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The charge trapping phenomenon in the SiO; layer of Si/SiO; substrates during the electron beam deposition of
CaF; thin films of varying thicknesses (50-277 nm) was studied. Photoelectron emission (PE) spectroscopy was
employed to analyze electron trapping mechanisms induced by the deposition process. Distinct peaks corre-
sponding to electron traps in the SiO, layer were identified in the PE spectra of CaF; films. The intensity of these
peaks varied with the film thickness and the accumulated electron irradiation dose. The study also investigated
the relaxation of the PE spectra in both vacuum and air environments. In a vacuum, the PE peaks and integrated
PE intensity remained stable for at least 24 h for CaFs films of all thicknesses. When exposed to air, the PE peaks
persisted for several days in films 125 nm thick or thinner but relaxed within several hours in 277 nm films. This
rapid relaxation was attributed to a relatively high irradiation dose (about 2.5 mC) obtained during the fabri-
cation of the 277 nm film, leading to an increased concentration of ionized F centers at the SiOx-CaF, interface
and the formation of (0%-V,) centers upon air exposure. The relaxation of the PE spectrum intensity was
attributed to electron transfer from SiO traps to (0%-V,) centers. Furthermore, the possibility of a 260 nm
electron escape depth for CaF, material was confirmed.

1. Introduction

Calcium fluoride (CaFy) is a wide-bandgap dielectric material that
exhibits transparency across a broad range of wavelengths, from the
infrared to the vacuum ultraviolet region [1-5]. This makes it an optimal
material for optical components such as lenses and windows in the ul-
traviolet and infrared spectrum. The wide bandgap of CaFy provides
resistance against photon-induced damage, making it a suitable material
for use in harsh environments such as high-power lasers [6-8]. CaFj is
also a key component in other applications, including radiation de-
tectors, scintillators, solar cells, and microlithography processes for
semiconductor manufacturing [9-16].

Defects in the crystal structure of CaF; can alter its optical properties
[17-21]. Therefore, understanding the formation, diffusion, and charge
state of these defects is crucial for predicting and mitigating changes in
the optical behavior of CaFs.

Silicon dioxide (SiO») is a substrate widely used for thin film depo-
sition, including CaF; thin films [22,23]. Si/SiO4 substrates, oxidized
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silicon wafers commonly used in microelectronics, can also be employed
[24]. It has been demonstrated that the SiO5 material becomes charged
when exposed to accelerated electron irradiation, a phenomenon that
has been modeled and experimentally confirmed in a number of studies
[25-27]. This charging may also occur unintentionally during scientific
manipulations, such as exposure to electron or ion beam irradiation in
scanning electron microscopes (SEM) or focused ion beam (FIB) systems
[28].

The phenomenon of charging is also observed during electron beam
deposition of various thin films on SiO, substrates. In this process,
electrons become trapped in the existing defect centers in the SiO5 layer,
affecting the properties of the deposited films. For example, the charge
state of the substrate can affect the growth rate of the graphene-like
films [29] and the characteristics of electronic devices fabricated on
these substrates [30,31].

The present study employs the photoelectron emission (PE) tech-
nique to investigate electron trapping in the SiO; layer during electron
beam deposition of CaF, thin films on Si/SiOy substrates. The charge
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transfer and trapping mechanisms are investigated, which are essential
for designing devices using CaF; as a critical component. The results
could provide insights into how deposition parameters and charge
trapping in the substrate affect the optical performance of SiO,/CaFa
structures, with potential practical applications in photonics and
optoelectronics.

2. Materials and methods

CaF, films with different thicknesses (50, 115, 125, and 277 nm)
were deposited on oxidized silicon wafers (Si/SiO5 substrates) using the
electron beam evaporation technique. The substrates were prepared by
growing a 1 pm thick SiO layer on the (111) surface of a Si wafer at
1130 °C in an oxygen atmosphere. The substrate thickness was 0.35 mm.
The substrates were then cut into squares with a side of approximately 8
mm and cleaned for 15 min using sonication, first in acetone and then in
2-propanol. Calcium fluoride powder (CaF;, Aldrich 99.99 %, molar
weight 78.07 g/mol) was used to prepare the pellets for deposition. The
powder was placed into a 6 mm diameter vacuum pressing die, vac-
uumed for 10 min, and pressed at a pressure of 15 kN (1.5 tons) for 2 min
under vacuum. The final step involved annealing the pellets at 800 °C in
an argon gas flow furnace for 2 h, with a heating rate of 10 °C/min.

