm).

Additionally, the RBS measurements in the case of Ti

FIG. 2. RBS spectra in random configuration of Ti-implanted Si samples at

1015, 5� 1015, and 5� 1016 cm�2 doses and PLM processed at 0.8 J/cm2.

RBS spectrum of the Si reference substrate is also shown.

FIG. 3. (a) RBS spectra in random configuration and SIMNRA simulations of

Ti-implanted Si samples at 1015 cm�2 dose and PLM processed at 0.8 J/cm2.

The inset displays details of the Ti related peak. (b) RBS spectra and SIMNRA

simulations of Ti-implanted Si samples at 1015, 5� 1015, and 5� 1016 cm�2

doses and PLM processed at 0.8 J/cm2 centered in the Ti peak region.
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detection present a statistical noise quite accentuated due to

the low experimental intensity signal obtained. The statistical

noise
ffiffiffiffi

N
p

is directly related to the counts number (N).

Figure 3(b) shows the RBS spectra and SIMNRA simula-

tions of Ti-implanted Si samples at 1015, 5� 1015, and

5� 1016 cm�2 doses and PLM processed at 0.8 J/cm2. As it

has been commented previously, differences between the

RBS measurements and the SIMNRA fit simulations are due to

limited depth resolution and the statistical noise. In the case

of the RBS spectra represented in this figure, the statistical

noise ð
ffiffiffiffi

N
p
Þ can be expressed as N6

ffiffiffiffi

N
p

, resulting in 30 6 5,

100 6 10, and 620 6 25 for the 1015, 5� 1015, and

5� 1016 cm�2 Ti-implanted Si samples, respectively; i.e.,

corresponds to an error of the 16%, 10%, and 4%.

To analyze the crystal quality of the Ti-supersaturated

samples, in Fig. 4, we show the RBS spectra of implanted

samples at 1015 cm�2 processed with a PLM energy density of

0.2 and 0.8 J/cm2 in random and channeling geometry. As it

can be observed, whereas the peak related with Ti is still pres-

ent in the channeling spectra, a peak related to dechanneling

effects in the superficial layer, emerges around 1300 keV.

This peak reflects the lack of Si lattice quality because of Si

atoms displaced of their lattice positions during Ti ion implan-

tation. In the case of Si substrate, the presence of very low in-

tensity peak is due to dechanneling effects on the surface.

These spectra have not been simulated due to that SIMNRA does

not reproduce channeling spectra. As it can be seen, the sam-

ple PLM processed at the lowest energy density displays a

peak in the channeling spectrum with a high intensity with

respect to Si substrate, indicating a poor lattice quality since

only a small quantity of Si atoms returns to their lattice posi-

tions. In contrast, the spectrum of the sample PLM processed

at 0.8 J/cm2 shows a peak around 1300 keV with a very low

intensity, clearly similar to the silicon substrate, pointing out

to a very high lattice reconstruction after ion Ti implantation

and PLM process and consequently a high lattice quality.

These results are clearly in agreement with glancing incidence

x-ray measurements,18 TEM images, electron diffaction (ED)

(Ref. 17) analysis and Raman scattering measurements9 have

been reported previously, demonstrating that the highest

energy density used is enough to recover the Si crystal lattice.

Finally to analyze the lattice position of the Ti atom, we

display in Fig. 5 the Ti related peak for the Ti implanted sam-

ples with 1015 cm�2 and PLM processed at 0.2 and 0.8 J/cm2.

For the sample implanted with a dose of 1015 cm�2 and PLM

processed at 0.8 J/cm2, there are no appreciable differences

in the intensity between the spectra in channeling or random

configuration, indicating that Ti atoms are massively occupy-

ing interstitial lattice positions in the host semiconductor.

From the slight differences observed in the area of the curves

in all the samples implanted with different doses (not shown

here), we can conclude that the percentage of Ti interstitial is

over 95%. On the other hand, theoretical calculations

reported recently8 predict a metallic IB formation inside the

Si lattice only when the Ti atoms are located at certain inter-

stitials positions, but not in substitutional positions.

Additionally, in Fig. 5, it can be observed also the differ-

ences in the Ti related peak in the spectra of the samples

PLM processed at the lowest and highest energy density (0.2

and 0.8 J/cm2). These spectra are acquired in the both config-

urations, channeled and random. The spectra of the samples

PLM processed at 0.8 J/cm2 show narrower peaks and a peak

displacement towards higher energies (which means towards

the surface of the implanted layer), in contrast with the

spectra of the samples PLM processed at the low energy

(0.2 J/cm2). The FWHM of the Ti related peaks in the RBS

spectra are 20 keV and 35 keV, for the 0.8 and 0.2 J/cm2

energy densities, respectively. All these point out that the Ti

impurities in the samples PLM processed at 0.8 J/cm2 are

concentrated in a reduced superficial depth. This indicates

also that high density energy during the PLM process pro-

duces diffusion of the impurities to the surface layer in com-

pletely agreement with the ToF-SIMS results presented

previously.

CONCLUSIONS

We show that samples implanted at very high concentra-

tions preserve after PLM processes, Ti concentrations well

above the theoretical Mott limit. We have demonstrated

that Ti depth concentration obtained from SIMS and RBS

FIG. 4. RBS spectra of Ti-implanted Si samples at 1015 cm�2 and PLM

processed at 0.2 and 0.8 J/cm2 oriented in random and channeling geometry.

Si substrate RBS spectrum is also shown.

FIG. 5. RBS spectra centered at the Ti peak signal for the Si samples

implanted with 1015 cm�2 and PLM processed at 0.2 and 0.8 J/cm2 at ran-

dom and channeling configuration. RBS spectra of the Si substrate sample

are also shown.
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measurements are in clear agreement, and show that a very

good crystal lattice can be achieved for the lowest implanted

dose at the maximum energy density investigated. We find in

the analyzed samples a massive interstitial position of Ti

impurities after PLM processed. The electronic transport

properties in these samples have been satisfactorily

explained previously in terms of the IB formation in the Ti

supersaturated Si layer. This result could point out, contrary

to the classical understanding of doping, that a substitutional

lattice position could not be essential to obtain an electrical

activation in the case of an IB formation in agreement with

previous theoretical calculations.
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