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Si+ ion-implanted silicon wafers are annealed at different temperatures from room temperature to 950 ◦C and

then characterized by using the photoluminescence (PL) technique at different recorded temperatures (RETs). Plentiful

optical features are observed and identified clearly in these PL curves. The PL spectra of these samples annealed in

different temperature ranges are correspondingly dominated by different emission peaks. Several characteristic features,

such as an R line, S bands, a W line, the phonon-assistant WTA and SiTO peaks, can be detected in the PL spectra of

samples annealed at different temperatures. For the samples annealed at 800 ◦C, emission peaks from the dislocations

bounded at the deep energy levels of the forbidden band, such as D1 and D2 bands, can be observed at a temperature

as high as 280 K. These data strongly indicate that a severe transformation of defect structures could be manipulated

by the annealing and recorded temperatures. The deactivation energies of the main optical features are extracted from

the PL data at different temperatures.
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1. Introduction

Silicon is the dominant material for semiconduc-

tor electronics and electronic applications. Since sil-

icon is a kind of indirect band-gap semiconductor in

nature, radiation recombination from direct band-to-

band transitions is rare, and it is manifested by a

large radiation recombination lifetime on the order

of milliseconds.[1] Currently, however, the lumines-

cence from silicon is being researched extensively be-

cause this approach is very promising for silicon-based

optical-electrical integrated devices.[2−5]

Ion implantation is a standard process for in-

troducing dopants and other impurities into silicon

crystals. Recently, novel physics and material opti-

cal properties in silicon have been demonstrated by

employing this technique and its subsequent anneal-

ing process. This promotes the ion-implanted silicon

to be a hot research area again.[5−7] Ion implantation

or irradiation of silicon produces intense and sharp

photoluminescence in the formation of the W band

with a zero-phonon line at 1.018 eV.[6] Davies et al

mapped out the conditions when the PL intensity is

expected to be approximately proportional to the con-

centration of centres in silicon, induced by low dose

ion implantation.[7] The transition from small intersti-

tial clusters to extended {311} defects has also been

identified clearly, and the evolution of implantation-

induced defect structures has been well discussed in re-

cent work.[8] Giri et al reported on the optical emission

from Si+ implanted silicon with a relatively low energy

(1.2 MeV) and dose.[9] Homewood et al illuminated

the effects of dislocation loops on the suppression

of thermal quenching of luminescence.[10] Interstitial-

type defects have been observed beyond the projected

ion range in high energy ion-implanted and annealed

silicon.[11] Most recently, Bao et al presented a novel

approach to enhancing the emission intensity of the

W -line in silicon and demonstrated a good sub-band-

gap light emitting diode based on the introduction of

point defects.[12] Thus, several questions subsequently

arise. For example, which defects control the light

emission from silicon and where are they located? Al-

though considerable efforts have been made to an-

swer these questions, those studies focused primarily

on the description of central lines in implanted sil-
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icon with a high implanting energy (MeV) and low

dose ions.[6−11,13−15] To our knowledge, little work has

been done on the PL evolution of defects with temper-

ature in silicon, especially those emissions produced by

self-ion implantation.

In the present work, with a view to understand-

ing the origin of radiation recombination from differ-

ent defects, an investigation into PL evolution with

annealing temperature (AT) and recorded tempera-

ture (RET) is conducted in self-implanted Si samples.

The PL features of the implanted samples annealed

at different temperatures are identified clearly and de-

activation energies of the main PL lines (bands) are

obtained. PL emission from the samples is observed

at 280 K. It indicates that room temperature lumi-

nescence from silicon wafers can also be achieved by

self-ion implantation.

2. Experimental details

The base materials used in this investigation

were p-type (100) silicon wafers (boron doped, ρ ≈
15 Ω · cm). At room temperature, these wafers were

implanted with a Si+ ion dose of 3 × 1014 cm−2 and

an implanting energy (Eimp) of 300 keV. The radius of

the corresponding projected ion range (Rp) is about

450 nm. All the implantation experiments were con-

ducted with an ion beam at an incident angle of 7◦

with respect to the normal of the Si wafer to avoid

channelling effects. After completing the ion implan-

tation, all the wafers were cut into several pieces, then

they were annealed in N2 atmosphere for 30 min at dif-

ferent temperatures ranging from room temperature

to 950 ◦C in temperature steps of 50 ◦C.