The prepared pellets were placed in a molybdenum (Mo) crucible of
the electron beam evaporator (The e-flux Mini, Tectra GmbH) for
deposition. The following deposition parameters were used: substrate
temperature 235 °C, electron accelerating voltage 1 kV, filament current
7.6 A, electron beam current 23 mA, residual pressure in the chamber
5.107° Pa, deposition pressure 2-10~* Pa. After deposition, the sample
was allowed to cool to 55 °C in the deposition chamber. To ensure
uniform film thickness, only one sample was deposited in the chamber at
a time. The thickness and growth rate of the films were monitored using
the IL150 Quartz Crystal Growth Rate Monitor (Intellemetrics Global
Ltd.). After fabrication, the thickness of the films was confirmed using
atomic force microscopy (Dimension Icon microscope, Bruker).

Fig. 1(a) shows the geometric arrangement of the crucible with a
pellet, tungsten filament cathode, diaphragm, and substrate inside the
deposition chamber. The dimensions of the deposition chamber com-
ponents, the distances between them, and the applied electric potentials
are shown in Fig. 1(b). These dimensions were used to analyze the
electric fields generated in the deposition system during the deposition
process.
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The surface morphology of the deposited CaF; films was examined
using atomic force microscopy (AFM). The measurements were per-
formed with a Bruker Dimension Icon microscope equipped with Bruker
ScanAsyst-Air probes that had a tip radius of 2 nm.

The phase composition of the CaF, films was characterized using an
X-ray diffractometer (Empyrean, Malvern Panalytical) with Cu K<o>
radiation (photon energy 8.04 keV, wavelength A = 1.54151 A, U = 45
kV, I = 30 mA). The measurements were carried out in a grazing inci-
dence X-ray diffraction mode with an incidence angle of 0.85°, equiv-
alent to an irradiation length of about 10 mm. Phase analyses were
performed using HighScore Plus 4.6a software.

The elemental composition of the CaF; films was analyzed using X-
ray photoelectron spectroscopy (XPS). Measurements were performed
with an ESCALAB Xi + spectrometer (Thermo Scientific, Czech Repub-
lic) at a base pressure of less than 2 x 10~ Pa in the analytical chamber.
To eliminate potential contamination from air exposure, the top surface
layer was removed by etching with monoatomic Ar™ ions at an energy of
3000 eV for 10 s prior to analysis. Subsequent scans were performed,
and the atomic percentage of detected elements was measured every 20
s of additional etching. The total etch time was 130 s, with an estimated
etch rate of 0.86 nm/s (Tay05 equivalent).

The PE measurements of CaF, films and Si/SiO, substrates were
conducted using a custom-built PE spectrometer in a vacuum of 10~ Pa.
The electron emission was excited by ultraviolet (UV) photons with
energies ranging from 4.2 to 6.2 eV provided by a 30 W deuterium lamp
(model L7296, Hamamatsu Photonics, Japan). A UV monochromator
with automatic scanning (MDR-2, Russia) was used to select the wave-
lengths. Photoelectron emission current was detected using an SEM-6M
secondary electron multiplier (VTC Baspik, Russia) connected to a
Robotron 20046 radiometer (VEB Robotron-Mefelektronik, Germany)
and an M8784 counting board (Hamamatsu Photonics, Japan). To
determine the wavelength-dependent quantum yield of the UV source,
an S1336-8BQ photodiode (Hamamatsu Photonics, Japan) was posi-
tioned at the sample location. The photocurrent at each wavelength was
measured using a Keithley Model 6485 picoammeter. The spectral
dependence of the number of quants per second of the UV source was
determined using the known spectral response from the photodiode
datasheet and the experimentally measured photocurrent dependence
on the wavelength of light. The PE spectra were then corrected for this
dependence.

