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Abstract
We have studied the ultrafast optical response of highly implanted and
highly annealed polycrystalline silicon films using 400 nm ultrashort
amplified pulses with fluence ranging between 8 mJ cm−2 to 56 mJ cm−2.
Transient reflection measurements reveal differences both in the short and
long temporal behaviour between the implanted non-annealed and annealed
samples. Important contributing factors to the dynamics of the non-annealed
sample are the carrier recombination centres and traps induced by ion
implantation. In contrast to the non-annealed sample, the Auger
recombination process is a key factor in the dynamics in the first few
picoseconds for the sample annealed at 1100 ◦C. A model based on two
coupled differential equations has been employed to investigate in detail the
carrier dynamics in these systems. Parameters including carrier trapping
times, diffusion coefficients and the Auger coefficient have been extracted.

1. Introduction

Femtosecond carrier dynamics in semiconductors have been
investigated using excitation-probe techniques over the past
two decades [1–3]. Although a lot of research has been devoted
to this area, the continuous miniaturization of semiconductor
devices into the nano-scale regime and the complexity of
the devices themselves have emphasized the importance of
understanding carrier dynamics on an increasingly shorter
timescale and over a large span of energy excitations. Clearly,
the understanding of semiconductor processing such as ion
implantation and subsequent annealing on the carrier dynamics
is of critical importance in the microelectronics industry. The
recent demand for high-speed micro-electronic devices with
ultrafast response has given renewed interest in this area.
Although crystalline silicon has a slow response, when it is
rendered locally amorphous through ion implantation, it shows
different temporal behaviour [3–5] due to the introduction of
defects into the crystalline semiconductor, which act as traps
and recombination centres [6]. Following optical excitation,

electrons and holes undergo spatial and temporal evolution
with characteristic times, which depend on the various
relaxation processes [1]. Initially, the excitation energy is
transferred entirely to the carriers, leading to the creation
of non-equilibrium carrier densities with specific momentum
states and elevated carrier temperatures. As the system
evolves towards equilibrium, there is momentum and energy
relaxation. Momentum relaxation occurs on a femtosecond
timescale via elastic and inelastic scattering. On the same
timescale carrier–carrier scattering of the electrons (holes)
results in Coulomb thermalization and allows the electron
(hole) system to be described by a Fermi–Dirac distribution.
Similarly, electron–hole scattering eventually brings the two
distributions into thermal equilibrium. Eventually energy
relaxation of these carriers results in transferring energy to
the lattice. The dynamics of these photo-generated carriers
can be monitored directly using time resolved reflectivity
measurements [1, 2]. Although there has been considerable
research using pump-probe techniques in crystalline silicon,
there is a lack of work in probing polycrystalline silicon
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Figure 1. The above schematic shows the experimental set-up
utilized in obtaining ultrafast transient reflectivity measurements.

at high fluence excitation. Here we report on ultrafast
transient reflectivity measurements using highly implanted
and annealed polycrystalline silicon in order to obtain a better
understanding of the carrier dynamics at high excitation.

2. Experiment

In this work the temporal behaviour of reflectivity is
investigated using an ultrafast femtosecond laser source. The
source consists of a self mode-locked Ti:Sapphire oscillator
generating 100 fs pulses at 800 nm. A regenerative amplifier
system is used to amplify the pulses to approximately 1 mJ at
a repetition rate of 1 kHz. The ultrashort pulses are used in
a pump probe set-up (see figure 1) where the pump beam
is frequency doubled at 400 nm using a nonlinear crystal
(BBO). A half wave plate and a polarizer in front of the
BBO crystal were utilized to control the intensity of the pump
incident on the sample. A small part of the fundamental
energy was also used to generate 400 nm by focusing the
beam on a second BBO crystal. The 400 nm probe light
which is perpendicularly polarized to the pump beam is used
in a non-collinear geometry, in a pump-probe configuration.
The reflected beam is directed onto a silicon detector after
passing through a polarizer rejecting the scattered light from
the pump beam. The differential reflected signal was measured
using a lock-in amplifier with reference to the optical chopper
frequency of the pump beam. The temporal variation in
the index of refraction was monitored as a change in the
reflectivity, which was a direct measure of the photo-excited
carrier dynamics within the probing region. In this work
optical pumping at a fluence up to an accumulating optical
damage threshold has been used to excite the implanted
polycrystalline silicon and determine its temporal behaviour.
Observations of the short- and long-time behaviour in these
samples have been investigated.

 
 

 
 

  

 

 
 

 
 

  

 

 
 

 

 
 

Figure 2. Transient reflectivity responses of the ion-implanted,
non-annealed polycrystalline silicon sample, pumped with different
excitation fluence. The inset shows the change in reflectivity at short
timescales.

