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Luminescence centers in silicon irradiated by femtosecond laser
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Photoluminescence in silicon grown by Czochralski technique and irradiated by femtosecond Ti:Sapphire laser

with a wavelength 780 nm is studied. The formation of a wide band in area of 1.15−1.6 µm, narrow W, H, P-

lines and the near-band-edge line is observed in the spectra. Influence of luminescence measurement temperature,

wavelength and power of exciting laser on the spectra is investigated. An activation energy of temperature

quenching of luminescence intensity and an excitation efficiency of W, H and P- lines are determined. With

increasing excitation power, the integral intensity of the wide band increases but the integral intensity of the

near-band-edge line decreases.
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Introduction

Luminescence is an effective method for studying the

nature and properties of defects formed during radiation

exposure and subsequent thermal annealing [1,2]. These

defects were formed from complexes or clusters of point

defects formed from self-interstitial silicon atoms, vacancies,

and impurity atoms (O, C, and elements of groups III and

V of the Periodic table). The luminescence intensity of

these centers decreased significantly (by several orders of

magnitude) with the increase of temperature and therefore

did not arouse interest for practical application. However,

recently, low-temperature silicon LEDs have been used

in a variety of fields, such as quantum optics, ultra-

low temperature calculations, and neuromorphic comput-

ing [3,4]. LEDs with X- (wavelength 1193 nm), W-

(1214 nm), G- (1280 nm), H- (1339 nm), C- (1571 nm),
T- (1326 nm) and P- (1617 nm) centers are considered the

most promising, since they are characterized by narrow and

well-reproducible lines of optical emission and absorption

lines [5–7]. Not all of the above-mentioned centers have

a reliably determined structure, and the optical properties

also need to be studied in more details. It should be noted

that the study of the above-mentioned centers in silicon

enriched with 30Si makes it possible to reveal their new

properties. Thus, in [8] the new data on width and fine

structure of W-, C- and G-lines was obtained. Over the past

50 years, many technological methods have been developed

to introduce these centers into silicon [2]. The method of

ion implantation has become the most widespread, since

it is used in fabrication of integrated circuits. However,

the development of new technological methods for creating

light-emitting structures continues. In particular, in paper [9]
it was demonstrated that G- and W- centers may be formed

using implantation of a focused (diameter 50 nm) ion beam

with a nanometer accuracy. A combination of metal-assisted

chemical etching (MACEtch) and implantation of carbon

ions made it possible to form a system of nanopillars in the

amount of one thousand pieces per square millimeter with

luminescence of G-center [10]. The study of the possibility

of luminescent centers formation using laser irradiation

is of interest, since in most cases there’s no more need

for additional annealing, which is necessary after radiation

exposure or ion implantation.

Currently, the effect of femtosecond laser pulses on

monocrystalline silicon is widely used to create various

kinds of functional micro- and nanoreliefs on its sur-

face [11–13]. In particular, by femtosecond laser macro-

structuring, it is possible to create anti-reflective reliefs

on the silicon surface to increase the efficiency of solar

cells and photodetectors [14–16], to control the hydropho-

bic/hydrophilic properties of the surface [17,18], to control

cell adhesion [19]. Another potentially promising application

of silicon laser processing is the possibility of forming

optically active centers in the near-surface region. In

paper [20], it was shown that treating the surface of

monocrystalline silicon with a series of femtosecond laser

pulses in SF6 followed by thermal annealing leads to the

appearance of a wide band in the luminescence spectrum

at low temperatures with its maximum at a wavelength of

1540 nm, which the authors interpreted as D1- dislocation-

related luminescence line.

The formation of structural defects and luminescent

centers in silicon irradiated with a femtosecond laser occurs

as a result of intense thermomechanical action on the

surface layers of the material [21,22]. Absorption of a

laser pulse at a wavelength of 780 nm occurs due to single-

photon and two-photon interband transitions, which leads to
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the generation of dense electron-hole plasma with a carrier

concentration of ∼ 1021,cm−3. Intense photoexcitation of

a semiconductor leads to an increase in absorption by free

charge carriers and their heating to temperatures ∼ 104 K,

while due to the short duration of exposure, the lattice

remains practically cold on a femtosecond time scale.

After the pulse ends on a picosecond time scale, hot

carriers transfer energy to the lattice, which leads to an

increase in its temperature. Due to the nonlinear nature

of absorption, the depth of the laser exposure zone is

significantly lower than the penetration depth of radiation in

the linear absorption mode, which is 8µm for a wavelength

of 780 nm [23]. It is important that heating of the lattice

occurs on a picosecond time scale almost isochorically (the
material does not have time to expand), which leads to a

strong increase in pressure in the surface layers. Evidence

of pressure generation with values of several GPa and

higher under femtosecond laser exposure is the fact that

polymorphic modifications of silicon (high-pressure phases)
were detected in the irradiated areas [24]. The possibility of

using laser treatment with femtosecond pulses to create X-,

W-, H-, C-, G-, T- and P-centers has not been studied. The

purpose of this work is to study the luminescent centers

formed in silicon during laser irradiation, as well as the

effect of measurement temperature and excitation power on

the parameters of these centers.

