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We have analyzed the spectral sub-bandgap photoresponse of silicon (Si) samples implanted with

vanadium (V) at different doses and subsequently processed by pulsed-laser melting. Samples with V

concentration clearly above the insulator-metal transition limit show an important increase of the

photoresponse with respect to a Si reference sample. Their photoresponse extends into the far infrared

region and presents a sharp photoconductivity edge that moves towards lower photon energies as the

temperature decreases. The increase of the value of the photoresponse is contrary to the classic

understanding of recombination centers action and supports the predictions of the insulator-metal

transition theory. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813823]

Silicon (Si) has been the key material since the begin-

ning of the microelectronic era. However, there are specific

applications in which Si cannot compete with other materi-

als. For example, in the field of the infrared detection PbSe1

or InSb2 are more suitable than Si. For this reason, the fabri-

cation of an infrared photodetector based on Si would be of a

great interest and the advantages are clear: any Si based ma-

terial would be easily integrated in the very mature Si micro-

electronics industry.

To attain these goals, several approaches are now in

progress at different laboratories worldwide. Si supersatu-

rated with chalcogens prepared by laser irradiation in SF6

atmosphere has exhibited strong sub gap absorption.3

Photodetectors build-up with Si highly doped with S and Se

by means of ion implantation and subsequently pulsed laser

melted (PLM) have shown extended infrared photoresponse

below the Si bandgap with high gain levels.4 In previous

papers, we have shown that Si supersaturated with Ti by

ion implantation and then PLM treated shows unusual opto-

electronic characteristics.5–7 Electrical transport properties

of these materials have been well explained for both Ti con-

centrations below and above the insulator-metal transition,

also known as Mott transition.8

Normally the introduction of deep level impurities dras-

tically reduces the carrier lifetime since these impurities act

as non-radiative recombination (NRR) centers, enhancing

the multiphonon emission.9 However, at very high impurity

concentrations, the electron wave functions would overlap

producing a delocalization of the states associated to the

impurities, just as it happens with the electron wave func-

tions in the valence band (VB) and in the conduction band

(CB). The concentration that determines the insulator-metal

transition (Mott limit) has been theoretically calculated to be

approximately 6� 1019cm�3.10 This value is in agreement

with experimental results.11,12 Once this limit is achieved,

the reduction of the NRR is possible and an increase of the

charge carrier lifetime may take place, as explained in the

configuration diagram theory.10

As we have proved recently by means of lifetime meas-

urements, Ti supersaturated Si samples have exhibited life-

time recovery, in agreement with the previous arguments.13

These results demonstrated that once the Mott transition is

achieved, the delocalization of the states associated to the

impurities occurs and the so-called intermediate band (IB) is

formed at this supersaturated region. More recently, we have

proved again the lifetime recovery of these samples by

means of spectral photo response measurements.14

In this letter, we present the photoelectronic and struc-

tural characteristics of Si supersaturated with vanadium (V).

V is a well-known deep center in Si,15 and as a consequence,

a possible candidate to form an IB under adequate experi-

mental conditions.

Samples 1� 1 cm2 in size of n-type Si (111) with a

thickness of 300 lm (q� 200 Xcm, l� 1500 cm2 V�1 s�1,

n � 2.2� 1013 cm�3 at room temperature) were implanted at

32 keV with V51 at two different doses (1013 and 1016 cm�2)

using a 7� tilt angle. Subsequently, the implanted samples

were PLM processed at 1 J cm�2 with a KrF excimer laser

(248 nm) at IPG Photonics. Also, some Si samples were

implanted with Si at 170 keV and 1016 cm�2 dose and subse-

quently processed by PLM at 1 J cm�2. We have chosen

170 keV for the Si implanted Si samples because our objec-

tive is to obtain a more defective and thicker layer after the

implantation and PLM process for comparative purposes.

Four Ti/Al triangular contacts were deposited on the

corners of the samples by means of the e-beam evaporation.

The spectral photoconductance of the samples for energies

below the bandgap was analyzed using the van der Pauw

setup. With this setup, a fixed current was injected through

two adjacent contacts and the AC voltage generated over the

opposite two contacts was measured, while a monochromatic

chopped light impinged the samples. A TMc300 Bentham

monochromator with a Nernst filament source was used

as infrared monochromatic source. The intensity of the light

was calibrated with a Bentham pyrometric detector.

