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a b s t r a c t

We report about the light-emitting properties of colour centres in lithium fluoride thin films and crystals
treated with low-penetrating extreme-ultraviolet radiation and soft X-rays. Experimental fluorescence-
imaging results show that, under the same irradiation conditions, stronger photoluminescence, up to a
factor eight, is released by colour centres in a film thermally grown on silicon substrate than in a crystal.
By using a classical-electromagnetism model, we take into account the role of the silicon substrate in the
enhancement of spontaneous emission over a broad spectral range to analyze such behaviour.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Among insulating materials, lithium fluoride (LiF) is a radiation-
sensitive dielectric well known in dosimetry [1] and utilized in
optoelectronic devices [2–5]. Various kinds of radiation can gener-
ate stable primary and aggregate defects, known as colour centres
(CCs) [6], in LiF crystals and thin films. Some of these CCs are opti-
cally active and efficiently luminesce in the visible range at room
temperature under optical pumping [6].

In the present work, we report about the light-emitting proper-
ties of CCs in LiF thin films and crystals treated with low-penetrat-
ing extreme-ultraviolet (EUV) radiation and soft X-rays. At the
selected irradiation energies, a very thin (a few dozens of nanome-
tres) surface layer of CCs is generated on the exposed face of LiF.
Experimental fluorescence-imaging results show that, under the
same irradiation conditions, stronger photoluminescence (PL) is re-
leased by CCs in suitable-thickness LiF films thermally evaporated
on silicon (Si) substrates than in crystals [7].

To analyze the experimental results, we model light emission
from CCs by means of a classical source-term theory that was first
introduced by Benisty and co-workers [8,9] and further developed
in recent works [10,11]. The theoretical model allows quantita-
tively evaluating emission from a point source or a collection of
point sources embedded within whatever layered structure. Appli-
cation of this model to the present case demonstrates that light

emission from CCs in a LiF film over a Si substrate is enhanced with
respect to what one would get in a LiF crystal. Such an enhance-
ment is partially ascribable to the reflecting properties of the Si
substrate, which provides feedback to both the optical pump and
the fields radiated by CCs through constructive interference. How-
ever, the theoretical enhancement factor is not large enough to ac-
count for the measured one. The possibility that the observed
larger enhancement factor could be related to a higher density of
CCs in the polycrystalline film is discussed.

2. Theory

Spontaneous emission (SpE) is one of the most noticeable man-
ifestation of the interaction of matter with vacuum: fluctuations of
the vacuum electromagnetic field can induce an atomic system to
decay to its ground state with the emission of photons [12,13]. In
this framework, any alteration of the vacuum-field modes results
in the modification of the SpE properties of atomic systems. In par-
ticular, a strong atom-vacuum coupling enhances the SpE rate,
while a weak coupling inhibits it. Purcell conjectured for the first
time how the SpE rate of atomic systems could be altered by the
local density of vacuum-field modes in a small resonator [14].
Since then, many works have contributed to gain more and more
insight into Purcell’s intuition [15–26].

Despite of its inherent quantum nature, the effect of resonator
boundary conditions on photon emission by an atomic system
can be studied even in the realm of classical electromagnetism.
In this case, the atomic system is treated as a point source,
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generally consisting of a randomly-oriented dipole. In particular,
light emission from inside an optical resonator consisting of a lay-
ered structure can be quantitatively evaluated by recurring to a di-
pole source-term theoretical model first introduced by Benisty and
co-workers [8,9] and further developments achieved to evaluate
anti-Stokes field generation [10] and to include effects of coopera-
tive emission [11]. In some cases, such an evaluation can be carried
out analytically [10,11], thus enabling one to quickly check the
model against experimental data while varying selected
parameters.

According to Benisty’s model, light emission from a point source
embedded in a layered medium can be evaluated by means of suit-
able radiating-dipole source terms and by carrying out the re-
quired calculations for multiple reflections taking place inside
the layers [8,9]. This model was further developed to include vol-
ume distributions of point sources and effects of cooperative emis-
sion [11]. Analytical expressions for some selected cases can be
obtained, such as the case of a homogeneous layer of atomic
(molecular) systems – radiating as if they were randomly-oriented
dipoles – excited by an external optical pump [11]. This configura-
tion is suitable to describe the ultrathin layer of CCs that forms at
the surface of a LiF film or crystal under EUV irradiation.