The PL spectra were recorded by using a Syner

JY spectrometer (Tria 550). In the PL measurements,

samples were mounted on the cold-tip of a drip-feed

liquid helium cryostat. The temperatures of the sam-

ples in the optical experiments varied from 4.7 to

300 K. An argon-ion laser with a wavelength of 460 nm

was used as an irradiation source. The spot diam-

eter and the exciting power of the laser beam were

∼2.5 mm and 17 mW, respectively. Light emission

from the samples was dispersed by a monochromator

and detected by using a Ge detector. The standard

lock-in technique was used to improve the ratio of lu-

minescence signal to noise.

3. Results and discussion

Figure 1 shows typical PL spectra of the as-

implanted sample and those samples annealed at dif-

ferent temperatures for 30 min. The PL spectra fit

the Gaussian line model well.[16] It is worth noticing

that the PL spectra of all the as-implanted samples

and the samples with AT lower than 200 ◦C feature a

wide photon energy range of 0.765–1.050 eV (1620–

1180 nm). The centre of this broad range is near

0.805 meV (1540 nm), which is determined by the

Gaussian line fitting. This broad feature is a typi-

cal PL emission from the disordered regions of the

unknown structure (probably amorphous) which are

located in the top layer (at a depth of ∼500 nm from

the surface) and usually produced by ion implanta-

tion.

Fig.1. PL spectra of the as-implanted Si wafers, those

at different annealing temperatures (AT) and those with-

out any annealing process (as-implanted) separately. A

time of 30 min is chosen in the annealing process. The

recorded temperature (RET) in these PL experiments is

7 K. All the Si samples are implanted with a Si+ ion dose

of 3×1014 cm−2 and an Eimp of 300 keV.

A strong and sharpW line is observed at 1.017 eV

(1219 nm) in the PL spectra of those samples annealed

at low temperatures (≤ 350 ◦C). In fact, the PL spec-

tra are dominated by theW line and its phonon replica

WTA at 0.998 eV (1244 nm), as in the typical PL line

of the 300 ◦C annealed sample shown in Fig.1. The

full width at half height (FWHM) of the W line is in

a range of 4–6 meV at 7 K, but that of the WTA line

is about 12 meV on average. The peak at 1.040 eV

(1193 nm), which is labelled “X”, was also observed in

the PL spectra of those samples annealed at low tem-

peratures. This feature is believed to originate from

the bigger interstitial clusters. Similar optical struc-

tures were also demonstrated in Refs.[17] and [18].
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The FWHM of the X line is about 10 meV in this

AT range on average. The PL feature at 0.978 eV

(1268 nm) is indistinct yet, and it is proposed that

this emission peak is probably related to the inter-

stitial complexes.[19] The peak located at 0.967 eV

(1282 nm) could be attributed to the G line. Usually,

a G-type centre is formed when one interstitial car-

bon atom is trapped at a substitutional carbon atom

in silicon (CiCs).
[12] This type of centre can be anni-

hilated by annealing the silicon samples at a higher

temperature for a long time.

When AT increases to 600 ◦C, great changes take

place in the PL spectra. The PL line of the sample

annealed at 600 ◦C mainly exhibits two broad peaks

at 0.887 eV (1398 nm) and 0.936 eV (1325 nm), which

are labelled S1 and S2, respectively. The S1 and S2

emission peaks can be ascribed to exciton recombi-

nation occurring in the strained regions which sur-

round the small interstitial clusters embedded in the

Si matrix.[8] The FWHMs of the S1 and S2 features

are 38 and 43 meV, respectively. The peak at 0.767 eV

(1616 nm) is ascribed to the P line, which is associ-

ated with a certain C centre perturbed by a second

oxygen atom.[20,21]

For the samples annealed at 700 and 750 ◦C, it is

interesting to note that a sharp emission peak labelled

‘R’ is observed between the S1 and S2 features with an

FWHM of 6 meV at 7 K. It is proposed that the recom-

bination of {311} rod-like defects should be responsi-

ble for this optical feature.[8,9] Although changes in

feature of the PL spectra with the AT are continuous,

there is no sharp critical temperature again. The W ,

S1, S2, and SiTO features also can be observed in the

same PL spectra of the sample annealed at 700 ◦C.

