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Abstract: We hereby report on a set of transient optical reflectivity and transmissivity measure-
ments performed on silicon nitride thin membranes excited by extreme ultraviolet (EUV) radiation 
from a free electron laser (FEL). Experimental data were acquired as a function of the membrane 
thickness, FEL fluence and probe polarization. The time dependence of the refractive index, 
retrieved using Jones matrix formalism, encodes the dynamics of electron and lattice excitation 
following the FEL interaction. The observed dynamics are interpreted in the framework of a 
two temperature model, which permits to extract the relevant time scales and magnitudes of the 
processes. We also found that in order to explain the experimental data thermo-optical effects 
and inter-band filling must be phenomenologically added to the model.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (120.4530) Optical constants; (120.6810) Thermal effects; (140.7240) UV, EUV, and X-ray lasers;
(140.7300) Visible lasers.
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1. Introduction

Pump-probe techniques are routinely employed in laser laboratories to conduct studies in a
number of scientific fields. Generally, transient reflectivity measurements are more sensitive
to the electron dynamics, while transient absorption data are more responsive to the activated
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absorption mechanism [1, 2]. However, the pump-probe techniques in the paEq.st were confined
in the infrared (IR) to ultraviolet (UV) spectral region. The advent of high harmonic generation
sources and recent FEL facilities has enabled expanding these techniques in the EUV [3–6] and
x-rays range [7, 8]. Pump-probe measurements are also routinely employed at FEL facilities
as a diagnostic tool to achieve temporal superposition between FEL and optical pulses or to
synchronize two or more FEL pulses for more complex experiments [9]. Silicon nitride (Si3N4)
posseses a number of interesting features as a material for microelectronics: it is chemically inert,
resistant to high temperatures (melting point is located at ∼2100◦ K) and with a wide band gap
(Eg ∼ 4.5 eV) making it transparent in the visible range. Recent advances in chemical vapour
deposition techniques have enabled the realization of robust Si3N4 thin films, employed as x-ray
and electron transparent windows in environmental cells used in microscopy. Si3N4 transient
electronic properties after an EUV/x-ray excitation have been studied and widely employed at
FEL facilities for timing diagnostics.
Different studies have been carried out to characterize FEL induced transient reflectivity of

thin Si3N4 films. They evidenced, e.g., the role of the substrate [10] in interferential magnify-
ing/weakening the signal and the advantages of operating close to Brewster angle to maximize
the signal-to-noise ratio [11]. However, a simple interpretation which relates the values of the
optical constants to the FEL intensity, wavelength and to the material parameters is still lacking.
We hereby report a study performed at the Italian FEL, FERMI, on transient optical response of
Si3N4 sample as a function of its thickness, FEL fluence and probe polarization.

2. Experimental

The experiment was performed at the DiProI end station [12,13] on three Si3N4 membranes of
nominal thickness 50, 100 and 500 nm. The samples, mounted inside the DiProI chamber, were
excited by FEL pulses with 25 nm wavelength and 50 fs pulse duration, focused to 150x150 µm2

by Kirkpatrick-Baez bendable mirrors. We used three different FEL fluences: I f = 13, 7, and 4
mJ/cm2 and no sample damage was observed even at the highest fluence. The excited region of
the sample was probed by an intrinsically synchronized with the FEL emission optical pulse (780
nm wavelength) [14], impinging onto the sample at 45 degrees (see Fig. 1).
The probe pulse had a spot size of about 100 µm full width half maximum, an energy of 1.2

µJ and a time duration of about 100 fs. The polarizer, sketched in Fig. 1, was a half wave plate
that allows fast switch between s- and p-polarization with motorized rotator. The transmitted
and reflected intensities were detected by two nominally identical Basler Scout cameras. The
recorded experimental traces are reported in Figs. 2-3.