Measurements were carried out at 90 K placing the samples
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inside a closed-cycle Janis cryostat and a vacuum pump was

used to avoid moisture condensation at low temperature. The

van der Pauw setup was fed with 1 mA DC current to avoid

self-heating effects. Photovoltage measurements were car-

ried out with a SR830 digital signal processing lock-in am-

plifier manufactured by Stanford Research Systems. Sheet

conductance in darkness was measured using the same set-

up than in photovoltage measurements, but in this case the

temperature ranged from 10 K to 300 K. We have used a

Keithley SCS 4200 model with four I-V source and measure

units to perform the darkness sheet conductance measure-

ments as a function of temperature.

To analyze the V depth profile, time-of-flight secondary

ion mass spectrometry (ToF-SIMS) measurements were car-

ried out in a ToF-SIMS IV model manufactured by ION-

TOF, with a 25 keV pulsed Bi3þ beam at 45� incidence. A

10 keV voltage was used to extract the secondary ions gener-

ated and their time of flight from the sample to the detector

was measured using a reflection mass spectrometer. The

structural characterization of the samples was carried out by

transmission electron microscopy (TEM) and electron dif-

fraction (ED) patterns obtained with a Titan3 G2 working at

300 keV.

As the fabrication of V supersaturated Si is intended for

infrared photodetector or solar cell applications, one of its

key properties is the spectral photoresponse. Fig. 1 shows the

results of the sheet conductance increase under illumination
DG�

I0

� �
normalized to the incident light power density I0, as a

function of the incident photon energy. The sheet conduct-

ance increase is directly related to the increase of the charge

carrier concentrations with respect to the darkness equilib-

rium state, as it was previously shown in Ref. 14:

DG� ¼ qlDnt, where q is the electron charge, l is the

charge carrier mobility, Dn is the charge carrier concentra-

tion increase due to the illumination, and t is the sample

thickness. The DG�

I0
is presented for the V implanted samples

at 1013 and 1016 cm�2 doses and PLM at 1 J cm�2 and the Si

implanted sample at 1016 cm�2 dose and PLM at 1 J cm�2.

We have chosen two different V concentrations well below

and above the theoretical Mott limit to clearly observe the

possible effect related to the insulator-metal transition. Also,

a reference silicon unimplanted substrate is presented for

comparative purposes. In order to observe the different levels

of the electrical noise for the different samples, the inset in

Fig. 1 shows the AC voltage (darkness voltage–illumination

voltage) measured directly by the lock-in amplifier. Due to

the high noise, DG�

I0
is not represented below 0.6 eV for the V

implanted sample at 1013 cm�2 and 0.7 eV for the Si

implanted Si sample.

For all the samples, we can observe the abrupt increase

of the DG�

I0
magnitude for photon energies over 1.1 eV, corre-

sponding to the intrinsic charge carrier generation due to the

Si band to band transitions. Concerning the Si reference sub-

strate, we observe a minor photoresponse for infrared photon

energies. This infrared photoresponse has been well

explained in terms of carrier generation due to surface

states.16,17

For the Si implanted Si sample and the V implanted

sample with the lowest dose (1013 cm�2), we observe a

slightly higher photoresponse than for the Si reference sub-

strate and an important increase of the electrical noise that

has made it impossible to measure at lower photon energies.

A very different behavior is observed in the case of the V

implanted sample at 1016 cm�2. The photoresponse of this

sample is at least one order of magnitude higher than the Si

reference sample at 1 eV photon energy and almost 4 orders

of magnitude higher at 0.5 eV photon energy. Its response is

extended deep into the infrared region, presenting an abrupt

front of DG�

I0
for energies starting below 0.2 eV. Moreover,

the noise level is remarkably lower than in the sample

implanted at 1013 cm�2 dose, and comparable to the noise

level of the Si reference substrate. All these characteristics

(electrical noise and different levels of photoresponse) will

be discussed in the following paragraphs.

