
Quantum Electronics  42 (10)  925 – 930  (2012)  © 2012  Kvantovaya Elektronika and Turpion Ltd

Abstract.  We have studied processes initiated in the bulk of single-
crystal silicon by local excitation of its electronic subsystem with 
femtosecond IR laser pulses (l = 1.2 mm, tFWHM = 250 fs). IR fem-
tosecond interferometry has been used for the first time to measure 
the refractive index of the irradiated zone. Using the interference 
images obtained in our experiments, we have reconstructed the 
dynamics of the electron – hole plasma generated near the axis of a 
focused laser beam. Experimental data have been compared to rel-
evant numerical simulation results obtained in a simple, two-photon 
absorption model.

Keywords: femtosecond laser radiation, fast processes in solids, 
femtosecond interferometry.

1. Introduction

Research  interest  in processes  induced  in  transparent  solids 
by high-intensity light is due to two main causes. A standard 
cause is that, when crystals and glasses are used in laser engi-
neering, a detailed understanding is required of photoinduced 
processes  in  the  medium  and  how  these  are  related  to  the 
characteristics of  the  light. This  is of particular  importance 
for light generation and amplification, as well as in the case of 
frequency  conversion,  because  photoinduced  processes  in  a 
medium typically have a very strong effect on both the effi-
ciency of nonlinear conversion and the stable state of a gain 
element,  in particular on  its optical damage  resistance. The 
other  cause  is  the  relatively  recent  revival  of  interest  in  the 
possibility of  radiation-induced  local  structural  changes  [1]. 
In current practice, UV radiation from excimer lasers is used 
to modify various glasses [2, 3]. Relatively recent studies have 
demonstrated the possibility of obtaining similar results using 
high-intensity ultrashort pulses, where a key role is played by 
nonlinear absorption [4, 5]. This approach has the advantage 
that, away from the laser beam waist, the material is transpar-
ent, which allows one, in principle, to structure thick samples.

The experiments described in this paper, aimed at exciting 
the electronic subsystem of crystalline silicon by femtosecond 
laser radiation, were prompted by recent reports that not only 

the structure of the lattice of glass but also that of crystals can 
be  transformed  [6 – 8].  The  thermodynamics  of  such  struc-
tures has been studied little, but it seems likely that an amor-
phous phase  in  a microvolume  is  in  quasi-equilibrium with 
the rest of the lattice and is similar to the amorphous phase 
that  results  from  the  low-temperature growth of  thin  films. 
The ability to produce such structures through laser process-
ing is a new issue of great fundamental interest.

The choice of silicon as the material to be studied is dic-
tated by the following considerations: First, it is well known 
that thin silicon films may be amorphous. Second, silicon is 
used in modern electronics so widely that a search for tech-
nologies  capable  of  producing  photonic  structures  (wave-
guides, couplers, gratings and others) in crystals is of consid-
erable practical interest [9, 10]. Finally, even though the influ-
ence  of  laser  radiation  on  the  surface  of  silicon  and  the 
associated excitation and relaxation processes in its electronic 
subsystem have been  the  subject  of  rather  extensive  studies 
[11 – 13], there is currently very little data on nonlinear effects 
in  the  bulk  of  c-Si.  To  our  knowledge,  sufficiently  specific 
laser processing of a quartz/silicon bilayer structure has been 
demonstrated in only one study, that by Nejadmalayeri et al. 
[14]. They produced a buried waveguide under a quartz film, 
but the question of whether laser patterning is possible deep 
in the bulk of silicon still remains open.

2. Experimental

The  laser  system  used  included  a  Ti : sapphire  oscillator 
(Tsunami,  Spectra  Physics)  and  a  regenerative  amplifier 
(Spitfire, Spectra Physics) operating at 800 nm  (Fig.  1). To 
ensure penetration of the beam into the bulk of the sample, 
we employed a Spectra Physics OPA-800 parametric ampli-
fier, which allowed us to obtain femtosecond pulses at wave-
lengths from 1.1 to 3.0 mm, with pulse energies up to 100 mJ 
and a repetition rate of 1 kHz. The pulse energy was varied 
using attenuation filters. The laser beam was focused by an  f = 
8 mm aspherical  lens  into  a  silicon  sample  (30 ́  10 ́  3 mm) 
polished on four faces. Since a wide range of irradiation ener-
gies, up to the highest possible one  in the described system, 
was used in our experiments, the distance from the laser caus-
tic to the front face of the sample was sufficiently large, about 
4 mm. This depth was chosen in order to prevent laser dam-
age of the sample surface at the highest irradiation energy.