1. Experiment procedure

The initial sample was a single-crystal wafer of Si p- con-
ductance type fabricated by Czochralski method (Cz−Si)
in direction [100] with resistivity 20�·cm (KDB-20). A

femtosecond (fs) titanium-sapphire laser with a wavelength

of 780 nm, a pulse duration of 100 fs, and a pulse repetition

rate of 10Hz was used for irradiation. The laser beam

was featuring a Gaussian intensity profile and focused into

a spot 150µm in diameter at level e−1. The wafer was

irradiated in air under normal conditions by line-by-line

scanning of an area with dimensions 3× 3mm2 at a speed

of ∼ 100 µm/s (the distance between the scanning lines

∼ 100 µm). The energy in the pulse was ∼ 160−190 µJ.

The corresponding density of energy in the beam center

was ∼ 0.95 J/cm2. Luminescent centers were formed in

a thin near-surface layer, since at high radiation power,

the absorption coefficient in Si for the laser wavelength

increases by several orders of magnitude [11].

Photoluminescence (PL) was excited by red (wavelength
of 632 nm), green (532 nm) and violet (405 nm) light

from continuous solid-state and semiconductor lasers with

a power of up to 2−50mW and was detected in the

wavelength range of 1000−1650 nm at temperatures of

10−100K using an automated monochromator MDR-23

and InGaAs-photodetector operating at room temperature.

Correction for the optical path and detector sensitivity

was performed using an Avalight-hal-cal calibration lamp

with a known spectral distribution. The system resolution

was 5 nm.

2. Experimental results and discussion

Characteristic PL spectra of samples after irradiation by

laser measured at temperatures of 10−40K, are illustrated

in Fig. 1. In 1050−1200 nm area, luminescence lines

associated with the boron dopant in the initial sample, and

a high-intensity intrinsic luminescence line (1130 nm) [25],
the so-called near-band-edge line (NBE), are detected. In

the range of 1200−1650 nm we see formation of narrow

lines with maxima at the wavelengths of 1213, 1340 and

1618 nm and a wide defect-related band. As the wave-

lengths increase, the intensity of the band decreases. This

defect-related band was detected earlier after irradiation

of silicon with fast particles [26] and ion implantation [2].
However, the nature of this band is still unclear [10]. The

narrow lines belong to the known W-, H- and P-centers,

respectively. W-line belongs to the center formed of three

interstitial silicon atom (tri-interstitials) [27–29]. H- and

P-lines belong to the complexes which incorporate oxygen

atoms. They arise during irradiation and implantation, as

well as after heat treatment of Cz−Si with a high oxygen

concentration at temperatures 250 ◦C−600 ◦C and duration

of 1−500 h [2,30,31]. The NBE line is usually not observed

after irradiation or ion implantation, but may appear as a

result of subsequent annealing.

Temperature dependences of PL intensities for H- and

P-lines within the temperature range of 20−70K are shown

in Fig. 2. As can be seen from the figure, their intensity

decreases with the increasing temperature. They are well

described by the known formula [2]:

I(T ) = I(0)[1 + A exp(−E/kT )]−1, (1)

where E — activation energy of luminescence quenching,

A — coupling constant for this center. Activation energies
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Figure 1. PL spectra of samples after laser irradiation at temper-

atures, K: 1 — 10, 2 — 20, 3 — 30 and 4 — 40. Power of green

laser was 31mW.
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Figure 2. Temperature dependencies of PL intensities for P- (1)
and H- (2) lines.

of PL intensities quenching are equal EH = 34.9meV

and EP = 12.8meV. As a rule, quenching is caused by

multiphonon nonradiative recombination.