3. Results and discussion

Experimental data from three samples of different thicknesses were collected using the three
FEL fluences and both polarizations. We made use of x-ray reflectivity (XRR) to measure the
thicknesses of the membranes [15] that provided the values of 38±2 nm, 110±6 nm and 630±60
nm as we show in Appendix 5.1 (Fig. 6). However, for the thickest membrane interferential
effects play an important role in reflection geometry, degrading the XRR measurements. To better
reproduce the experimental traces its thickness has also been evaluated to the data, resulting in a
value of 575 nm. The measured values were employed for the other two membranes, i.e. 38 and
110 nm. In this section we show only transient reflectivity (∆R/R) and transmissivity (∆T/T)
data for s-polarized light. The dataset, employed in the optical constants retrieval, is reported in
Appendix 5.2 (Fig. 7). The traces are characterized by a sharp initial drop, as a function of I f (Fig.
2), mainly dominated by the cross-correlation of the input pulses, followed by a fast recovery (∼
1 ps) culminating in a plateau. The latter is well appreciable at the highest I f while it is barely
visible at the lowest flux, where the reflectivity regains the nominal value. The magnitude of the
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Fig. 1. Sketch of the experimental set-up.

sharp peak in the ∆R/R traces linearly scales with I f passing from ∼ 8% at 13 mJ/cm2 to ∼ 3%
at 4 mJ/cm2.
The data collected at the highest I f as function of the membrane thickness are shown in

Fig. 3. Also in this case, the traces are characterized by an initial drop followed by a plateau.
However, while the initial drop is always negative, the plateau changes from positive values
(38 nm case) to negative ones (575 nm case). ∆T/T traces (see also Appendix 5.2, Fig. 7) are
always characterized by an initial drop, driven by the pulse cross correlation, followed by a partial
recovery. As for the ∆R/R traces, the drop amplitude scales almost linearly with the fluence. The
physical phenomena giving rise to the observed signals have to be the same irrespectively of the
membrane thicknesses and I f . This suggests that the interference between the excited portion
of the sample and the substrate, combined with the exponential decay of the excitation into the
sample have to be carefully treated for correct description of the ongoing processes.

3.1. Optical constants retrieval

We used the Jones matrix formalism to mathematically simulate the changes undergone by the
initial field amplitudes Ei to the amplitudes resulting from the interaction with the sample, both
in reflection (Er ) and in transmission (Et ) geometry [16]. We represented the FEL excited Si3N4
membrane as a multilayer structure [17, 18], where the refractive index n and the extinction
coefficient k exponentially decay in the direction of the FEL pulse propagation (z-axis). We
model the system as 1 nm thick homogeneous layers. The decay constant α was calculated from
the EUV attenuation length in Si3N4, and its value is α = 0.026 nm−1 [19]. The amplitudes
resulting from the interaction with the sample are given by [16, 20]:(

Er(t)
p

Er(t)
s

)
=

(
rp(tp) 0

0 rs(ts)

) (
E i
p

E i
s

)
(1)
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Fig. 2. Transient reflectivity (left panel) and transmissivity (right panel) traces for s-polarized
light measured on the thinnest (38 nm) Si3N4 membrane as function of the FEL fluence.
Blue, red and yellow traces were recorded at 13, 7 and 4 mJ/cm2, respectively. Thick lines
are the calculated profiles. See text for further details.

where rs, rp, ts, tp are total amplitude reflection and transmission coefficients for the whole
multilayer structure.
They include interference effects and are given by recursive formula:

r̃kp(s) =
rk
p(s) + r̃k+1

p(s)e
−2iβk

1 + rk
p(s)r̃

k+1
p(s)e

−2iβk
, t̃p(s) =

tk
p(s)̃t

k+1
p(s)e

−iβk

1 + rk
p(s)r̃

k+1
p(s)e

−2iβk
(2)

where βk is the phase variation in the kth layer, rk
p(s) and tk

p(s) are the usual Fresnel coefficients at
kth interface, while r̃k

p(s) and t̃k
p(s) are taking into account a wave propogation along the multilayer

structure underneath the kth interface. The calculations are performed upward from the last
membrane/vacuum interface where r̃

(̃
t
)k+1
p(s) = r (t)k+1

p(s). Finally, the total amplitude coefficients
in 1 are given by r (t)p(s) = r̃

(̃
t
)1
p(s) [16]. Given the coefficient definitions and the exponential

decay law for n and k, it is possible to derive four independent equations from 1, which allow a
full retrieval of the excited optical constants. More details about the procedure can be also found
in [10]. Following the Jones matrix inversion, it is possible to retrieve from the experimental
data the values of the excited optical constants which are displayed in Fig.s 4-5; traces always
refer to the first layer of the excited sample. The dependence of n is characterized by a small
decrease close to the zero delay time value, followed by a sharp increase culminating in a plateau
which is ∼ 1.5% higher than the unperturbed value. Instead, the trend of k is characterized by an
exponential like relaxation (τ ∼ 0.6 ps) after a ∼ 0.1 ps rise, the latter being ascribable to the
pulses cross-correlation.
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Fig. 3. Transient reflectivity (left panel) and transmissivity (right panel) traces for s-polarized
light at 13 mJ/cm2 FEL fluence as function of the sample thickness. Blue, purple and green
traces are for 38, 110 and 575 nm thick membrane, respectively.