To  visualise  the  irradiation  results,  we  used  the 
pump – probe technique (Fig. 1). In a standard approach (see 
e.g. Ref. [12]), one measures the reflectivity of the sample sur-
face for a probe beam during and after exposure of the sample 
to a laser pulse. In the experiments under consideration, the 
beam was divided into two parts by a beam splitter, and the 
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probe beam passed through a delay line and then impinged on 
the  lateral  surface  of  the  sample.  The  image  of  the  region 
exposed  to  the high-intensity  laser  light was projected onto 
the plane of the visualiser at a magnification of 30 ́ . As a visu-
aliser, we used an image converter whose spectral sensitivity 
range  extended  up  to  1.3 mm.  The  image  produced  on  the 
luminescent screen of the image converter was projected onto 
a CCD array detector, digitised and processed  to give  real-
time information about the state of the irradiated zone. Since 
the fundamental absorption edge of silicon lies at 1.1 mm, the 
wavelength used in our experiments was 1.2 mm (Fig. 2). This 
allowed  us,  on  the  one  hand,  to  achieve  a  sufficiently  high 
sensitivity of the detector and, on the other, to ensure that the 
crystal was transparent to the pump and probe beams.

A key method for gaining quantitative information about 
the state of the material during and after laser irradiation was 
femtosecond interferometry [15, 16]. A Sagnac interferometer 
was placed between a projection objective lens and the image 
converter. The mirrors of the interferometer were adjusted so 
that the angle between the beams was almost zero, producing 
a broadband interference pattern on the array detector. The 
beam splitter in the interferometer had the form of a wedge 
with an angle of ~3°, so that the images produced in the two 
arms of the interferometer did not overlap on the array detec-
tor. Thus, the interference pattern observed on a display was 
produced  by  two  beams,  both  having  a  local  phase  distur-
bance due to the change in the index of refraction, n,  in the 
irradiated  region.  Since  the  interference  fringes were  rather 
broad, their shift in the irradiated region led to local changes 
in image brightness, which allowed us to evaluate the change 
in n.

In our experiments, two interference images were obtained 
for particular irradiation conditions: with an excitation pulse 
(information  image)  and  with  no  excitation  (background 
image). The  difference  image obtained on  a  computer  con-
tained only information about the change in n. This approach 
enabled  a  substantial  improvement  in  online  measurement 
accuracy, which was determined under these conditions pri-
marily by the interferometer mirror jitter between consecutive 
information and background images. Minimising mechanical 
vibrations  and  taking  a  number  of  images  under  identical 
irradiation conditions, with subsequent averaging, allowed us 
to determine the phase of the electromagnetic (EM) wave in 
the  probe  beam with  a  sensitivity df  better  than  10–2.  The 
‘thickness’ of the probed region was roughly equal to the laser 
beam diameter, d »10 mm. Therefore, the smallest change in 
the refractive index of the medium that could be detected with 
our experimental setup at a femtosecond time resolution was 

/ 10n d 3.d df l= - .

3. Results and discussion

Figure  3  illustrates  the  propagation  of  a  femtosecond  laser 
pulse  through  a  silicon  crystal.  For  convenience,  only  one 
image of  the  irradiated  zone  is  left  in  the photographs. An 
increase in local brightness (a bright spot) in the picture cor-
responds to an increase in the refractive index. And vice versa, 
a reduction in brightness (long dark band) means a decrease 
in n. It is well seen in the series of photographs that the refrac-
tive index of the crystal is a strong function of time. The influ-
ence of the EM field on the medium first causes n to increase, 
which is due to the polarisability nonlinearity in the medium  –  
the  so-called Kerr  effect.  One  can  clearly  see  a  light  cloud 
propagating through the crystal at the speed of light, with a 
brightness proportional to the light intensity at a given point 
of  the  sample.  The  cloud  is  in  fact  an  ‘image’  of  the wave 
packet, and by analysing it one can in particular evaluate spa-
tial and temporal parameters of the pulse. In our experiments, 
the pulse duration was tFWHM = 250 fs and the 1/e radius of 
the Gaussian beam in its caustic was r0 = 15 mm.

Note that, in this approach to intensity evaluation, there 
is  no need  to  take  into  account  any  transformations of  the 
beam wavefront or any pulse  energy  losses:  reflection  from 
the sample surface, aberrations, linear or nonlinear scattering 
or absorption losses when light propagates through the crys-
tal  or  any  others.  The  light  intensity  was  estimated  as 

/I n n2D= . The constant parameter n2 was estimated for the 
lowest  energy  in  our  experiments,  with  nonlinear  effects 
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Figure 1. Schematic of the experimental setup.
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Figure 2. Emission spectrum of the OPA-800 parametric amplifier and 
transmission window of silicon.
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neglected. We obtained  n2 =8 ´ 10–14 cm2 W–1, in reasonable 
agreement with the 2.6 ́  10–14 cm2  W–1 reported by Dinu et al. 
[17].