This is very different from that reported in Refs.[7]

and [8], in which only one or two of those features

mentioned above can be detected.

More interesting features are observed in the PL

spectrum of the sample annealed at 800 ◦C. As shown

in Fig.1, a strong and broad peak D1 is observed at

0.816 eV (1518 nm); probably this emission process

is associated with the deep energy levels D1,
[22] and

it can be detected until RET is as high as 280 K, at

which the peak D1 undergoes a red shift of 32 meV to

0.784 eV (1580 nm) in comparison with the peak posi-

tion recorded at 7 K. The bound-exciton TO assistant

emission peak SiTO is observed at 1.101 eV (1126 nm)

at low RETs. In fact, a very weak SiTO peak has

also been detected in the PL of samples annealed at

600 and 700 ◦C. It is likely that the intensity of SiTO

peak increases with the increase of AT, and further

implies that the irradiated damage to the Si wafer,

induced by self-implantation, is repaired remarkably

and continuously in the AT range of 600–900 ◦C. The

broad peak O1 with an FWHM of 22 meV at 1.052 eV

(1179 nm) is probably produced by heating Czochral-

ski (CZ) silicon at high temperature;[12,23] it can also

be attributed to a kind of defect-induced emission.

Despite the importance of FWHM in studying the

optical properties of silicon, there has been little work

on the mechanisms by which the line width of pho-

toluminescence is generated. For example, there are

little data on the FWHM of the luminescence. That

luminescent centres exist in materials is an intrinsic

character, so the FWHM is strongly dependent on the

measuring method and techniques, such as the sen-

sitivity and resolving power of the detector, and the

wavelength and power of the exciting light. In general,

the FWHM obtained by using a grating monochroma-

tor is much larger than by using a Fourier transform

spectrometer. The results here are in agreement with

the FWHM data of PL spectra reported in Refs.[8], [9]

and [24], even though those authors did not emphasize

it.

Figure 2 shows the temperature evolution of the

PL spectra of the sample annealed at 400 ◦C. All the

PL spectra exhibit a broad background in a range be-

tween 0.950 eV (1305 nm) and 0.75 eV (1653 nm),

which is probably contributed by the collective emis-

sion of several damaged structures localized at differ-

ent energy levels. These structures are usually pro-

duced by implanting particles into the matrix ma-

terials and cannot be destroyed even in our anneal-

ing environment at 500 ◦C for 30 min. However,

well-resolved and shape optical peaks can be observed

simultaneously in the high photon energy range (>

0.950 eV). The PL spectrum at 7 K shows mainly W

and X emissions, and very weak S1 and S2 peaks.

Increasing RET to 40 K, the W line dominates the

broad background. Further increasing RET to 80 K,

the high energy luminescence is changed very weakly,

but the intensity of the SiTO feature increases with the

increase of RET, which indicates the contribution of

the TO phonon to the indirect transition. The broad

band is always strong in the RET range; essentially,

this complex luminescence may originate from a va-

cancy and often occurs in a low concentration region

of small vacancy clusters in the near-surface.[19]
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Fig.2. PL evolution of the p-Si sample self-implanted and

then annealed at 400 ◦C with temperature. The Si+ ion-

implanting dose, energy, and subsequent annealing time

are 3×1014 cm−2, 300 keV, and 30 min, respectively.

PL curves for the sample annealed at 700 ◦C at

different RETs are shown in Fig.3. All the PL spec-

tra are basically dominated by the R line at 0.903 eV

(1372 nm). At lower RETs (< 40 K), the apparent

S1 and S2 bands and the weak G line at 1.000 eV

(1240 nm) can be easily identified even in the absence

of Gaussian line fitting. With the increase of RET,

the intensities of the S1 and S2 peaks decreases con-

tinuously. Furthermore, the G line emission cannot

be detected any more when RET is up to 60 K. This

indicates that most of the excitons from the S and G

bands have been excited to the extended {311} defects

and undergone a non-radiative combination process,

except for those related to the R line.

Fig.3. PL evolution of the p-Si sample self-implanted and

then annealed at 700 ◦C with temperature. Except for the

AT, the implantation and the annealing conditions of the

sample are the same as those described in the captions of

Figs.1 and 2.