3.2. Optical constants modelling

The interaction of a short laser pulse with condensed matter can be described with the density
dependent two temperature model (nTTM). This model was originally developed and applied
to metals [21, 22] and subsequently extended to semicondutors [23, 24] to describe the thermal
evolution of the electron and lattice systems. In the general case, the laser pulse is absorbed by
the medium and and creates hot electrons but the presence of a bandgap in the semiconductors
complicates the energy flow to the lattice due to electron-hole recombination events. The induced
modifications of the free carrier density can have sensible effect on the ultrafast thermal evolution
of band gap material [23]. In general, far from electronic core level absorption edges, free
carrier absorption (FCA) is the most significant process describing the excitation of the material
properties. It generates electron density variation close to the Drude plasma frequency for the
optical probe. For the FEL case, the Drude equivalent electron density is about 4.5 ∗ 1022 cm−3,
which is fairly larger than the one generated in the present case (see Eq. (4)); FCA for the FEL
pulse (excitation process) was therefore neglected. Recent experimental findings [25,26] have
also shown that two photon effects have small cross sections. Thus the equation for the FEL
propagation inside the material reduces to:

∂I (z, t)
∂z

= −αI (z, t) (3)

i.e. the usual exponential attenuation. A posteriori, this strengthens the assumption of the
exponential decay for the excitation profile made in Sec. 3.1.
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Fig. 4. Retrieved values for n (first layer of 38 nm thick membrane, blue trace) compared
with the full modelization of n (red trace) and the free carriers contribution (yellow trace).

Electron (ne) and hole (nh) densities have been calculated using the equation derived from [23]:

∂ne,(h) (z, t)
∂t

=
α

Eph
I (z, t) − γne,(h) (z, t)3 +

(
δ − λe,(h)

)
ne,(h) (z, t) (4)

where Eph = 50 eV, γ = 5 ∗ 10−28 cm6

s is the Auger rate [27], δ is the impact ionization coefficient
and λe,(h) are electron and hole losses. Losses coefficients may be understood as an effective
parameter summarizing different phenomena which may take place into the material, as e.g.
diffusion, eventually including the interface effects on it, photo-emission into vacuum and carrier
recombination. Given the postulated linear dependence of the losses, it is straightforward to define
the parameter Le,(h) = δ − λe,(h) which can be obtained from the experimental data. A positive
value for the L’s coefficients indicates a preponderance of the impact ionization mechanism
(charge generation). On the contrary, negative values mirror prevailing losses.

Electron temperatures (Te) can be calculated according to:

Ce
∂Te (z, t)

∂t
= αI (z, t) − g (Te − Tl) − ∂U

(
Eg,Te,

∂ne (z, t)
∂t

)
. (5)

Here we also assume instantaneous thermalization of electrons and holes. The characteristic
time for such process is estimated to be in the 10-30 fs time-scale [28, 29], i.e. within our pulses
duration. In such approximation, Ce = 3nekb is the electron heat capacity, where kb is the
Boltzman constant; g is the carrier phonon coupling parameter given by Ce

τe−ph
, where τe−ph is

the electron-phonon relaxation time and was evaluated through the data. Finally ∂U is the energy
variation of the electron system defined as:

∂U
(
Eg,Te,

∂ne (z, t)
∂t

)
=

(
Eg + 3kbTe

) ∂ne (z, t)
∂t

(6)

where Eg = 4.5 eV is the electronic energy gap.
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Fig. 5. Retrieved values for k (first layer of 38 nm thick membrane, blue trace) compared
with the full modeling of k (red trace) and the free carriers contribution (yellow trace).