Further exposure to the field leads to the ionisation of the 
covalent bonds in the crystal, thus promoting electrons to the 
conduction band and producing holes in the valence band. As 
a  result,  the  refractive  index  of  the medium drops  sharply. 
The  plasma  lifetime  was  measured  to  be  ~10  ns,  in  good 
agreement with the characteristic carrier lifetimes in the bulk 
of crystalline silicon in the intrinsic regime.

The  plasma  generation  time  is  very  short,  of  the  same 
order  as  the  pulse  duration,  so  a  plasma  cloud  forms  in  a 
region still ‘occupied’ by the wave packet, producing a com-
plex interference pattern in the region where the change in n 
switches from positive to negative.

If the carrier concentration is low and the corresponding 
change in n can be neglected, the nonlinear polarisation of the 
medium is only determined by the Kerr effect. In this case, an 
interference photograph is in fact an autocorrelation trace of 
the laser pulse and, as mentioned above, the actual excitation 
dynamics in the medium are easy to reconstruct. If the contri-
bution of  the  electron – hole plasma  is  significant,  the auto-
correlation integral contains a nonlinear factor determined by 
the light absorption mechanism.

To solve the inverse problem and reconstruct the dynam-
ics of Dn, one should first make relevant assumptions regard-
ing  the absorption mechanism. Nevertheless,  the advantage 
of  this  approach  is  that  interference  measurements  can  be 

made with as small a time step as desired. The smallest change 
in time delay is in fact only limited by the positioning accu-
racy of the elements of the optical system. The dynamics of 
the  state of  the material  in  the  irradiated  zone  can  then be 
reconstructed with a time resolution considerably better than 
the pulse duration. Comparing the dynamics of the interfer-
ence signal evaluated using a priori theoretical equations  to 
that  inferred  from experimental data, one  can,  in principle, 
assess the relevance of models for the laser excitation of the 
electronic subsystem of solids.

In the case of silicon, which has a band gap of 1.12 eV, 
two photons (ћw = 1.03 eV) are needed to promote an elec-
tron to the conduction band. At the light intensity that can be 
reached under  the conditions of  this study, I ~ 1011 W cm–2, 
the two-photon absorption in the medium can be estimated as  
atpa = bI » 50 cm–1, where b = 0.53 ´ 10–9 cm W–1 is the two-
photon absorption coefficient of silicon at l = 1.2 mm [18]. At 
the  same  time,  the  transmission  spectrum  in Fig.  2 demon-
strates that the absorption in our sample at this wavelength 
certainly does not exceed 1 %, suggesting that the single-pho-
ton  absorption  coefficient  aspa  does  not  exceed  0.03  cm–1. 
Therefore,  under  the  conditions  of  this  study,  two-photon 
absorption should be expected to prevail in the femtosecond 
excitation of the electronic subsystem of silicon.

The intensity of a pump pulse propagating along the z axis 
in a Cartesian coordinate system (Fig. 4) can be written in the 
form

( , , , )
( ) ( ) ( )
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exp expI x y z t I

r z
r

r z
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0 2
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where  ( ) / 4r z r z r0
2 2 2 2

0
2l p= + ^ ^h h ;  r0  is  the  radius  of  the 

Gaussian beam in the centre of its waist;  /2 ln2FWHMt t=  is 
a  parameter  characterising  the  pulse  duration;  and u  is  the 
speed of light in the medium.

The net contribution of the Kerr effect and the polarisa-
tion induced by free carriers – which can be taken into account 
using the Drude model – to the refractive index change can be 
written as

( , , , ) 2n x y z t n I
n
e
m
Ne

2
0

2

2p
w

D = - ) ,  (1)

where n2 = 2.6 ´ 10–14 cm2 W–1 is the Kerr coefficient [17]; n0 
= 3.5 is the refractive index of silicon; w = 1.57 ́  1015 Hz is the 
laser frequency; e is the electron charge;  *m m me h

1 1 1
= +- - -^ h  

is the effective optical mass of the carriers; and N is their con-
centration. In the case of two-photon absorption, we have

( , , , )
( )

N x y z t
I
2

e
FWHM

2

'w
b t

= ,  (2)

where ћw is the photon energy and b = 0.53 ´ 10–9 cm W–1 is 
the two-photon absorption coefficient of silicon at l = 1.2 mm 
[18].