In [30] for the sample obtained by implantation of erbium

and oxygen ions, the quenching energy of the H-center

was 19meV. The almost twofold difference observed is

probably due to a different defective system of structural

defects, which can slightly alter the structure of the lumi-

nescent H-center, and the system of centers of nonradiative

luminescence. The activation energy of PL quenching

obtained in this work for P-center is very close to the values

of the quenching energy determined in [2] (14.7meV),
and [30] (11meV).
Figure 3 shows the PL spectra measured at 10K and

different powers of exciting light (photon flux density,F)
with the wavelength of 532 nm. For W-, H-, and P-lines, an

increase in pumping power does not change their position,

but increases the intensity of PL. In contrast to these centers,

an increase in pumping power leads to a declined intensity

of NBE-line (compare Fig. 3, b and c).
The dependencies of intensities of the point defects lines

on photon flux density are shown in Fig. 4. They are

described by the well-known formula [32]:

PL(F) = PLmaxσ τ F/(σ τ F + 1), (2)

where PLmax — maximum PL intensity, σ — photon

capture cross-section at the center and τ — lifetime of

the center in the excited state. The higher the excitation

efficiency, the lower then pumping power at which lumi-

nescence intensity is saturated. The approximation of the

experimental dependences by the above formula gives the

values for H-center (1240 nm) (σ τ )H = 4.8 · 10−19 cm2·s,
for P-center (1678 nm) (σ τ )P = 10 · 10−19 cm2·s, and for

W-center (1214 nm) (σ τ )W = 1 · 10−19 cm2·s. As far as we
know, the excitation efficiency of luminescent W-, H-, and

P-centers has not been studied before.

Increase of the pumping power leads to an increase in

the intensity of PL of the defect-related band (Fig. 3, a). At
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Figure 3. PL spectra of samples after laser irradiation at ex-

citation power of green laser, mW: 1 — 6, 2 — 9, 3 — 19

and 4 — 35, measured at a temperature of 10K within the ranges

of the wavelengths, nm: a — 1000−1650, b — 1100−1350, c —
1600−1650 (c — the scale along the luminescence intensity axis

has been reduced by 5 times).
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Figure 4. Dependences of PL intensities for: 1 — P-, 2 — W-,

3 — H-lines versus the photon flux density at a temperature of

10K.

that, the shape of the spectrum is not changing. This means

that the structure of the luminescent centers in this band

does not change, but the concentration of excited centers
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increases. The dependence of the integral intensity of the

defect-related band on the pumping power is shown in

Fig. 5. It is important to note that this integral dependence

also tends to saturate, as do the centers of point defects

studied above.

An increase in pumping power is accompanied by a

decrease in the integral intensity of PL NBE line (Fig. 3, b).
This contradicts the available experimental data for samples

in which the light-emitting layer was created during the an-

nealing of silicon implanted with ions Er [30,33], Si [34,35],
O [36,37], P [34], liquid-phase recrystallization of the amor-

phous layer formed during laser irradiation of [38], and splic-

ing of silicon wafers (the so-called bonding process) [34].
At that the luminescent centers of Er3+ions [30,33], {113}
defects [36] and dislocation luminescence [30,34–37] were
located in the near-surface layer formed during the process

of thermal annealing of the defective layer. Often, after

annealing, a line of NBE luminescence appeared in the lu-

minescence spectra. It has been shown that this line occurs

deeper than the disturbed layer. As a rule, with an increase

in the intensity of the exciting light or the pumping current,

its intensity increases and may even exceed the intensity

of the formed luminescent centers as the concentration

of excited centers rises [30]. It is reasonable to assume

that in our experiment, the centers responsible for PL of

W-, H-, P-lines and the defect-related band were formed

in the near-surface layer modified by laser irradiation, and

the near-band-edge luminescence (NBE-center) is excited

in the region located behind a defective layer. To test our

assumption, the photoluminescence spectra were measured

when it was excited by different lasers (Fig. 6).

In case of a violet laser, there is practically no near-

band-edge luminescence, the ratio of the integral intensity

of NBE-line to the integral intensity of the defect-related

luminescence (R) tends to zero, since almost all the light

from the laser is absorbed in the defect-related layer. The

penetration depth of green light in silicon is greater than

violet, and it penetrates already into the layer undisturbed by
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Figure 5. PL integral intensity versus excitation power of green

laser for the defect-related band (1) and NBE-line (2). The

measurement temperature is 10K.
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Figure 6. PL spectra when excited by different lasers at a

temperature of 10K. Excitation light wavelength of λ, nm (laser
power, mW): 1 — 532 (35), 2 — 405 (46) and 3 — 632 (30).

laser irradiation, causing the appearance of near-band-edge

luminescence and increasing. Red light penetrates even

deeper, and the proportion of penetrating laser radiation (PL
inducing NBE) is a large part of the total radiation compared

to green light, and, accordingly, increases R. In these

experiments, as a rule, the intensity of the near-band-edge

luminescence is directly proportional to the intensity of the

excitation. This indicates that the degree of disruption of the

defective structure does not cause a change in the absorption

coefficient of the exciting light with an increase in its

intensity. As mentioned above, when silicon is irradiated

with a femtosecond laser, more significant deviations of the

defect-related structure may occur. In particular, the light

absorption coefficient may increase as it approaches the

surface. As a result, as the intensity of the exciting light

increases, the efficiency of its absorption in the disturbed

layer rises and most of it goes to excite W-, H-, P-lines and a

wide band, and a decrease in the proportion of transmitted

light, which induces the near-band-edge luminescence, is

accompanied by its lower intensity (Fig. 5).