This study involved two types of electron irradiation of Si/SiO,/CaF;
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Fig. 1. Experimental setup for deposition: (a) schematic diagram of the deposition chamber; (b) dimensions and distances (in mm) between the crucible, tungsten

filament, diaphragm, and deposited sample, as well as the applied electrical potentials. E, is a radial electric field arising from the volume charge generated by

electrons reflected from the crucible-pellet structure toward the substrate.



M. Romanova et al.

structures. The first type was electron irradiation that naturally accu-
mulated during the electron beam deposition process of CaF; films. In
this case, the electron dose was not independently controlled but was
determined by the deposition time required to achieve the desired film
thicknesses (50-277 nm). Consequently, thicker films corresponded to
higher electron doses. The deposition time ranged from 104 to 803 s,
corresponding to electron doses between 0.3 mC and 2.4 mC, based on
the geometry of the deposition chamber.

The second type of irradiation involved additional electron exposure
of the deposited CaF; films and bare Si/SiO, substrates in the vacuum
chamber of the PE spectrometer. This controlled irradiation was per-
formed to study the excitation and relaxation processes of the PE
spectra. A custom-designed hot tungsten cathode source was used, with
the sample positioned 4 cm from the cathode. The current density at the
sample surface was approximately 0.3 pA/cm?, with electron energies
up to 1.5 keV. The irradiation time was varied to achieve different doses
(up to 0.72 mC) in order to simulate additional charge trapping and
explore the relaxation dynamics of the PE spectra in both vacuum and
air environments.

3. Results and discussion

X-ray diffraction patterns (Fig. 2) demonstrate that the deposited
CaF, films have a polycrystalline structure. The 50 nm thick film ex-
hibits a face-centered cubic (FCC) structure (space group Fm-3m).
Starting at a thickness of 115 nm, the CaO lime phase (chemical for-
mula Cas0y4, reference code #96-100-0045) appears in the films. This
phase also has an FCC structure (space group Fm-3m) [32]. The CaO
phase content is less than 1 % for the 115 and 125 nm thick films. For the
277 nm thick film, 94 % of the CaF; phase and 6 % of the CaO phase are
detected. No CaO lime phase is observed in the 50 nm thick film. The
ratio of the intensities of the (111) and (022) reflections for the CaFo
phase increases with film thickness, ranging from 0.83 for the 50 nm
thick film to 2.12 for the 277 nm thick film. The 50 nm thick film is not
textured. Texture growth along the <111> axis is observed for films
starting at 115 nm thickness. The signal at 57.15° corresponds to the
reflection from the Si(113) plane, and the halo peak at 20 = 21.05°
corresponds to the amorphous SiO, phase of the substrate.

Fig. 3 shows the XPS survey spectrum of a 125 nm thick CaFj film as
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Fig. 2. XRD patterns of CaF, films and Si/SiO, substrate obtained in the
grazing incidence mode, with reflexes for the CaF, powder from literature (X-
ray database [33] (Reference code #00-035-0816)) shown for comparison.
Thicknesses of CaF films are given.
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Fig. 3. XPS survey spectrum of a 125 nm thick CaF film deposited on a Si/SiO,
substrate, with individual core-level signals of the detected elements labeled.

an example. The spectral features were identified using the internal
element database of the data acquisition and processing software
(Thermo Advantage v5.9931) and cross-referenced with the XPS data-
base [34]. The spectrum reveals the presence of Ca, F, O, and Ar peaks.
The atomic percentages of the detected elements were calculated from
the survey spectra obtained during depth profiling using Ca2p, F1s, Ols,
and Ar2p signals. The results showed that the element distribution
remained uniform throughout the depth, with atomic percentages of
32.0 £+ 0.3 at.% for Ca, 62.1 + 0.3 at.% for F, 3.9 &+ 0.3 at.% for O, and
1.9 + 0.2 at.% for Ar. The + values represent one standard deviation
from the mean of measurements taken during depth profiling process.
The presence of Ar contamination is attributed to the use of the Ar + gun
for surface etching during XPS analysis.

Fig. 4 shows the AFM image of the surface of the CaF; film on the Si/
SiOy substrate and its diagonal cross-section. The root mean square
(RMS) roughness of the deposited films was calculated from the AFM
images of 1 x 1 pm size and was found to be 2.8 + 0.9 nm.