The lattice temperature (Tl) is defined through :

Cl
∂Tl (z, t)
∂t

= g (Tc − Tl) , (7)

where Cl = 3.7 J
Kcm3 is the heat capacity. Equations (4), 5, 7 have been solved with a forward

time Euler method [30], which enabled to determine the free carrier contribution to the dielectic
function, using the Drude relation:

ε (z, t) = εr − De (z, t) − Dh (z, t) = (n f ree + ik f ree)2 (8)

De(h) (z, t) =
ne(h) (z, t) e2

ε0me(h)

1
ω (ω + iν (z, t)) (9)

where εr = 4.045 is the relative dielectric permittivity (corresponding to n0 = 2.011 for the IR
probe), e is the electron charge, ε0 is the vacuum permittivity, ω is the laser pulsation 2.41 ∗ 1015

rad/s, me(h) are the conduction effective masses, both equals to 0.5 electron masses [31], and
ν (z, t) is the collisional frequency evaluated as:

ν (z, t) =
√

3ε0π (kbTc)1.5

2e2 ∗
√

1
Me
+

1
Mh

. (10)

In Eq. (10) Me,h are the density of states effective masses for electron and holes, corresponding
to 0.3 and 3 electron masses, respectively [27]. The free carrier contributions to the optical
constants may be easily calculated as n f ree (z, t) = <

(√
ε (z, t)

)
and k f ree (z, t) = =

(√
ε (z, t)

)
.

Carrier contributions represent ultra-fast system perturbations which may rapidly become
irrelevant when the densities decrease below a value corresponding to a plasma frequency of
the probe. In order to model the long time response, we took into account two slower processes;
i.e. (i) dependence of n on Tl and (ii) the induced absorption due to partial valence band
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depletion [32]. The former is generally accounted through the thermo-optic coefficient, while a
precise quantification of the latter requires sophisticated calculations which make use of time
dependent (TD) density functional theory (DFT). However, it is reasonable to assume that the
photon absorption is proportional to the holes density. Provided probe photons further excite the
valence electrons; this only pushes the holes to a higher energy level without altering their total
number. Moreover, due to the continuity of the valence band the process can be considered to be
always resonant, so the contribution to the dielectric function is purely imaginary and primarily
affects the value of k. Following such reasoning the optical constants can be modelled as follow:

n (z, t) = n f ree (z, t) + STL (z, t)
k (z, t) = k f ree (z, t) + Znh (z, t)

(11)

where S is the thermo-optic coefficient and Z is the proportionality coefficient between the
induced absorption and the hole density. In summary, to model optical constants we modified the
standard nTTM by introducing effective L’s parameters that account for different phenomena
(impact ionization, photo-emission, diffusion) that contribute to the carriers balance. A value
of Le different from Lh, e.g., may imply a sample charging. The thermo-optic effect, which
alters the n value, has been phenomenologically included in the modelling through the lattice
temperature while the inter-band absorption, affecting the k behavior, has been inserted assuming
to be proportional to the holes density. The experimental data for reflectivity and transmissivity
and the corresponding traces obtained with the nTTM calculations are shown in Appendix 5.2
(Fig. 7).

Fig. 4 displays a time evolution of the retrieved refractive index that shows a small initial dip
followed by a sudden increase to a plateau. In the frame of our model, the initial drop, may
be ascribed to rapid increase in the carrier densities which diminishes the n0. We interpret the
subsequent increase in term of the thermo-optic coefficient. The ultra-fast coupling transfers the
energy from the carrier to the lattice subsystem, yielding to a status with a mean temperature
(for the thinnest membrane) of ∼900◦ K. This value has to be compared with the standard
thermodynamic calculation which accounts for the total deposited energy

( (
1 − e−αd

)
E0

)
into

the sample volume divided by the mass and specific heat. Here d is the sample thickness. This
value (900 ◦K), is in a good agreement with the nTTM calculations. Since the thermo-optic
coefficient is positive, it is equivalent to an increase of the refractive index. An evaluation of
the latter gives a value of (15 ± 5) ∗ 10−5 1/K for the S coefficient. This well compares to the
one reported for Si3N4 at 1550 nm [33]. It is worth to stress that the sharp rise in n is not only
determined by the electron phonon coupling parameter (τe−ph = 0.1 ± 0.05 ps), but rather by an
interplay of the latter with the Auger recombination rate and the L’s parameters. The evaluated
values for these coefficients are: Le = (−10 ± 1) ∗ 1012 1/s and Lh = (−2.5 ± 0.5) ∗ 1012 1/s. The
negative sign suggests that the losses are higher and diffusion/photo-emission mechanisms can
dominate the carrier dynamics. This scenario is also confirmed by an estimation of the diffusion
coefficient, which may be conducted calculating the ratio between the time derivative and the
Laplacian of the electron density. Close to the pulse peak the ratio between ∂ne (z,t)