The samples used in these experiments were 1 µm
polycrystalline silicon films on quartz implanted with arsenic
ions at doses of 2 × 1016 ions cm−2 and implantation energy
E = 100 keV at room temperature. After implantation, the
thin oxide layer was removed and samples were then thermally
annealed in a conventional furnace at 1100 ◦C for 1 h in an
inert nitrogen atmosphere. From spectroscopic ellipsometry
measurements carried out on these samples [7] it was possible
to estimate the optical absorption coefficient for the implanted,
non-annealed sample to be ∼3.5 × 105 cm−1 and for the
sample annealed at 1100 ◦C 1.25 × 105 cm−1 at the excitation/

probing wavelength.

3. Results and discussion

Figure 2 shows transient reflectivity data taken for the non-
annealed sample, excited at energy densities ranging from 8
to 56 mJ cm−2 at 400 nm and probing at the same wavelength.
The reflectivity data in this figure were obtained with 1.7 ps
steps over a long temporal range from −50 ps to 500 ps.
The inset figure shows the same reflectivity data over a range
of up to 5 ps taken with 33.3 fs steps. Each of the time
resolved curves may be divided into several distinct regions.
On the short timescale, the reflectivity appears to have a pulse
width limited decrease (region I), followed by a slightly slower
rate increase (region II) mainly due to the generation and
removal of the photo-generated carriers within the probing
region. At approximately 500 fs from t = 0, the change in
reflectivity becomes positive, reaching its maximum value at
approximately t = 4 ps.

Following this maximum, the reflectivity begins to drop
(region III) at a relatively fast rate reaching a minimum within
50 ps. At this minimum a much slower change appears to
occur over hundreds of picoseconds. It is interesting to note
the different long-time reflectivity behaviour of the sample
when exposed at the highest excitation fluences.

The sample annealed at 1100 ◦C exhibits, as expected,
a different behaviour both in the short and long timescales as
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Figure 3. Transient reflectivity responses of ion-implanted
polycrystalline silicon annealed at 1100 ◦C pumped and probed at
400 nm with various excitation fluences. The inset shows the
reflectivity response on a short timescale.

seen in figure 3. Initially the ultrafast pulse excitation results in
a negative change in reflectivity which is pulse width limited.
Following the maximum negative change, there is recovery
of the reflectivity within the first picosecond (see the inset
of figure 3) which is clearly slower than the corresponding
change observed in the non-annealed sample. The change
in reflectivity eventually becomes positive with its maximum
value being reached approximately at 90 ps. Following this
maximum, the reflectivity slowly returns towards equilibrium
due to thermal diffusion where the lattice temperature returns
to its ambient value.

The observed changes in the reflectivity may be attributed
to changes in the dielectric function associated with the
presence of free-carriers and changes in the dielectric function
associated with interband transitions. The free carrier
contribution is commonly described with the Drude model.
The interband contribution can arise from lattice temperature
changes, state filling and band-gap renormalization. Both
the carrier density and lattice temperature are coupled to
reflectivity through the complex index of refraction where the
change in reflectivity may be written in the following simple
form;

�R

R
≈ 4�n[(n2 − 1) − κ2] + 8nκ�κ

[(n + 1)2 + κ2][(n + 1)2 + κ2]
, (1)

where �n is the pump laser induced change in the index of
refraction which may be estimated from the sum of the carrier
(�n�N) and temperature (�n�T) contributions. Similarly
�κ is the laser induced change of the extinction coefficient.
Region I for both samples corresponds to a negative change in
the reflectivity due to the photo-generated carriers following
the ultrafast pulse excitation at 400 nm. Given the dynamics
in a semiconductor following short pulse excitation, the only
non-negligible contribution to the change in the reflectivity on
a 100 fs timescale is the carrier density contribution. Using
the dielectric function from the classical Drude model we

may estimate the index of refraction and extinction coefficient
changes due to the carrier density changes using the following
expressions:

�nN = − e2N

2ε0m∗ω2

( n

n2 + κ2

)
,

�κN = e2N

2ε0m∗ω2

( κ

n2 + κ2

)
,

(2)

where N is the carrier density, e is the charge of the carriers,
m∗ is the effective mass, ε0 is the dielectric constant in
vacuum and ω is the angular frequency of the excitation
pulse. Under our experimental conditions the estimated
change in the reflectivity following short pulse excitation is
approximately 3%. This value is in a very good agreement
with the measured change in reflectivity. Region II shows a
fast recovery of the reflectivity associated with the removal of
the carriers from the probing region. This is a combination
of effects including diffusion, carrier trapping due to the
centres generated by ion implantation, surface recombination
and Auger recombination. For the non-annealed sample
the recovery of the reflectivity signal on the short timescale
is predominately due to the reduction in excited carrier
density mainly from the ion-induced defects which act as
recombination centres and carrier diffusion. The energy
absorbed by the lattice due to energy relaxation of the hot
carriers can produce a large contribution to the change in
reflectivity, as clearly seen in figure 2, as a positive rise in
the negative change observed on the short timescale.