The intensity of the probe beam, whose propagation along 
the y axis has a time delay td relative to the pump pulse, can 
be written as

( )
( )

expI t I
t tp p d

0 2

2

t
= -

+l
l

; E.
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2500 fs

3330 fs
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0

Figure 3. Interference  images  obtained  during  the  propagation  of  a 
femtosecond IR pulse through a silicon crystal. The time delays are in-
dicated in each panel. The horizontal size of the images is 400 mm.  Their 
contrast is increased to improve visualisation.
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Consider a thin layer, udt', of the probe pulse (Fig. 4), in 
which the energy density is

( )
( )

expd dF t I
t t

tp p d
0 2

2

t
= -

+l
l

l; E .

Its position in space varies over time:  ( ) ( )y t t t tdu= + +l . 
The nonlinear polarisation wave Dn (1) induced by the pump 
pulse propagates in space and introduces a phase delay into 
the initially planar front of the probe beam:

3

( , , ) ( , ( ), , ) ( ( ))dx z t n x y t z t y t1f
l

D D=
3-

l y .

Thus, the change in the brightness of the interference pat-
tern  at  point  (x,  z)  relative  to  its  undisturbed  state  can  be 
accurately calculated as a function of td:

3
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It should be emphasised that, physically, it makes no sense 
to calculate the average phase shift of the probe beam because 
the  characteristic  ‘thickness’  of  the  excited  zone  varies  rap-
idly.  As  mentioned  above,  if  the  absorption  mechanism  is 
known, one can, in principle, solve the inverse problem and 
assess the dynamics of Dn(t) at a given point in space, but the 
approach used in this study is to directly compare calculation 
results and experimental data on the brightness of the inter-
ference pattern as a function of the time delay between pump 
and probe pulses.

Figure  5  illustrates  the  breakdown  dynamics:  the  time 
variation of the relative brightness B of the interference pat-
tern at the central point of the laser caustic of the pump pulse. 
Note  that  we  observe  the  same  behaviour  throughout  the 
range of pulse energies examined (0.03 – 90 mJ), and the varia-
tion  in B  is  on  the whole  consistent with  the  clear physical 
picture described above. After approximately 500 fs, when the 
wave  packet  reaches  the measurement  point,  the  refractive 
index and image brightness begin to increase (nonlinear sus-

ceptibility);  subsequently,  they  decrease  (electron – hole 
plasma).

Also presented in Fig. 5 are numerical simulation results 
obtained for the silicon photoexcitation process using (3). The 
simulation results are seen to agree well with the experimental 
data. There is some discrepancy at the end of the pulse: the 
generation rate seems to be lower than the theoretically pre-
dicted value. This feature in the temporal dynamics of n was 
observed at all the energies examined.

This can probably be interpreted as follows: The polaris-
ability of a medium under laser excitation is known to depend 
on at least three parameters of the generated plasma. One of 
them is the concentration of free carriers, N, which, located in 
the conduction band, change the nature of the response of the 
medium to an EM field. Another parameter is the equilibrium 
density of occupied states, which influences the probability of 
interband  transitions  and,  hence,  the  polarisability  of  the 
medium. At the observed electron – hole pair concentrations, 
this effect is rather weak, so it was left out of account in our 
estimates. Finally, the third parameter is the plasma tempera-
ture, which has  a  significant  effect  on  the optical  oscillator 
mass and, hence, on n [see Eqn (1)]. This dependence is rather 
strong: according to Sabbah and Riffe  [12],  0.156m me300 =*  
at room temperature in silicon and   0.205m me1985 =*  at T = 
1985 K. Assuming that a ‘free’ electron gains energy through 
inverse-bremsstrahlung  absorption  more  rapidly  than  it 
transfers energy to the lattice, we conclude that plasma heat-
ing  will  favour  a  transient  increase  in  polarisability.  Note 
however  that,  under  the  irradiation  conditions  used  in  this 
study, carrier heating seems to be insufficient for significant 
impact ionisation of silicon.

Thus,  the  present  experimental  data  can  be  described 
rather well in terms of a simple, two-photon absorption model 
which, in particular, neglects the effect of the nonlinear polar-
isation of the medium on the propagation of a wave packet. 
This does not at all mean that, at the laser pulse energies used 
in this study, self-focusing, plasma defocusing or other effects 
play  an  insignificant  role.  In  contrast,  recent work  [19]  has 
shown  that, because of nonlinear  effects,  energy delocalisa-
tion in silicon reduces the energy density by more than a fac-
tor of 100 relative to the linear propagation of light. However, 
in our  simulations,  the dynamics of  the variation  in n were 
assessed at one point of the caustic on the optical axis, where 
the local  intensity was monitored in fact from the degree of 
Kerr polarisation. This local approach allows the spatiotem-
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Figure 4. Configuration used in the numerical simulation of the forma-
tion of an interference image.
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poral modulation of the pump pulse to be left out of consid-
eration.