∂t and ∇2ne(z, t)
gives a value of ∼ 1.1 cm2/s which is of the same order of the ambipolar diffusion coefficient for
Si at high temperatures (9 cm2/s) [23].
The k trend (Fig. 5) is characterized by a sharp increase followed by an exponential-like decay.

While FCA has been neglected for the FEL excitation process, it cannot be neglected for the
optical probe. FCA contribution is relevant for the absolute value of the peak, while at longer
delays (>0.5 ps) the shape and magnitude of the k coefficient are significantly influenced by
induced absorption only. The evaluated value for Z is (4 ± 1) ∗ 10−20 cm3 and it can be compared
with the one obtainable from the joint density of states (DOS). Though, the DOS of valence
electrons and holes depends on the density, thus leading to a time and density dependent value for
Z. However, in a hybrid and simple approach, this value can be obtained using DFT calculations
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and plugged in Eq.(11) to reconstruct the experimental data.
The retrieved curves for the optical parameters show similar shapes for the three membranes

(see Appendix 5.2, Fig. 8). However, at equal FEL fluxes, the magnitude of the transient reflectivity
and transmissivity are quite different. This is due to the major role played by interferential effects.
The latter evidence suggests that in EUV pump-optical probe experiments, where the excitation
has a strong gradient along the pump propagation direction, a deeper understanding of the
underlying physics is gained through optical constants modelling rather than through the direct
parametrization of transient reflectivity/transmissivity.

4. Conclusion

In conclusion, we presented a campaign of pump-probe reflectivity and transmissivity measure-
ments at 25 nm excitation wavelength, performed as a function of the pump fluence, sample
thickness and probe polarization. Using Jones matrix formalism and the assumption of an
excitation exponential decay, we retrieved the time dependent complex refractive index of the
excited Si3N4 and a nTTM model was employed to interpret its behavior. We found that changes
in the optical constants are not only due to free carriers contributions, but slower processes plays a
significant role. The thermo-optic effect and induced absorption mechanisms have to be taken into
account to reproduce the experimental data. Our approach permits to obtain information on sample
dynamics in a simple and effective way, contrary to more sophisticated calculations [34,35]. Due
to the high number of involved parameters and to their strong interplay it is difficult to evaluate
their contributions and define the precise values. However, some phenomena as impact ionization,
photo-emission, diffusion and charge trapping can be in principle extracted and evaluated. In its
present form all these effects are summarized in the L’s parameters which offer an overview of
the comprehensive balance.

5. Appendix

5.1. X-ray reflectivity data

Fig. 6. XRR data (PanalyticalX’pert, λ = 0.15405 nm) for the three Si3N4 membranes.
The calculated thicknesses using the X’pert Epitaxy software are 38±2 nm, 110±6 nm and
630±60 nm, respectively. Note that to reproduce the optical data the thickness of the thickest
membrane was corrected to 575 nm (within a deviation of XRR measurements).

5.2. Dataset on optical constants retrieval and modelling
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Fig. 7. S and P reflectivity and transmissivity traces (blue curves) acquired for the 38 nm
(a-c), 110 nm (d), and 575 nm (e) membrane at 13 mJ/cm2 (a, d, e), 7 mJ/cm2 (b), and 4
mJ/cm2 (c). The red curves are the retrieved data using Jones matrix formalism (left panel)
and the data obtained with nTTM (right panel).

                                                                                                Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11887 



Fig. 8. The retrieved traces for n and k (for the first excited layer) obtained on 38 nm, 110 nm,
and 575 nm thick membranes at 13 mJ/cm2 FEL fluence (a), and 38 nm thick membrane
only at 13, 7, and 4 mJ/cm2 (b).
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