Region III of the ion-implanted, non-annealed sample
exhibits a decay at approximately t = 4 ps. The decay values
range between 25 ps for the lowest fluence and 15 ps for the
highest fluence. What is important to note is that the decay
depth has a linear dependence within the range of fluence
used in this experiment. It is our belief that this behaviour is
due to the release of carriers captured earlier by traps in the
ion-implanted sample. These carriers are released within the
probing region causing a free-carrier negative contribution to
the reflectivity.

Exposure at high fluence of the implanted and non-
annealed sample causes permanent change in reflectivity
which may be due to damage of the sample. This was
supported from measurements taken at low fluences before
and after exposure of the sample at high fluences which reveal
permanent changes in reflectivity. Permanent change in the
reflectivity is not evident when the sample is exposed to
fluences lower than 70 mJ cm−2.

Figure 4 shows the peak changes in reflectivity following
the ultrashort pulse excitation for the implanted non-annealed
and annealed sample at 1100 ◦C. The induced negative change
in reflectivity which is attributed to the carriers generated
within the probing region reveals a non-trivial dependence
on the pump intensity. The non-annealed sample initially
exhibits a near linear response as a function of pump-fluence
as expected from the Drude contribution to the change of
the index of refraction. Saturation effects appear at the high
fluence which may be due to Auger recombination, as expected
at the high carrier densities.

The change in the peak reflectivity of the annealed sample
appears to have a square dependence on the fluence, as
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Figure 4. Peak change in reflectivity of the non-annealed (open
circles) and annealed sample at 1100 ◦C (solid squares). The line
through the solid squares is a quadratic fit to the experimental data
whereas the line through the open circles is a guide to the eye.

shown by the fitted curve in figure 4. This is a strong
indication of a two photon absorption process in this
sample.

3.1. Carrier density and a lattice temperature model

To describe the carrier dynamics in more detail we make use of
a model based on two coupled differential equations, one for
the carrier density and the other for the lattice temperature.
These equations include diffusion and recombination of
carriers. The boundary conditions used in this model
correspond to the front and back surfaces of the sample. The
simple differential equation of the carrier density along with
the initial and boundary conditions are

∂N(z, t)

∂t
= DN

∂2N

∂z2
− N

τR

, N(z, 0) = N0 exp(−αz),

∂N

∂z

∣∣∣∣
z=0

= S

DN

N(0, t), N(∞, t) = 0.

(3)

Here N corresponds to the carrier density, DN is the ambipolar
diffusion coefficient, τR is the carrier recombination time,
corresponding to the trapping time (this is the time required
for the carriers to be captured by the traps). S represents the
surface recombination. Similarly the differential equation for
the lattice temperature and its associate initial and boundary
conditions are

∂�T (z, t)

∂t
= DL

∂2�T

∂z2
+

Eg

ρ C

N

τe-h
,

�T (z, 0) = �T0 exp(−αz), (4)
∂�T

∂z

∣∣∣∣
z=0

= − Eg

ρC

S

DN

N(0, t), �T (∞, t) = 0,

where DL is the thermal diffusivity, Eg the band gap energy,
τ e-h is the electron–hole recombination time and ρ the density
of the material.

The above set of equations may be solved analytically
as described in [8, 9]. The solution carrier density diffusion

equation is given by the following expression:

N(z, t) = N0

2
exp

[
− t

τR

− z2

4DNt

]

×
{
W

(
α
√

DNt − z

2
√

DNt

)
+ W

(
α
√

DNt +
z

2
√

DNt

)

− 2S/DN

(S/DN) − α

[
W

(
α
√

DNt − z

2
√

DNt

)