Fig. 5 shows the PE spectra of CaFs films of different thicknesses and
the spectrum of a bare Si/SiO; substrate for comparison. The spectra of
50-125 nm thick CaF; films exhibit sharp PE peaks. These peaks are
weakly pronounced in the spectrum of the thickest film (277 nm). The
PE peaks are absent in the spectrum of the bare Si/SiO5 substrate.

The peaks observed in Fig. 5 may initially suggest that they are
characteristic of CaFy films. However, our previous research [35]
demonstrated that the same PE peaks were observed in the spectra of
bare Si/SiO, substrates after electron irradiation. This indicates that the
Si/SiO4 substrates may have been exposed to electrons during the
deposition of the CaF, films using an electron beam. Consequently, the
observed PE peaks in Fig. 5 could be attributed to photoemission from
the Si/SiO; substrate through the CaFs film.

To test this hypothesis, bare Si/SiO, substrates were irradiated with
1.5 keV electrons in the vacuum chamber of the PE spectrometer. The
spectra of the substrates before and after electron irradiation in Fig. 6
show PE peaks similar to those in Fig. 5, with the amplitudes of the peaks
increasing with longer irradiation times. The irradiation time of 60 min
corresponds to the dose of ¢ = 1.08 mC. The photon energies of the peaks
in Figs. 5 and 6 align within the measurement error, indicating that the
Si/Si0y/CaFy structure was subjected to electron irradiation during the
deposition of CaFs films, and the PE spectra recorded from CaFj films are
primarily determined by the photoemission of electrons trapped inside
the SiOy layer of the Si/SiOy/CaF; structure during the deposition
process.

In the work [35] mentioned above, the appearance of PE peaks in the
spectra of the irradiated Si/SiO5 substrates is explained by the emission
of electrons captured in pre-existing electron traps within the SiO, layer
during electron irradiation. The electrons are emitted due to the Auger
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Fig. 4. AFM characterization of CaFj film on Si/SiO, substrate: (a) surface image of the film and (b) its diagonal cross-section profile along the dashed line in (a). The
115 nm thick film is shown as an example and its RMS roughness is also indicated in (b).
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Fig. 5. PE spectra of CaF, films with various thicknesses and a bare Si/
SiO, substrate.
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Fig. 6. PE spectra of the bare Si/SiO, substrate before and after irradiation
with 1.5 keV electrons.

effect. First, an electron is excited by light from the ground state of a
point defect in the SiO5 layer at a wavelength characteristic of this type
of defect. The energy of the excited electron is then transferred

non-radiatively to other trapped electrons. If the transferred energy
exceeds the ionization energy of the trapped electron, it is emitted into
the vacuum. Since the excitation of a defect involves the absorption of a
quantum of light through a resonant process, peaks are observed in the
PE spectra.

To consider the possibility of irradiating Si/SiO/CaFy structures
with electrons during the deposition of CaF; films, the electric fields
generated in the deposition system during the deposition process are
examined. The deposition system exhibits cylindrical symmetry, with a
vertical axis passing through the centers of the annular cathode, cruci-
ble, and diaphragm (Fig. 1(a) and (b)). The metal crucible is at a po-
tential of +1000 V relative to the cathode, which causes electrons to
move from the cathode to the crucible along an imaginary cylindrical
surface. These moving electrons can generate a direct current (DC)
electric field oriented towards the center of the imaginary cylinder (the
field of the imaginary cylindrical surface). This field can be described by
calculations in an electrostatic field. While the nature of the DC electric
field and the electrostatic field differs, both are potential fields charac-

terized by a vector of intensity E. In the case of a DC electric field, the
charge distribution remains constant over time. However, if the charge
distribution remains constant, the electric field generated by this charge
is identical to the electrostatic field of the corresponding stationary
charge distribution. Consequently, the results of calculations in the
electrostatic field can be used to describe the field of the imaginary
cylindrical surface.

During the deposition of CaFs films, a flux of high-energy electrons
emitted from the cathode strikes the surface of the crucible and pellet,
heating them to the vaporization temperature of CaF,. However, some of
these electrons are reflected from the crucible-pellet structure toward
the substrate, generating a volume charge in the region between the
pellet and the cathode.