Following the source-term approach introduced in [8,9] and
further developed in [11], one can write the power radiated in
the outer media from a volume source embedded in a layered med-
ium as a convenient analytical expression. The volume source is as-
sumed to be a collection of point sources all embedded in a layer
(internal layer) that is part of a multilayer. For mutually close en-
ough point sources, the discrete distribution can be replaced by a
continuous one represented by lðrÞ, where r ¼ ðx; y; zÞ is the
space-position vector. According to the source-term approach,
the electric field outcoupled by a single point source in a multilayer
is [8,9,11]

E" ¼ s"
A" þ q#A#
1� q#q"

: ð1Þ

In this equation, s" and q" are the complex-amplitude transmit-
tance and reflectance of the layered medium separating the point
source from the outer half-space where the outcoupled field is cal-
culated (top external medium, to fix the ideas), while q# is the
complex-amplitude reflectance of the layered medium separating
the point source from the other outer half-space (bottom external
medium). All the complex-amplitude coefficients are evaluated for
incidence from inside the internal layer. Eq. (1) is true for all polar-
ization states and angles provided the complex-amplitude coeffi-
cients and the source terms are evaluated accordingly. The
remaining terms are Benisty’s dipole source terms [8], slightly
modified to comply with our formalism [11], so that

A" ¼ A# ¼
ffiffiffiffiffiffiffiffiffi

3
16p

r
ð2aÞ

for s polarization and a horizontal dipole (that is, a dipole that lies
over the Oxy plane parallel to the layer borders),

A" ¼ A# ¼
ffiffiffiffiffiffiffiffiffi

3
16p

r
cos h0 ð2bÞ

for p polarization and a horizontal dipole, and

A" ¼ �A# ¼
ffiffiffiffiffiffiffi
3

8p

r
sin h0 ð2cÞ

for p polarization and a vertical dipole (that is, a dipole that lies
along the structure symmetry z axis). The propagation angle h0,
which is measured with respect to the z axis (vertical direction)
and inside the internal layer, is related to the top-external-medium
propagation angle h" by means of Snell’s refraction law. It is worth

reminding that no s-polarized contribution comes from a vertically-
oriented dipole. The field radiated by a point source such as a CC,
seen as a randomly-oriented dipole, is built with a suitable superpo-
sition of the electric fields generated by applying Eqs. (2) to Eq. (1)
[8,9,11].

Taking into account all the necessary solid-angle transforma-
tions for the propagation of the radiated powers, one can verify
that the power radiated in the top external medium by a single di-
pole placed at z0 within the internal layer – part of a multilayer – of
refractive index n0 and thickness d is [11]

w"ðz0Þ ¼
n2
" cos h"

n0 cos h0
F" jA" þ r#A# exp½�ikn0ðdþ 2z0Þ cos h0�j2: ð3Þ

Here, n" is the refractive index of the external medium, k is
the radiation wavevector amplitude in vacuum, r# ¼ q#
exp½ikn0ðdþ 2z0Þ cos h0� is the complex-amplitude reflectance, cal-
culated for incidence from inside the layered structure, of the lay-
ers separating the internal layer from the bottom external medium,
and

F" ¼
T"

j1� r#r" expð�i2kn0d cos h0Þ j2
ð4Þ

is the Airy factor, where r" ¼ q" exp½ikn0ðd� 2z0Þ cos h0� is the com-
plex-amplitude reflectance of the layers separating the internal
layer from the top external medium and T" is the intensity trans-
mittance coefficient of the same layers, both calculated for inci-
dence from inside the layered structure. Note that Eqs. (3) and (4)
hold for both polarization states, provided the suitable polariza-
tion-dependent terms are used. The point source (randomly-ori-
ented dipole) case is built with a proper superposition of terms
obtained by Eq. (3) for the three cases of Eqs. (2).

