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ABSTRACT: Silicon dioxide is a suitable material to encapsulate
proteins at room temperature so that they can be analyzed at the
atomic level using laser-assisted atom probe tomography (La-APT).
To achieve this goal, in this study we show that UV and deep-UV
lasers can achieve a high success rate in La-APT of silica in terms of
chemical resolution and three-dimensional image volume, with both
lasers providing comparable results. Since the La-APT analyses are
driven by photon absorption, in order to understand the
mechanisms behind the enhanced absorption of UV light, we
performed density functional theory calculations to model the
electronic and optical properties of amorphous silica matrices
generated using a Monte Carlo approach to structural optimization.
In particular, we have investigated the role of various defects
introduced during sample preparation, such as substitutional and interstitial carbon, sodium and gallium ions, and hydrogen. Our
results show that the presence of defects increases the absorption of silica in the UV and deep-UV range and thus improves the La-
APT capabilities of the material. However, due to the low density of free charge carriers resulting from the absorption of laser energy
by defects, deviations from the nominal chemical composition and suboptimal chemical resolution may occur, potentially limiting
the optimal acquisition of APT mass spectra.

1. INTRODUCTION
Silicon dioxide (SiO2), commonly known as silica, is the most
abundant element in the earth’s crust.1,2 It occurs in nature in
various forms, e.g., as sand, minerals and quartz. At the
molecular level, most silica allotropes are structured as an
interconnected network of silicon atoms covalently bonded in
tetrahedral coordination by oxygen bridges shared by two
silicon tetrahedra3,4 (however, not all allotropes are tetrahedral,
e.g., stishovite, which forms at very high pressure, is a
polymorph in which each Si is surrounded by 6 oxygen atoms).
In amorphous silicon dioxide, this local, short-range order

does not continue into a longer-range order, but forms an
amorphous material with characteristic properties such as
transparency to visible light, brittleness and chemical inertness.
Silica has a long history of being processed and utilized,

especially in glass manufacturing, and has also been
synthesized using different methods. One commonly used
method is the Stöber process, in which a silicate precursor is
hydrolyzed under either alkaline (pH ≃ 11−12) or basic
conditions using ammonia as a catalyst and then condensed to
form the silica network.5 Another method is the sol−gel
process, in which a precursor solution, such as sodium silicate
with a high pH value, forms a macroscopic gel by
polymerization through condensation of the silicate monomers
when the pH value is lowered. Sol−gel silica is particularly

useful for encapsulating proteins in a solid material that retains
their native structure at room temperature similar to an
aqueous environment.6,7 This allows proteins to be analyzed at
the atomic level.8 For example, Immunoglobulin G (IgG)
proteins embedded in silica were imaged three-dimensionally
with near-atomic resolution using laser-assisted atom probe
tomography (La-APT), which provided information about
their elemental composition.9

Atom probe tomography (APT) is a powerful technique for
material characterization based on the controlled field
evaporation of individual ions from a needle-shaped specimen.
These ions move along the applied field and are detected by a
2D position-sensitive detector.10,11 In La-APT, the process of
field ion emission is triggered by ultrafast laser pulses.12 In
particular, a combination of femtosecond laser pulses and static
fields is used to briefly heat the sample to reduce the energy
barrier for field ion evaporation.13−15 Time-of-flight mass
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spectrometry enables the chemical identification of the ions,
while the position of the impact on the detector is used to
reconstruct the initial position and thus generate the 3D image
of the sample by back-projection.10,11

While silica has already been used as a framework for the
encapsulation of biomolecular substrates, where the native
biomolecule can be preserved by minimizing mechanical
stresses, it poses some major challenges for APT analysis.
Indeed, the very low conductivity of amorphous silica, which is
an electrical insulator but whose conductivity can increase
slightly under certain conditions (impurities, doping, high
temperatures or radiation) represents a challenge for APT
analysis, as the applied potential cannot easily be carried to the
apex of the sample to obtain the electrostatic field required for
field evaporation.16−18 In this context, recent experimental and
theoretical studies have shown that THz pulses with negative
polarity can trigger the evaporation of cations from nano-
needle-shaped amorphous silica specimens efficiently.15 In
addition, in a previous work9 a green laser with a wavelength of
532 nm (corresponding to a photon energy of 2.4 eV) was
applied to a silica sample, resulting in a low evaporation yield
and a small analyzed volume due to the fracture of the sample.
The main reason for the difficulties in La-APT analysis of