− W

(
α
√

DNt − z

2
√

DNt

)]}
, (5)

where W(x) = exp[x2]erfc(x).
A similar solution exists for the lattice temperature. Given

that the index of refraction is dependent on the carrier density
and lattice temperature the induced change in reflectivity
may be estimated using a simple combination of the Drude
model and thermal contribution [10]. Here we should point
out that due to the high carrier densities generated in this
work effects such as band-filling and band gap shrinkage may
have a contribution to the change in reflectivity. Following
Sokolowksi–Tinten and von der Linde [13], a simple
estimate of the band filling and band gap renormalization
may be obtained. For the carrier densities in this work the
negative Drude contribution is a factor of ten times larger
than the positive band filling contribution to the change in
reflectivity. Band gap renormalization is a cubic root density
dependent term [14] and has a negative contribution to the
change in reflectivity. It is estimated to be approximately
five times smaller than the Drude contribution. Therefore,
to a first approximation, we have included only the simple
Drude model for the reflectivity change. In spite of this
simple approximation using the experimental parameters of
this work we have been able to obtain relatively good fits
to our experimental data. It should be pointed out that Auger
recombination is considered negligible for the implanted, non-
annealed sample where traps formed due to implantation
remove the carriers. On the other hand, for the annealed
sample Auger recombination is important on the first few
picoseconds. Therefore, Auger recombination was used in
the model for the initial short timescale followed by carrier
trapping time on the long timescale. This is incorporated
in the model through the carrier recombination time
constant τR.

3.2. Simulations for a non-annealed sample

The observed transient reflectivity for the implanted sample
has an added feature marked in figure 2 as region III. In
this temporal region between 4 ps to 50 ps from the t = 0
carriers initially captured by traps are released within the
probing region causing a negative free-carrier contribution
to the change in the reflectivity. In the above two coupled
differential equations model we have incorporated a third
equation (similar to the carrier density differential equation 3)
describing the generation of the released carriers into the
lattice following the maximum change in reflectivity. The
characteristic carrier lifetime for this equation is given by τ l

and corresponds to the carrier-trapping lifetime.
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Figure 5. Fits to the experimental data for the implanted sample for
fluences at 8, 40 and 56 mJ cm−2 using the coupled differential
equations model.
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Figure 6. Fits to the experimental data for the implanted and
annealed at 1100 ◦C sample for fluences at 56, 32 and 8 mJ cm−2

using the coupled differential equations of the above model.

Parameters that were varied and optimized for the best-fit
results were ambipolar diffusion coefficient, carrier trapping
time, electron–hole recombination and trapping carrier
lifetime. All other parameters were assumed close to the values
of silicon, ρ = 2.33 g cm−3, Eg = 1.14 eV, specific heat C =
0.7 J gK−1 [11]. Parameters such as the surface recombination
2 × 103 cm s−1, an index of refraction 5.2 and the
extinction coefficient 0.9 were obtained from photo-thermal
and optical measurements performed on these samples.
Figure 5 shows the best fits to the experimental data for fluence
at 8 mJ cm−2, 40 mJ cm−2 and 56 mJ cm−2 corresponding to
carrier densities of 1.1 × 1021 cm−3 to 7.8 × 1021 cm−3.
In all cases the carrier trapping time τR was determined
to be approximately 0.54 ps and the diffusion coefficient
0.1 cm2 s−1. The fitted τ l was determined to be between
20–15 ps.

3.3. Simulations for an annealed sample

Figure 6 shows the best fits obtained using the model based
on two coupled differential equations corresponding to the
fluence of 8 mJ cm−2, 32 mJ cm−2 and 56 mJ cm−2. In all
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Figure 7. Auger recombination measured for the annealed sample
at 1100 ◦C (solid squares). The line through the solid squares is a
linear fit to the experimental data giving an Auger recombination
coefficient of 0.8 × 10−31 cm6 s−1.

these simulations the carrier trapping time τR was determined
to be 100 ps, and diffusion coefficient 10 cm2 s−1.

Simulations of the temporal reflectivity on the short
timescale seen in the inset of figure 3 for this material using the
above model allowed the extraction of the Auger relaxation
time. The time constant of Auger recombination may be
estimated from the expression [12]

τA = γ −1N−2, (6)

where γ is the Auger recombination coefficient and N is the
carrier density. Figure 7 shows a plot of the relaxation time as
a function of the inverse square of the carrier density. From
the linear fit shown in this figure the Auger recombination
coefficient was estimated to be 0.8 × 10−31 cm6 s−1. This
value is in good agreement with the known Auger coefficient
values for silicon.

4. Conclusions

We have investigated ultrafast carrier dynamics in ion
implanted and annealed polycrystalline silicon films. The
recombination centres in the implanted sample play an
important role in both long- and short-time behaviour of
the carrier dynamics and energy relaxation. In the sample
annealed at 1100 ◦C after ion implantation, two-photon
absorption is a key process for generating carriers, whereas
Auger recombination is the dominating process of relaxation
in the short timescale in this material. A two coupled
differential equations model corresponding to carrier density
and lattice temperature has be utilized to fit the experimental
data. The extracted results suggest short carrier trapping time
for the implanted non-annealed sample and small diffusion
coefficient. On the other hand, for the annealed sample,
fitting results suggest long carrier trapping time and a diffusion
coefficient close to that of crystalline silicon.
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