The power outcoupled by a collection of such dipoles, assumed
to be independently radiating, is just

W" ¼
Z

lðrÞw"ðzÞ d3r; ð5Þ

where the integration takes place over the source volume. By
substituting Eq. (3) – with z0 replaced by z – into Eq. (5), one gets

W" ¼
n2
" cos h"

n0 cos h0
F"

��
jA"j2 þ R#jA#j2

�
N þ 2A#A"Re

�
r# expð�ikn0d cos h0Þ

�
Z

lðrÞ expð�i2kn0z cos h0Þ d3r
��

; ð6Þ

where R# is the intensity reflectance coefficient of the layers sepa-
rating the internal layer from the bottom external medium, and

N ¼
Z

lðrÞ d3r ð7Þ

is the number of dipoles in the volume.
Note that the integral expression in Eq. (6) is a three-dimen-

sional Fourier transform of lðrÞ, which simplifies to a one-dimen-
sional transform in case the dipole distribution depends on z only.
For instance, if one assumes the internal layer to be uniformly
embedded with the dipoles (uniform volume source), Eq. (6) can
be verified to lead to the convenient expression

W" ¼ NT"A
2
"

�
n2
" cos h"

n0 cos h0

1þ R# � 2
ffiffiffiffiffi
R#

p
sincðkn0d cos h0=pÞ cosðkn0d cos h0 �U#Þ

1þ R#R" � 2
ffiffiffiffiffiffiffiffiffiffi
R#R"

p
cosð2kn0d cos h0 �U" �U#Þ

;

ð8Þ

where R" is the intensity reflectance coefficient of the layers sepa-
rating the internal layer from the top external medium, and U"
and U# are the phases of r" and r#, respectively. As far as the ± sign
is concerned, it has be set according to the dipole orientation: plus
for a horizontal dipole, minus for a vertical one.
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The above-reported theory is here utilized to evaluate the
photo-emission of the CCs generated in the thin surface layer of
LiF as described in the following. To better model our experimental
setup, the interferential effects of the laser-pump within the lay-
ered structure are properly taken into account [11] and a numeri-
cal integration over the acceptance angle of the utilized detection
system is applied to Eq. (8) [10,11].

3. Sample preparation and characterization

Commercially-available LiF single crystals, typical size of
(5.0 � 5.0 � 0.5) mm3, polished on both sides, were used in the
experiments. LiF thin films were grown by means of thermal evap-
oration on (5 � 5 � 0.3) mm3 Si substrates in a wide range of thick-
nesses, extending from a few nanometres to several microns [27],
at the Solid State Lasers Laboratory of ENEA C.R. Frascati. The LiF
films are generally polycrystalline and their structural, morpholog-
ical and optical properties strongly depend on the nature of the
substrate, either amorphous or crystalline, and on the deposition
parameters, in particular the substrate temperature Ts, the film to-
tal thickness and the deposition rate [27].

The LiF samples were irradiated at room temperature in vac-
uum (�10�6 mbar) with EUV radiation and soft X-rays generated
by an excimer-pumped laser-plasma source, developed at the Exci-
mer Laboratory of ENEA C.R. Frascati [28]. The radiation source
essentially consists of solid targets, placed inside a vacuum cham-
ber, heated by a focused powerful XeCl excimer laser operating at
308 nm, with typical pulse duration of 10–35 ns and repetition rate
of 1–40 Hz. The radiation emitted by the laser-plasma source is not
monochromatic. Indeed, the black-body-like emission covers the
energy interval which corresponds to the full EUV range (20–
300 eV) and part of the soft X-ray range (0.3–2 keV), but for the
used source configuration it is centred in the EUV and only �10%
of the emitted radiation is in the soft X-ray range.

The EUV and soft-X ray penetration depth is generally very
short in solids. The method used to evaluate the depth of the col-
oured surface layer in our samples relies on the detailed analysis
of photometric spectra of irradiated crystals recorded at the Optical
Devices Laboratory of ENEA C.R. Casaccia by means of a Perkin El-
mer Lambda 19 spectrophotometer, equipped with a 15 cm diam-
eter integrating sphere, in the 210–800 nm spectral range. The
analysis of the spectra was performed by applying a refractive-in-
dex model for the surface layer based on the decomposition of the
total complex permeability into partial contributions of CCs, which
leaded to a resulting colouration depth of about 40 nm in agree-
ment with a Montecarlo estimation of energy deposition in LiF
and further confirmed by an analytical inversion of the experimen-
tal data [29]. The analysis showed that the colouration density dis-
tribution along such a depth – very thin if compared with the
wavelengths of interest – is not influent on the passive and active
optical performances of the layered structure, thus allowing con-
sidering the irradiated surface layer as uniformly coloured [29].