The total electric field strength in the region between the pellet and

the cathode is the sum of two electric field strengths: fl and Fz. The

field strength E1 results from the flow of electrons along the imaginary
cylindrical surface and is zero due to the cylindrical symmetry. The field

strength fz results from the volume charge of the reflected electrons
(Fig. 1(b)) and can be calculated using equation (1) [36]:

ngp(\’)?/zgo, (1)

where p is the volume charge density, v is the electron velocity, 7 is the
coordinate vector directed along the cylinder radius, and ¢ is the
electric constant.

Equation (2) gives the density (j) of the current that generates the
volume charge in the cylinder [36]:
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j=pM) -0 (2)

Some of the secondary electrons reflected from the crucible-pellet
structure will enter the region bounded by the imaginary cylindrical

surface. These electrons will be affected by the E field directed along
the radius of this surface. The above equations indicate that slow elec-
trons will have a higher volume charge density p, and the field strength
at the edges of the cylinder will have a greater absolute value. Estimates
from equations (1) and (2) show that electrons with an energy of 3 eV

near the cylinder surface experience a field strength E 5 of about 200 V/
cm, while for electrons with an energy of 900-1000 eV, E,isabout 2 V/

cm. Due to the linear relationship between the field strength fz and the
cylinder radius r and the stronger influence of the field on the slow part
of the electron energy distribution, a small fraction of the secondary
electrons will leave the cylinder region. Moreover, most of the electrons
that leave will have energies close to the maximum range of 700-1000
eV.

Equation (3) was used to calculate the electron current I reaching the
substrate during the deposition of CaF; films. This equation is derived
based on the experimental conditions and the geometry of the CaF,
deposition setup on the Si/SiO substrate:

I = Iathode - k - B, 3

where Ighode is the experimentally measured electron current of 0.023
A, and k = 41072 is a coefficient that accounts for electron losses
depending on the solid angle at which the substrate is viewed from the
center of the pellet. As mentioned above, when the primary electron
energy is 1000 eV, the sample is exposed to secondary electrons with
energies close to 1000 eV. At this energy, the elastic and inelastic
reflection coefficients for metals are typically less than or equal to 0.1.
For molybdenum (atomic number 42), the reflection coefficient of these
electrons f = 0.06 can be used [37]. By substituting the above co-
efficients into Equation (3), the current value I was estimated to be
5.107° A.

Based on the above, it is possible to fill the traps of the SiO; layer
with electrons during CaFy deposition on the Si/SiO, substrate. This
results in the peaks in the PE spectra of the Si/SiO,/CaF structures due
to the photoelectron emission from the traps present in the SiO, layer,
according to the mechanism described in Ref. [35].

As demonstrated by Ref. [35], the integrated intensity of the
photoelectron emission from the Si/SiO, substrate is directly propor-
tional to the dose of electron irradiation. A similar correlation was
observed for CaF; films with thicknesses ranging from 50 to 125 nm
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Fig. 7. Normalized integrated PE intensity (Iineg) for CaF films of different

thicknesses (d) as a function of electron irradiation dose (q). The electron
irradiation dose was determined by the deposition time of each CaF, film.
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(Fig. 7). In this figure, the normalized integrated intensity is plotted, and
calculated using the reference value corresponding to the CaF, thickness
(125 nm) that exhibited the maximum integrated intensity observed in
the measurements. At a thickness of 277 nm, the normalized integrated
intensity decreased sharply (Fig. 7). The PE spectrum of the 277 nm
thick film changed and became similar in shape and intensity to the bare
Si/SiO; substrate (Fig. 5). The range of electron exposure doses shown in
Fig. 7 was determined by the deposition time required to achieve the
desired thicknesses of the CaF- films.

Previous studies [38,39] investigated the effect of medium energy
electron irradiation (0.8-2.5 keV) on CaF; crystals. These studies have
found that the formation of metallic calcium clusters in the crystals
increased with the irradiation dose in the range of 0-1 mC until satu-
ration occurred at around 2 mC. The metallic calcium clusters were not
present in the crystal before irradiation. In addition, recent work [40]
studied the influence of 1-8 eV electron bombardment on the CaFq
surface and showed that the most intensive metallization occurs at
electron energies of 2-3 eV. In our study (Fig. 7), a distinct change in the
integrated intensity and shape of the PE spectrum is observed precisely
at a dose of about 2.5 mC, which aligns with the saturation point re-
ported in earlier studies.