The degree of such modulation and that of the associated 
wave packet delocalisation can be estimated from the data in 
Fig.  6,  which  shows  the  interference  image  brightness  as  a 
function of pulse  energy  for  the  irradiated  zone. Curve  ( 1 ) 
was obtained at the instant when the pulse passed through the 
point in question, and curve ( 2 ) was obtained 1 ps later. In 
fact, curve ( 1 ) describes the Kerr effect and curve ( 2 ) corre-
sponds to the concentration of photogenerated carriers in the 
lattice. The  two curves  correlate well with one another,  are 
substantially  nonlinear  and  show  well-defined  logarithmic 
behaviour,  with  progressive  saturation  as  the  pulse  energy 
increases. Moreover, at pulse energies above 20 mJ the con-
centration  of  photogenerated  electrons  and  holes  does  not 
increase.

From these data, we derived the carrier concentration after 
a laser pulse as a function of laser fluence in the centre of the 
caustic  (Fig.  7). The plasma density was  evaluated using  the 
Drude formula, and its highest value was 1.5 ́  1020 cm–3. It fol-
lows from the data in Fig. 7 that the absorption probability is, 
to  a  good  approximation,  proportional  to  the  square  of  the 
light intensity up to laser fluences  45F .  mJ cm–2. The two-
photon absorption coefficient of silicon estimated from these 
data, b = 0.46 ́  10–9 cm W–1, approaches the 0.53 ́  10–9 cm W–1 
reported by Lin et al. [18] for l = 1.2 mm.

Note the well-defined saturation of the carrier concentra-
tion  for F H  45 mJ  cm–2.  Such  deviations  from  power-law 
behaviour for multiphoton absorption were observed earlier 
in semiconductors (see e.g. Refs [20, 21]) and, what is more, at 
the same plasma density,  10N 20.  cm–3. This effect is com-
monly attributed to plasma defocusing, which leads to a sharp 
drop in light intensity at the point of breakdown. In our case, 
the scattering loss is taken into account, because the optical 
energy density is measured locally, from the nonlinear suscep-
tibility of the medium. Note however that, in analysing inter-
ference images, we assume a priori that the temporal profile of 
the femtosecond pulse remains nearly Gaussian. If this condi-
tion  is not  satisfied at high plasma densities because of  the 
wave packet delocalisation, the calculated local light intensity 
will be incorrect, which may be responsible for the inflection 
in the experimental curve (Fig. 7). An alternative explanation 

is that this effect reflects the inherent nature of the excitation 
of  the electronic  subsystem of  the medium;  that  is,  for N H 
1020  cm–3, photoinduced  electronic  transitions  in  silicon are 
suppressed.

4. Conclusions

We have studied processes induced in the bulk of single-crys-
tal  silicon by  femtosecond  IR  laser pulses. The  state of  the 
material  in  the  irradiated  zone  was monitored  for  the  first 
time using IR femtosecond interferometry, which allowed us 
to estimate the Kerr coefficient n2 of silicon: 8 ́  10–14 cm2 W–1. 
In addition, we have proposed a  simulation procedure  that 
enables the formation of an interference image  of the irradi-
ated zone to be modelled based on a priori assumptions as to 
the  carrier  generation  and  recombination mechanisms. The 
advantage  of  this  approach  is  that  dynamic  changes  in  a 
medium can be measured with a time resolution considerably 
better than the pulse duration, which allows one, in principle, 
to considerably improve the reliability of the theoretical mod-
els used.

We have assessed the dynamics of electron – hole plasma 
excitation in the bulk of silicon and the rate of plasma relax-
ation after the pulse. A simple model that takes into account 
only two-photon absorption in silicon is shown to adequately 
describe  the  observed  dynamics  of  the  polarisability  of  the 
medium in the bulk of the material in the case of strong non-
linearity. Moreover, the excited carrier concentration in sili-
con as evaluated in the Drude model  is shown to be a qua-
dratic function of laser fluence, which also suggests that the 
contribution  of  two-photon  absorption  prevails.  From  the 
data  obtained,  the  two-photon  absorption  coefficient  has 
been estimated at b = 0.46 ́  10–9 cm W–1.
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