Since a thin LiF film generally features a slightly lower density
than a LiF crystal, one can wonder how much the colouration depth
changes for a film. We have estimated that, in the considered en-
ergy range, a film packing density as low as 80% would increase
the colouration depth from 40 nm to only about 50 nm. Therefore,
we can conclude that the assumptions made here about the col-
oured surface layer are valid both for LiF films and crystals.

Confocal Laser-Scanning Microscopy (CLSM) images in fluores-
cence mode were acquired to investigate the PL properties of the
irradiated LiF samples. A Nikon Eclipse 80i-C1 confocal microscope,
equipped with a continuous-wave argon-ion laser Coherent INNO-
VA 90 operating at 457.9 nm, was used. This wavelength is located
very close to the peaks of the almost overlapping absorption bands

of the F2 and Fþ3 CCs and can simultaneously excite their Stokes-
shifted broad emission bands, centred at 670 nm and 535 nm,
respectively [30]. The emitted PL was collected by a 20� objective
(numerical aperture of 0.5) and detected by a two-channel photo-
multipliers system, which enables one to simultaneously acquire
the green (500–530 nm) and red (650–660 nm) fluorescent signals
coming from each channel, selected by suitable optical filters.

4. Results and discussion

A circular LiF film of thickness (2.20 ± 0.05) lm – measured by
means of mechanical profilometry – and diameter 4 mm, thermally
evaporated over a Si substrate kept at Ts = 523 K during the growth,
and a LiF crystal were irradiated under identical conditions (40,000
shots at a repetition rate of 40 Hz, pulse duration 35 ns, fluence
0.025 mJ/cm2/shot) to generate surface layers of CCs. During irradi-
ation, the plasma temperature of the solid target (tantalum) was
�3 � 105 K and the emitted radiation spectrum was peaked at
�90 eV. A comparison between the PL signals of the irradiated film
and crystal was performed by using CLSM fluorescence imaging,
having care of removing stray-light contributions coming from
the back-reflected laser beam that had been measured on unco-
loured areas of the samples. The results are shown in Fig. 1. The
photo-induced light emission coming from the LiF film on the Si
substrate is significantly larger than the one coming from the LiF
crystal. From the histograms in Fig. 1 (right), which show the dis-
tributions of pixel counts as functions of the signal intensity (255
levels of grey) within a selected zone of the irradiated areas, one
concludes that the polycrystalline LiF film grown on Si has an aver-
age fluorescence intensity of (135 ± 9) a.u., while the LiF crystal has
an average value of (16 ± 3) a.u.

The reflective properties of Si clearly help in recovering a rele-
vant part of light emission that would be otherwise lost in the
opposite direction of the observation one. This reflected part can
constructively interfere with the straightly emitted one, and this
is true for all the orders of multireflection at all the emission an-
gles, provided the LiF thickness is a suitable one. Indeed, the planar
structure constituted by the LiF film over the Si substrate form an
elementary half-microcavity, and the thin surface layer containing
CCs is located in proximity of a node of the cavity. From a quan-
tum-optics point of view, the CCs in the LiF film are located in a
thin layer where the vacuum-field modes density is increased with
respect to a LiF crystal. Because spontaneous emission is stimu-
lated by vacuum-field photons, the high vacuum-field modes den-
sity induces the colour centres in the LiF film to perform their
optical cycle faster than in the LiF crystal, resulting in an increased
time-averaged photon emission amount.