The processes occurring in CaFy crystals under electron irradiation
involve several steps. When fluorite-structured crystals are irradiated
with fast electrons, an electron moves to the conduction band and forms
an electron-hole (e-h) pair. The localization of the electron near the Vj
center (a hole binding two neighboring anions into an F; molecule)
leads to the formation of an unrelaxed self-trapped exciton (STE) [41].
The relaxation of the STE results in the formation of an F center (an
electron trapped by an anion vacancy) and an H center located in its
proximity (an interstitial fluorine atom covalently bonded to a lattice
anion) [42]. However, the probability of separation of such an F-H pair
is very low. Optical excitation of the relaxed STE in the absorption re-
gion of the H center (4.5 eV for the CaFs crystal) results in the conversion
of the STE into spatially separated F-H pairs [43]. Later, in Ref. [44],
theoretical calculations confirmed the decomposition of the F-H pair
into three defects: an F center, a Vi center, and an I center (an anion in an
interstitial site).

According to Ref. [38], the mechanism described above can be
achieved by exposing CaF crystal to electrons with energies around 1
keV, which produces a spectrum of secondary electrons. This spectrum
contains both fast electrons and slow true secondary electrons. When the
fast part of the spectrum interacts with the crystal, relaxed STEs (F-H
pairs) are formed. When the H center is excited by slow true secondary
electrons with energies of 5 eV or greater, it separates into charged Vj
and I centers. This process results in the formation of stable F centers and
charged Vi and I centers. Stable F centers can combine to form metal
clusters in CaFs crystals, but there must be a mechanism to prevent their
recombination [38,45]. Moreover, the main factor influencing fluorine
diffusion and leading to the formation of metal clusters in the volume
and on the surface is the electric field generated in the crystal by electron
irradiation.

The I and Vi centers have negative charges and are separated in the
electric field. The Vi center has high mobility [46,47], resulting in a
rapid spatial separation of Vi and F centers, effectively limiting their
recombination. As mentioned, this leads to stable F and I centers form-
ing, which is crucial to the metallization process.

The presence of an electric field in the CaFy layer facilitates the
spatial separation of Vi and F centers. F centers can concentrate at the
interface with SiO, and become ionized under the influence of electron
irradiation.

As previously mentioned, there is a difference in the PE spectra be-
tween CaF; films with a thickness of 125 nm or less and 277 nm (Figs. 5
and 7), and the properties of films with different thicknesses are corre-
lated to the dose of electron irradiation obtained during deposition.
Accumulating a specific dose results in the appearance of calcium re-
gions and changes in the distribution of defect centers in the CaF5 layer.
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To study the excitation and relaxation processes of PE spectra in the Si/
Si0y/CaFy structures, additional experiments were conducted. These
structures were further irradiated with 1.5 keV electrons inside the
vacuum chamber of the PE spectrometer, and the results demonstrated
that the PE intensity changed insignificantly for the 50 nm and 125 nm
thick films (Fig. 8(a) and (b)). However, the 277 nm thick film (Fig. 8(c))
exhibited PE peaks characteristic of samples with thicknesses equal to or
less than 125 nm, and the intensity of these peaks increased with
increasing irradiation dose.

After terminating the electron irradiation, the integrated PE intensity
and the PE maxima remained stable for 24 h when the samples of all
thicknesses were kept in a vacuum. However, when exposed to air, the
integrated PE intensity decreased at different rates for samples of
various thicknesses. The integrated PE intensity decreased 2.5 times in
24 h for the 50 nm and 125 nm thick samples, while all maxima were
preserved in the spectrum. For the 277 nm thick samples, the integrated
intensity of PE decreased 2.5 times in 2 h, and the maxima were not
preserved.