By ToF-SIMS, we have studied the V concentration

depth profile of the implanted and PLM samples. For the

sample implanted with the lowest dose (1013 cm�2), the Mott

limit concentration (6� 1019 cm�3) is not reached. However,

the sample implanted at 1016 cm�2 dose presents a V concen-

tration over the theoretical Mott limit in a layer of about

100 nm. Fig. S1 in supplemental material18 shows V depth

profile for both samples. Therefore, according to the Mott

transition theory, two different scenarios have been obtained

as a function of the implanted dose, which explains the pho-

toconductivity measurements shown in Fig. 1. In the case of

the sample implanted at 1013 cm�2 dose, we have obtained a

layer that presents a high V concentration which is below the

theoretical Mott limit, and possibly the insulator-metal tran-

sition has not been achieved. Therefore, the observed infra-

red photoresponse of this sample is mainly due to V deep

levels introduced in the Si lattice as it has been previously

observed for iron deep levels in Si19 or Zn deep levels in

Si.20 Additionally, these V deep level impurities would act

as an important source of localized recombination centers,

increasing the electrical noise due to the recombination

FIG. 1. Increase of the sheet conductance spectral response normalized to

the impinging light power density as a function of the incident photon energy

for the Si unimplanted reference sample, for the V implanted Si samples at

1013 and 1016 cm�2 doses and the Si implanted Si sample at 1016 cm�2 dose.

Implanted samples were subsequently PLM processed at 1 J cm�2. Inset

shows the AC voltage measured as a consequence of the chopped light that

impinges the samples. Measurements were carried out at 90 K.
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processes,21–23 which could explain the measurements for

this sample in Fig. 1. In contrast, the sample implanted with

the 1016 cm�2 dose shows a V concentration over the theo-

retical Mott limit in a 100 nm thick layer (Fig. S1).18 For this

sample, the theoretical delocalization transition point has

been surpassed and we could expect a reduction of the NRR

processes at the V implanted layer. This reduction of the

recombination processes could be related with the remark-

able decrease of the electrical noise observed in the photo-

conductivity measurements of this sample (Fig. 1).

Therefore, this result is consistent with the delocalization

transition of the deep level impurities in the implanted layer.

Moreover, surpassing the delocalization transition limit

would imply the formation of a band of allowed states within

the Si bandgap. The formation of this band would result in

an increase of both the charge carrier lifetime and the

absorption coefficient, due to sub-bandgap optical transitions

involving this extra band. Both mechanisms would lead to an

increase of the photoresponse, being the influence of the

absorption coefficient dominant near the optical transition

edge. The intense increase of the photoresponse observed for

the sample implanted at a 1016 cm�2 V dose (Fig. 1), to-

gether with the presence of an abrupt photoresponse edge, is

consistent with the presence of delocalized states within the

Si gap. Therefore, we suggest that the observed photocon-

ductivity may be related to carrier transitions involving the

CB or the VB and the allowed states derived from the deloc-

alization of the V deep levels.

Focusing our attention on the abrupt edge of the photo-

conductivity for the infrared light observed in the 1016 cm�2

V implanted sample, we have studied its behavior as a func-

tion of the temperature. Fig. 2 shows DG�

I0
, as a function of

the energy of the incident photons. The DG�

I0
is presented in a

linear scale for different temperatures (110 K, 90 K, 60 K,

50 K, and 35 K). We observe that the photoconductivity edge

shifts to lower photon energies as the temperature decreases.

This observation suggests that the relative energy distance

from the CB or the VB to the allowed states within the Si

gap is changing as a function of the temperature. This behav-

ior is similar to the dependence of some semiconductors

bandgap with the temperature.24

For a deeper understanding of the photoconductivity

results, we have studied the structural characterization of the

implanted and PLM samples. Fig. 3(a) shows the TEM

images of the V implanted Si sample with the 1016 cm�2

dose and PLM at 1 J cm�2. In comparison, Fig. 3(b) shows

the Si implanted Si sample at 1016 cm�2 dose and PLM at

1 J cm�2. Also high resolution TEM images and ED patterns

are presented for both samples.

The V implanted sample at 1016 cm�2 dose (Fig. 3(a))

shows a slightly defective layer of 80 nm, which is in the

order of the depth that surpasses the Mott limit showed in

Fig. S1 in the supplemental material (100 nm).18 Focusing

on the high resolution TEM image of this sample, we

observe that a single crystalline layer is obtained in spite of

the high V concentration. In addition, no differences between

the ED pattern obtained for the processed layer and the ED

pattern of a silicon reference substrate are observed. These

results point to a very good crystal lattice reconstruction.

This is a remarkable result since the solid solubility limit of

V in Si (1015 cm�3)25 has been surpassed in more than 6

orders of magnitude maintaining a high crystal quality.