silica using a green laser is related to its low absorption of
green light, since the band gap of silica is about 9 eV, which is
higher than the photon energy of the green laser.19 However,
defects are frequently observed in sol−gel silica and can also
occur during sample preparation of the nanoneedle.20,21

Defects can increase the sub-band gap light absorption and
thus the ion yield of La-APT analysis.
In this work, we have performed an experimental

investigation of silica samples synthesized with our sol−gel
method using La-APT devices equipped with green, ultraviolet
(UV) and deep-UV lasers at 515, 343, and 258 nm, combined
with a computational study of the electronic and optical
absorption properties of silica based on density functional
theory (DFT) simulations that account for the presence of
defects within the silica matrix. DFT is widely regarded as the
standard computational method to study the electronic
structure of solids, although more sophisticated approaches

such as the GW approximation22−27 or the Bethe-Salpeter
equation28,29 provide improved quasiparticle descriptions and
thus more accurate optical absorption spectra. However, their
application to the class of materials investigated in this study,
which are disordered and amorphous, poses significant
methodological and computational challenges, making DFT a
favorable compromise between accuracy and computational
cost. We show that the defects in silica most likely increase the
absorption of UV and deep-UV light. This explains why we
report successful La-APT analyses with high yield and large
analyzed volume when we use light in this frequency range, but
much less often when we use green light. Nevertheless, the
experimental results also show that the density of charge
carriers generated by the absorption of laser energy is not
sufficient to fully correct the problem of low conductivity in
La-APT analyses of insulating materials in the UV and deep-
UV range. The aim of this work is in particular to determine
the specific role of defects in the light absorption of silica in
order to isolate their influence from other effects in APT
experiments, such as that due to heating.

2. MATERIALS AND METHODS
2.1. Sample Preparation. The silica samples were

prepared using a sodium silicate solution (Sigma-Aldrich) as
starting material, as shown in Figure 1a. The sodium silicate
solution was diluted 1:3 in water and gelation was initiated by
passing the solution through a syringe filled with a Dowex
50WX ion-exchange resin (Sigma-Aldrich) activated with HCl
[1M] to adjust the pH from alkaline to neutral, according to
the procedure described in refs9,30 After activation with HCl,
the ion-exchange resin was adjusted by passing Milli-Q water
through it in small increments until an extruded pH value of
around 5 was reached. The diluted sodium silicate solution was
then passed through the syringe to obtain a neutral pH. A solid
glass was formed by drying the silica gel at 37 °C overnight.
The specific surface area and pore size distribution of the

synthesized silica samples were determined by nitrogen
sorption measurements using an ASAP 2020 instrument
(Micromeritics Instrument Corporation, Norcross GA). The
material actually contains both micropores and mesopores.

Figure 1. (a) Schematic overview of the experimental procedure for synthesizing silica glass from an alkaline silicate precursor; (b, c) SEM images
at different scales of an APT specimen prepared from the silica sample.
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The specific surface area was assessed using the Brunauer−-
Emmett−Teller (BET) method,31 the micropores with the
Horvath−Kawazoe method32 and the mesopores with the
Barrett−Joyner−Halenda (BJH) sorption method.33 The
measurements resulted in a specific surface area of 587 m2/g
for a representative silica sample. The micropores have an
average width of 6.8 Å and the mesopores have an average size
of 40 Å. Further details on the isothermal measurements can
be found in the Supporting Information (SI, see Figure S1).
In addition, the absorption spectrum of a thin silica sample is

shown in Figure S2 of the SI. We note that the absorption for
green light is negligible and shows a slight increase at
wavelengths below 400 nm and a stronger increase at
wavelengths below 300 nm.
Finally, the APT specimens were prepared with the