After the Si+ ion-implanted sample has been an-

nealed at 900 ◦C, the concentration of the defects is

reduced apparently. As a result, a very strong D1

emission can be observed in a very broad temperature

range (7–280 K), as shown by the typical PL spec-

tra in Fig.4. This is very promising for optoelectronic

applications in fabricating low loss fibres operating at

∼ 1.55 µm for telecommunications. It indicates that

the emission characteristic of the silicon matrix ma-

terials can be tailored as an efficient light emitter op-

erating in a near-infrared band through the self-ion-

implanting process. Additionally, another weak fea-

ture D2 related to the dislocations has also been de-

tected in the whole RET range. This peak exhibits an

average FWHM of 21 meV and a red-shift of 53 meV

which is larger than that of the D1 peak (32 meV). It

indicates that the dislocations related to the D2 band

are more sensitive to temperature than those related

to the D1 band. Similar to those samples annealed at

other temperatures, the S1 feature of the sample an-

nealed at 900 ◦C cannot be detected in the PL curve

recorded at 160 K as shown in Fig.4.

Fig.4. PL evolution of the p-Si sample self-implanted and

then annealed at 900 ◦C with temperature. Except for

the annealing temperature, the implantation and the an-

nealing conditions of the sample are the same as those

described in the captions of Figs.1 and 2.

All the characteristic peaks, such as W line, R

line, S1 band, S2 band, and D band, were measured

in a temperature range from 7 to 280 K. The PL

peaks from the D1 band, W line, R line, S1, and

S2 bands disappear at about 280, 110, 160, 130, and

110 K, respectively. It is assumed that the PL in-

tensity can be expressed approximatively in the ex-

ponential function,[12] i.e. I(T ) = I(I0)exp(E/kBT ).

Then, one can obtain the deactivation energies of the

D1 band, W line, R line, S1 band, and S2 band to be

186, 54, 26, 34, and 37 meV, respectively. Although

these data are not sufficiently accurate and the be-

haviour changes a little from sample to sample, the
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very high deactivation energy of some features implies

great potential applications in high temperature op-

toelectronic devices.

Some experimental techniques, such as PL spec-

troscopy, electron paramagnetic resonance (EPR),

positron annihilation signal (PAS), and deep level

transient spectroscopy (DLTS), are utilized to study

the formation, migration and evolution of the in-

terstitial clusters and vacancies in silicon. The I2-

and I4-clusters in silicon are also identified by us-

ing the electron spin resonance (ESR) technique. In

fact, the single vacancy works as a fast-diffusing

species. Depending on its charge state, the va-

cancy can turn into a mobile particle at temperatures

above 150 K, and be trapped by impurities such as

dopants, group-IV species, interstitial oxygen or other

vacancies.[25] Stable vacancy centres at room temper-

ature are divacancies,[26] and at higher temperatures

they are converted into multi-vacancy centres (V3 and

V4, even V5 and V6), which were also assigned by the

EPR and other optical measurements.[27−29]

Several characteristic PL peaks due to I-clusters

are observed in both n-type and p-type Si. It was

proposed by Commer et al [30] that the zero phonon

line (X band) at 1.040 eV in the PL spectra and

the infrared absorption peaks at 530 and 550 cm−1

should be attributed to the defects formed from the

tetra-interstitial I4-clusters. This identification was

confirmed in a subsequent study.[31] The non-phonon-

assistant W line at 1.018 eV probably originates from

self-interstitial aggregates, and its emission mecha-

nism is closely related to the radiation combination

of the I3-clusters.
[32] This kind of defect is formed in

most types of irradiated Si and is not connected with

any impurities. Studies on the stress show that the

symmetry of the W -line is trigonal, and the magni-

tude of the stress splitting of this PL line suggests

that an interstitial centre is bonded into the lattice

with rather strong bonds.[33]

The PL measurements indicate that the X cen-

tre forms at the expense of the W centre. However,

the X centre does not form simultaneously with the

W centre even at elevated temperatures due to the

higher formation-temperature of the X centre. There-

fore, the former is generally more stable than the lat-

ter. The number of interstitials in the X centre is

proposed to be larger than that of the W centre, ac-

cording to the concept of ripening of the clusters with

the increase of AT.[34,35] It can be concluded that the

X centre defect must evolve from a possible combi-

nation of the W centre defects. As a result, the W

centre may be composed of a half unit of the X cen-

tre or I4–cluster, and the I2-cluster is most likely a

candidate for the basic structure of the W centre. In

fact, the I2-cluster can easily be combined and form

an I4–cluster on applying thermal energy. Therefore,

it is proposed in this work that the ⟨111⟩ split triple

(ST) di-interstitial defects are just the defects which

should be responsible for the emission of the W-line.