However, the Si implanted Si sample (Fig. 3(b)) shows a

more defective layer of 150 nm. A polycrystalline structure

is observed in this defective layer. The high resolution TEM

image of this sample shows details of a twin boundary. The

ED pattern of this sample confirms the Si crystalline struc-

ture. The origin of this more defective layer is related to the

different implantation energies (170 keV in the Si implanted

sample and 35 keV in the V implanted sample). We have

chosen different implantation energies because our objective

was to obtain a more defective layer in the case of the Si

implanted Si sample. TEM images of the V implanted sam-

ple at 1013 cm�2 are shown in Fig. S2 in the supplemental

material.18 For this sample, we have obtained a perfect

FIG. 2. Increase of the sheet conductance spectral response normalized to

the impinging light power density as a function of the incident photon

energy for the V implanted Si sample at 1016 cm�2 dose and PLM processed

at 1 J cm�2. Measurements were carried at 35, 50, 60, 90, and 110 K.

FIG. 3. Cross sectional TEM-HRTEM images and ED patterns of (a) the V

implanted Si sample at 1016 cm�2 dose and (b) the Si implanted Si sample at

1016 cm�2 dose, and subsequently processed by PLM at 1 J cm�2.
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crystalline structure without differences with a Si reference

substrate.

The different degrees of recrystallization that these sam-

ples present are directly related with the photoconductivity

measurements of Fig. 1. In the case of the Si implanted Si,

the structural defects observed in Fig. 3(b) could contribute

to both the increase of the photoresponse, as it was previ-

ously observed in Si irradiated with electrons or neutrons in

order to produce structural defects,26 and to the increase of

the electrical noise due to the crystal disorder.23 However,

the high photoresponse observed in the V implanted sample

at 1016 cm�2 dose cannot be explained in terms of structural

defects, since the most defective sample (Si implanted Si

sample) shows a much lower DG�

I0
.

Regarding the dark sheet conductance at 90 K of the

processed samples, they present values in the same order of

magnitude: 0.93 mS for the V implanted layer at 1016 cm�2

dose, 1.85 mS for the V implanted layer at 1013 cm�2, 1.42

mS for the Si implanted layer at 1016 cm�2, and 1.68 mS for

the Si reference substrate. Measurements of the electrical

transport as a function of temperature have shown important

differences as a function of the V concentration as it can be

seen in Fig. S3 in supplemental material.18 Samples with V

concentration below the Mott limit show the same values as

the Si reference substrate. However, samples with V concen-

tration over the theoretical metal-insulator transition present

an electrical decoupling effect of the bilayer structure formed

by the implanted and PLM layer and the Si substrate. At low

temperatures, these samples show a metallic transport behav-

ior without a carrier concentration freeze-out effect that

would be coherent with the proposed Mott transitions.

This electrical decoupling effect and metallic behavior

is similar to the one observed in Ti supersaturated Si.27,28

These electrical transport properties have been satisfactorily

explained and reproduced by means of an analytical model

which takes into account the parallel bilayer structure formed

by the IB material/Si substrate.6 A detailed discussion of the

electrical transport properties as well as the sheet conduct-

ance/temperature curve can be seen in supplemental

material.18

Therefore, the higher photoresponse observed for the V

implanted sample at 1016 cm�2 in Fig. 1 can be directly

related to a V concentration over the Mott limit, which

implies an important reduction of the electrical noise and the

electrical decoupling effect observed in the transport

properties.

In conclusion, V supersaturated Si samples have been

obtained by means of ion implantation and PLM processes.

Samples were implanted with two different V concentra-

tions, below and above the theoretical metal-insulator transi-

tion limit. As the V concentration increases, an important

increase of the photoresponse is observed for the far infrared

region of the spectrum as well as an important reduction of

the electrical noise. The infrared photoresponse of the V

supersaturated Si samples exhibits a photoconductivity edge

that shifts to lower photon energies as the temperature

decreases. This photoresponse can neither be related with

defects associated with the ion implantation nor with the

PLM process, since a more defective Si implanted Si sample

present a lower infrared photoresponse and a higher level of

electrical noise. We have related the high intensity and far

extended infrared photoresponse of the V sample implanted

at 1016 cm�2 dose with the predictions of the delocalization

of the deep levels associated with the V once the Mott limit

concentration has been surpassed. This delocalization leads

to a reduction of the NRR processes, which in turn is related

to the reduction of the electrical noise and the formation of a

band of allowed states in the Si bandgap. Therefore, an

increase of both the charge carrier lifetime and the absorp-

tion coefficient as a consequence of sub-bandgap optical

transitions involving this extra band takes place. These

results could lead to the development of a future generation

of Si based materials with enhanced photoresponse in the far

infrared region of the spectrum.
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