However, the experimentally detected higher performance of
the film, corresponding to an enhancement factor of (8 ± 2) with
respect to the crystal, is comparable with, but larger than, the pre-
visions of our theoretical model. As mentioned in the previous sec-
tion and in agreement with previous studies [29], the coloured
volume was modelled as a surface thin layer of thickness equal
to 40 nm, within which the CC density was assumed to be homo-
geneous. With respect to previously reported results [31], here
we also include in the model the effect of the detection system
numerical aperture. For the used setup of the confocal microscope
– optical pumping at 457.9 nm, perpendicular to the coloured sur-
face, emitted-light collection along the same direction (and same
half-space) with numerical aperture 0.5 and allowed spectral
ranges of 500–530 nm and 650–660 nm – the theoretical model
foresees a PL intensity behaviour versus film thickness, for the
green and red signals, as shown in Fig. 2. According to the simu-
lated curves, the detected PL signal for a �2.25 lm thick LiF film
is increased of �2.5 times for the red part of the spectrum and of
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�4 for the green one with respect to a LiF bulk. Clearly, these val-
ues are not big enough to account for the experimentally observed
enhancement. To obtain the plots of Fig. 2, typical Gaussian-shaped
spectral distributions of luminescence coming from F2 (red) and Fþ3
(green) colour centres [32] and dispersions of the material refrac-
tive indices [33,34] were considered.

On the other hand, one has also to bear in mind that the forma-
tion efficiency of primary F centres and visible-emitting Fþ3 and F2

aggregate defects is higher in polycrystalline LiF films than in sin-
gle crystals and influenced by the peculiar structure of the LiF films
[35]. It depends on film growth conditions, which in turn deter-

mine the surface-to-volume ratio, void presence and the preferred
orientation of crystallites. It is generally accepted that the main
parameters influencing CC formation are the surface-to-volume ra-
tio and void presence as well as the direction of the irradiating
beam with respect to the crystal axes. The surface-to-volume ratio
and the film packing density play a relevant role because they
establish the density of the grain boundaries, which act as sources
of vacancies during CC formation and stabilization processes. All
these effects contribute, together with the reflecting properties of
Si, to explain the difference of PL efficiency between single crystals
and polycrystalline films.

At the high defect densities reached in these surface layers, also
concentration quenching phenomena, essentially related to inter-
actions among the same kind of defects and/or different types of
defects, could play a relevant role.

5. Conclusions

PL measurements and their comparison with theory indicate
that low-penetrating EUV irradiation of LiF generates CCs with effi-
ciencies that depend on the nature of the irradiated material, i.e.,
either a polycrystalline film or a monocrystalline bulk. As a matter
of fact, we recorded significantly stronger PL coming from F2 and
Fþ3 CCs at the surface of a LiF film grown over a Si substrate than
that coming from a crystal that had been irradiated under the same
conditions. The observed enhancement factor, (8 ± 2), is too high to
be barely explained by means of the optical-reflection properties of
Si, hence we deduce that CCs must have formed with a larger vol-
ume density in the examined film than in the crystal.

Nonetheless, we have demonstrated that suitable thickness val-
ues of the LiF film exist for which the generated CCs result approx-
imately located at anti-nodes of both the laser-pump and
emission-field standing waves, so that the outcoupled PL results
strengthened by constructive interference among internal multi-
reflections. Such thickness values have to be looked for by taking
into account not only the optical characteristics of the thin film,
but also the features of the detecting system, such as the passing
spectral bandwidths and its numerical aperture. The resulting
amplification effect, strictly related to what happens in an
optically-pumped microcavity, together with the higher formation
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Fig. 1. Left: confocal fluorescence images of EUV-irradiated areas, masked by Si3N4 windows, stored in a LiF crystal (top) and in a 2.2 lm thick LiF film on a silicon substrate
(bottom), irradiated under identical conditions. Bar length: 100 lm. Right: plot of the intensity distributions of the CLSM fluorescence signals, digitally acquired at 8 bit,
corresponding to a reduced area in the images of the two samples.
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Fig. 2. Theoretical evaluation of the PL intensity radiated by a 40 nm thin surface
layer of CCs over a LiF film deposited on a Si substrate and detected by an objective
of numerical aperture 0.5 vs. film thickness. Intensity is normalized to the
corresponding amount coming from a LiF crystal under the same irradiation and
detection conditions. The detector is equipped with band-pass filters that cut
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efficiency of CCs in a polycrystalline LiF film and the good spatial-
resolution properties of CCs in LiF, confirm that the examined lay-
ered structure can be utilized as a convenient micro-image radia-
tion detector [31].
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