The S1 and S2 peaks show average FWHMs of

∼38 and ∼43 meV, respectively. The two FWHM

values are quite a lot larger than those of W and X

lines. The large FWHMs of the S1 and S2 bands indi-

cate that related defects have spread in the activation

energy and are likely to form an extended structure.

The presence of lattice strain and the extended struc-

ture of the corresponding I-clusters could be used to

interpret the broad S1 and S2 emission-bands corre-

sponding to a lattice-strain of about 2%.[9] According

to the proposition given by Kim et al,[36] the stable

defect structure evolves from a compact to a chain-

like then to a rod-like {311} defect with the increase

of interstitial number. Giri et al [9] attributed broad

S1 and S2 to the I-chains which form in an intermedi-

ate temperature range (400–600 ◦C). For the sample

annealed at 700 ◦C, the R feature at 0.903 eV results

from the recombination of excitons at the {311} rod-

like defects. The FWHW (6 meV) of the R line is

of the same order as those observed in the W and X

bands. Therefore, the formation of the {311} defects

involves the release of strain from I-chains or extended

I-clusters. These defects induce the production of a

well-defined energy level in the forbidden gap of the

silicon. This usually leads the corresponding PL peak

to be very sharp.

The D1 peak was observed not only in the ion-

implanted silicon, but also in the plastically deformed

and then annealed silicon by using a continuous wave

laser.[37] It was confirmed by Sauer et al that the

D1 and D2 bands were similar in nature and cor-

responded to bound-to-bound transitions.[22] In fact,

the D1 and D2 emissions originate from deformation-

induced point defects located in a strain region of

the curved dislocation. For low dislocation densities

(< 106 cm−2), the D1 line becomes much narrower

and exhibits a double fine structure.
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4. Conclusions

The photoluminescence evolution of Si+ ion-

implanted and annealed silicon wafers with recorded

temperature and annealed temperature is investi-

gated. For the self-implanted Si samples with an-

nealing temperature below 750 ◦C, all the PL spectra

exhibit an underlying broad band between 1180 nm

(1051 meV) and 1620 nm (765 meV), in which these

visible peaks are ascribed to the W line, R line, S

bands, X line, etc, respectively. As for the sample an-

nealed at lower temperatures (≤ 200 ◦C), the broad

band in the PL spectra is concentrated at 1.550 µm.

For those samples with annealing temperatures in the

range 250–350 ◦C, the W line becomes the main fea-

ture of the PL curves. For those samples annealed be-

tween 400 and 650 ◦C, the S1 and S2 bands dominate

the PL spectra. For those samples annealed between

700 and 750 ◦C, the dominant feature is an R line at

0.903 eV. For those samples annealed at 800 ◦C, the

PL spectra mainly show emissions originating from

the deep energy levels, such as the D1 and D2 bands,

which can be observed until the recorded temperature

reaches as high as 280 K. With the increase of an-

nealing temperature and the evolution of defects from

bigger interstitial clusters, to small interstitial clus-

ters, to rod-like defects, and to deep energy levels, the

dominant emission peaks in the PL spectra change

from the X line, to the S band, to the R line to the D

band correspondingly. It is indicated that the subro-

gation of the characteristic PL peak in the implanted

Si wafers reflects the defect evolution induced by dif-

ferent annealing temperatures in nature.

Acknowledgement

The authors would like to thank Dr. Wang H T

for the helpful discussion on the PL data.

References

[1] Pavesi L 2003 J. Phys.: Condens. Matter 15 R1169

[2] Ng W L, Lourenco M A, Gwilliam R M, Ledain S, Shao

G and Homewood K P 2001 Nature 410 192

[3] Huang W Q, Wang H X, Jin F and Qin C J 2008 Chin.