Conclusion

PL was studied in silicon grown by Czochralski method

and irradiated with a femtosecond titanium-sapphire laser

with a wavelength of 780 nm. In PL spectra of the irradiated

samples, a wide band in the region of 1.15−1.6 µm,

narrow W-, H-, and P-lines, as well as the near-band-

edge luminescence line are formed. The effect of the

measurement temperature, pumping power, and wavelength

of the exciting laser on these spectra is investigated.

An increase in the measurement temperature leads to a

decrease in the intensity of PL of H- and P-lines with

quenching energies of 34.9 and 12.8meV for H- and P-lines,

respectively. For the H-line, the energy value depends on

the sample fabrication conditions, whereas for the P-line, it

Technical Physics, 2025, Vol. 70, No. 6
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does not depend on the technology used. The luminescence

intensities of the W-, H-, and P-lines, as well as the integral

intensity of the defect-related band rise with increasing

excitation power. The efficiencies of PL excitation were

determined for the first time for W-, P- and H-centers:

1 · 10−19, 10 · 10−19 and 4.8 · 10−19 cm2·s respectively. It

has been established that the luminescence centers of the

narrow lines and the defect-related band are located in the

near-surface layer modified by laser irradiation.
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[21] A. Rämer, O. Osmani, B. Rethfeld. J. Appl. Phys., 116, 053508

(2014). DOI: 10.1063/1.4891633
[22] A.A. Ionin, S.I. Kudryashov, A.A. Samokhin. UFN, 187 (2),

159 (2017)(in Russian) DOI: 10.3367/UFNr.2016.09.037974

[23] O.A. Accipetrov, I.M. Baranova, K.N. Yevtyukhov. Ne-

lineyanaya optika kremniya i kremnievykh nanostruktur

(Fizmatlit, M., 2012), p. 544, ISBN 978-5-9221-1402-8

[24] A.A. Ionin, S.I. Kudryashov, A.O. Levchenko, L.V. Nguyen,

I.N. Saraeva, A.A. Rudenko, E.I. Ageev, D.V. Po-

torochin, V.P. Veiko, E.V. Borisov, D.V. Pankin, D.A. Kir-

ilenko, P.N. Brunkov. Appl. Surf. Sci., 416, 988 (2017).
DOI: 10.1016/j.apsusc.2017.04.215

[25] P.J. Dean, J.R. Haynes, W.F. Flood. Phys. Rev., 161, 711

(1967). DOI: 10.1103/PhysRev.161.711
[26] G. Davies, S. Hayama, L. Murin, R. Krause-Rehberg, V. Bon-

darenko, A. Sengupta, C. Davia, A. Karpenko. Phys. Rev. B,

73, 165202 (2006). DOI: 10.1103/PhysRevB.73.165202
[27] P.K. Giri. Semicond. Sci. Technol., 20, 638 (2005).

DOI: 10.1088/0268-1242/20/6/027

[28] B.J. Coomer, J.P. Goss, R. Jones, S. Oberg, R. Broddon.

Physica B, 273−274, 505 (1999).
DOI: 10.1016/S0921-4526(99)00538-4

[29] Yu. Yang, J. Bao, C. Wang, M.J. Aziz. J. Appl. Phys., 107,

123109 (2010). DOI: 10.1063/1.3436572
[30] N.A. Sobolev, K.F. Shtel’makh, A.E. Kalyadin,

E.I. Shek. Semiconductors, 49 (12), 1651 (2015).
DOI: 10.1134/S1063782615120209

[31] N.S. Minaev, A.V. Mudryi. Phys. Status Solidi A, 68,

561 (1981). DOI: 10.1002/pssa.2210680227
[32] N.A. Sobolev, A.E. Kalyadin, K.F. Shtel’makh, E.I. Shek,

V.I. Sakharov, I.T. Serenkov. Semiconductors, 56 (6), 390

(2022). DOI: 10.21883/SC.2022.06.53535.9832
[33] M.S. Bresler, O.B. Gusev, B.P. Zakharchenya, P.E. Pak,

N.A. Sobolev, E.I. Shek, I.N. Yassievich, M.I. Makovijchuk,

E.O. Parshin. Semiconductors, 30 (5), 479 (1996).
[34] M. Kittler, M. Reiche, T. Arguirov, W. Seifert, X. Yu. Phys.

Status Solidi A, 203 (4), 802 (2006).
DOI: 10.1002/pssa.200564518

Translated by T.Zorina

Technical Physics, 2025, Vol. 70, No. 6