Thus, the relaxation of PE intensity in CaF; films occurs only when
the film’s surface is exposed to the atmosphere. Reference [48] reported
that chipping a CaF; crystal in air resulted in an increase of additional
forbidden energy states compared to chipping it in a vacuum. When
exposed to oxygen, an 0%~ ion becomes embedded in the lattice of the
CaF; crystal, causing the formation of (0%~-V,) defect center as an anion
vacancy Vu appears nearby to restore neutrality [49]. This suggests that
the absence of PE relaxation in a vacuum and the varying relaxation
rates observed for CaF; films of different thicknesses in the air may be
due to the formation of additional defects in the CaF; layer. As previ-
ously mentioned, the intensity of the PE maxima is related to the con-
centration of electrons in the electron traps of the SiO» layer. Therefore,
the relaxation of the PE intensity depends on the transfer of electrons
from the traps in SiO» to additional defects in the CaFy layer when
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exposed to the atmosphere. It was also demonstrated above that high
doses of electron irradiation during the deposition of the 277 nm thick
film may result in the region of increased concentration of ionized F
centers, i.e., unfilled anion vacancies Vja, at the CaF,-SiO, interface,
which can form additional (02’—VA) centers. The relaxation of the PE
spectra intensity can be explained by the charge transfer transitions of
electrons from SiOg traps to the CaF; layer by the mechanism described
in Ref. [49]:

(0*-V,) +e - O*-F - F;, (0%), 4

where FJ, (0%") is the ionized pair of F centers distorted by the presence
of 0%~ ion.

As a result, due to the higher concentration of V, vacancies, the PE
relaxation rate for 277 nm thick samples is higher than for the 50 nm and
125 nm thick samples, where the separation of Vi and F centers does not
occur, and the number of V, vacancies is smaller.

It is essential to mention that the low PE intensity observed in the
277 nm thick film (Figs. 5 and 7) can also be theoretically explained by
the large thickness of the film, which may prevent PE from the Si/SiO,
substrate. However, this possibility is excluded by the appearance of PE
peaks characteristic of the Si/SiO; substrate in the PE spectra of this film
after additional electron irradiation (Fig. 8(c)). Furthermore, in
Ref. [50], the passage of slow electrons through an epitaxial CaF; film
grown on a Si substrate was investigated, and the PE from the substrate
through an 800 nm thick CaFs film was recorded. The electron escape
depth for CaF, was determined to be 260 nm, which is in agreement with
our results.

Future research in this area could focus on experimental validation of
the theoretical predictions by studying the optical properties of CaF,
films deposited on SiO, substrates by electron beam evaporation,
including luminescence, optical transmission, and defect-related
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Fig. 8. PE spectra of (a) 50 nm, (b) 125 nm, and (c) 277 nm thick CaF, films on Si/SiO, substrate after additional electron irradiation with different doses (q).
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absorption and emission due to metallic clusters, F centers, and other
color centers.

4. Conclusions

Electron trapping in the SiO; layer during the electron beam depo-
sition of CaFj thin films on the Si/SiO, substrate was studied using the
PE technique. The deposition of the CaFs films was found to fill electron
traps in the SiOg layer, resulting in characteristic maxima in the PE
spectra. These maxima and the integrated PE intensity remained stable
for at least 24 h when CaF; films of all thicknesses were kept in a vac-
uum. When exposed to air, the integrated PE intensity decreased by a
factor of 2.5 over 24 h for films with a thickness of 125 nm or less, while
all maxima remained in the spectra for several days. In contrast, for 277
nm thick films, the PE spectrum intensity relaxed to a low-intensity
structureless curve within 2.5 h of air exposure.

These observations were explained by the proposed mechanism
suggesting that the high irradiation dose obtained during the fabrication
of the 277 nm thick film resulted in the formation of a region with an
increased concentration of ionized F centers at the SiOo—CaF, interface.
Upon exposure to air, additional defects known as (0%-V,) centers were
formed. The intensity of the PE spectrum then underwent a relatively
rapid relaxation due to electron transfer from SiOy traps to (02"-VA)
centers. In films with a thickness of 125 nm or less, the relaxation was
much slower due to the lower concentration of ionized F centers. The
study also confirmed the possibility of an electron escape depth of 260
nm [50] for CaF, material.
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