Phys. B 17 3753

[4] Trupke T, Zhao J, Wang A, Corkish R and Green M A

2003 Appl. Phys. Lett. 82 2996

[5] Liu H X, Zhang H M, Hu H Y and Song J X 2009 Chin.

Phys. B 18 734

[6] Davice G, Lightowlers E C and Ciechanowska Z E 1987 J.

Phys. C: Solid State Phys. 20 1991

[7] Harding R E, Davice G, Hayama S, Coleman P G, Bur-

rows C P and Leung J W 2006 Appl. Phys. Lett. 89 181917

[8] Coffa S, Libertino S and Spinella C 2000 Appl. Phys. Lett.

76 321

[9] Giri P K 2005 Semicond. Sci. Technol. 20 638

[10] Lourenco M A, Milosavljevi M, Gwilliam R M and Home-

wood K P 2005 Appl. Phys. Lett. 87 201105

[11] Kogler R, Peeva A, Anwand W, Brauer G, Werner P and

Gosele U 1999 Appl. Phys. Lett. 75 1279

[12] Bao J M, Malek T, Taegon K, Supakit C, James S W,

Aziz M J and Capasso F 2007 Opt. Express 15 6727

[13] Davice G 1989 Phys. Rep. 176 83

[14] Davice G, Hayama S, Murin L, Rehberg R K, Bondarenko

V, Sengupta A, Davia C and Karpenko A 2006 Phys. Rev.

B 73 165202

[15] Schmidt D C, Svensson B G, Seibt M, Jagadish C and

Davies G 2000 J. Appl. Phys. 88 2309

[16] Wang C, Li T X, Chen P P, Liu Z L, Cui H Y, Yang Y

and Lu W 2008 Acta Phys. Sin. 57 1155 (in Chinese)

[17] Ciechanowska Z, Davies G and Lighttowlers E C 1984

Solid State Commun. 49 427

[18] Harding R, Davies G, Coleman P G, Burrows C P and

Leung J W 2003 Physica B 340-342 738

[19] Harding R E, Davice G, Tan J, Coleman P G, Burrows C

P and Leung J W 2006 J. Appl. Phys. 100 073501
[20] Minaev N S and Mudryi A V 1981 Phys. Stat. Sol. (a) 68

561
[21] Kurner W, Sauer R, Dornen A and Thonke K 1989 Phys.

Rev. B 39 13327
[22] Sauer R, Weber J, Stolz J, Weber E R, Kusters K H and

Alexander H 1985 Appl. Phys. A 36 1
[23] Steele A G, Thewalt M L and Watkins S P 1987 Solid.

State. Commun. 63 81
[24] Kveder V, Badlevich M, Steinman E, Izotov A, Seibt M

and Schroter W 2004 Appl. Phys. Lett. 84 2106
[25] Watkins G D In: Pantelides S T (editor) 1992 Deep Cen-

ters in Semiconductors 2nd ed. (Switzerland: Gordon and

Breach) p177
[26] Watkins G D and Corbett J W 1965 Phys. Rev. 138 A543
[27] Lee Y H and Corbett J W 1974 Phys. Rev. B 9 4351
[28] Hastings J L, Estreicher S K and Fedders P A 1997 Phys.

Rev. B 56 10215
[29] Hourahine B, Jones R, Safonov A N, Oberg S, Briddon P

R and Estreicher S K 2000 Phys. Rev. B 61 12594
[30] Coomer B J, Goss J P, Jones R, Oberg S and Broddon P

R 2001 J. Phys.: Condens. Matter 13 L1
[31] Mechedlidze T and Suezawa M 2003 J. Phys.: Condens.

Matter 15 3683
[32] Coomer B J, Goss J P, Jones R, Oberg S and Broddon P

R 1999 Physica B 273-274 505
[33] Davies G, Lightowlers E C and Ciechanowska Z E 1987 J.

Phys. C: Solid State Phys. 20 191
[34] Benton J L, Halliburton K, Libertino S, Eaglesham D J

and Coffa S 1998 J. Appl. Phys. 84 4749
[35] Nakamura M and Nagai S 2002 Phys. Rev. B 66 155204
[36] Kim J, Kirchhoff F, Wilkins J W and Khan F S 2000 Phys.

Rev. Lett. 84 503

[37] Uebbing R H, Wagner P, Baumgart H and Queisser H J

1980 Appl. Phys. Lett. 37 1078