conventional focused ion beam scanning electron microscopy
(FIB-SEM) in situ lift-out protocol using a FIB-SEM dual
beam instrument (FEI Versa 3D) with a single isotope Ga+
source (69 amu).34,35 An area of interest in the sample surface
was identified and covered with a 2 × 20 μm Pt protective strip
deposited with the instrument’s gas injection system (GIS)
using a (methyl-cyclopentadienyl)-trimethyl platinum precur-
sor gas. A cantilever was prepared for lift out by milling
trenches with the stage tilted 30 ° with respect to the ion beam.
The cantilever was lifted out with an Omniprobe micro-
manipulator and placed in segments on a flat silicon or
tungsten rod. The lift-out segments were polished with the
focused ion beam (FIB) by annular milling to obtain the
needle-shaped sample shown in Figure 1b,c. We notice that the
high charging effect due to the low electrical conductivity of
silica reduces the image resolution.
2.2. Atom Probe Tomography. APT analyses were

performed with two different systems: an atom probe with an
energy compensator (reflectron) with a flight length of 38 cm
LEAP 6000 XR (Cameca Scientific Instruments) and a linear
atom probe with a flight length of 10 cm La-WATAP (from
Cameca). For both systems, the measurements were carried
out in an ultrahigh vacuum of 10−7 Pa.
The LEAP 6000 XR operated in laser mode (wavelength

257.5 nm, ≈ 4.8 eV, deep-UV) with laser pulse energies (LPE)
between 100 and 250 pJ focused on a spot of 2 μm diameter,
which corresponds to an energy density between 30 and 80 J/
m2. The sample temperature was set to either 35 or 50 K. The
pulse rate was set using the instrument’s automatic pulse rate
control so that ions could be detected up to 250 Da before the
next pulse, regardless of the voltage. This meant that the pulse
rate increased with increasing voltage due to shorter flight
times.
The La-WATAP uses a ytterbium-doped laser operating at

1030 nm. This laser generates ultrashort pulses with a duration
of 350 fs at a repetition rate of 100 kHz. The laser wavelength
of 1030 nm is converted into its second and third harmonics at
515 nm (≈ 2.4 eV, green) and 343 nm (≈ 3.6 eV, UV) using
two β-barium borate (BBO) crystals. The laser energy of the
343 nm beam can vary between 10 and 50 nJ per pulse and is
focused on the sample in a spot with a diameter of 30 μm,
which corresponds to an energy density between 17 and 70 J/
m2.
The APT data obtained were reconstructed with AP Suite

6.2 (Cameca Scientific Instruments, Madison WI) for LEAP
analyses and GPM 3D software for La-WATAP analyses using
a tip profile protocol.

2.3. Theoretical and Computational Methods. To
produce defect-free amorphous silicon dioxide matrices, we
assume ideal β-cristobalite structures with a density of 0.0662
atoms/Å3. The Monte Carlo (MC) approach developed by
Wooten, Winer and Weaire36 is then used to optimize the
atomic configurations. In this method, the structure of the
material is represented as a network of interconnected atoms,
to which we first make a series of random bond changes, all of
which are accepted. This results in a randomized structure,
which was then annealed at constant volume by lowering the
temperature at each step and performing a series of atomic
displacements to optimize the bonding topology.37 The
criterion for accepting (rejecting) such displacements is chosen
according to the Boltzmann probability distribution, where the
decrease (increase) in potential energy is evaluated using a
force field parametrized for SiO2,

38 similar to molecular
dynamics simulations.39−42 In this framework, we can
amorphise the structures independently of their initial
configurations and find minimum-energy configurations by
annealing in a very efficient way. The resulting defect-free
amorphous silica matrices are contained in a cubic box with
periodic boundary conditions. In particular, we have generated
three different sizes of simulation cells corresponding to a
cubic box with an edge of L = 10.283, 14.26 and 21.39 Å (see
Figure S3 of the SI for an image of one of the structures
obtained).
The optical properties of these systems are evaluated in the

framework of linear response theory by calculating the
imaginary part of the complex dielectric tensor ϵα,β

(2) (where
α, β denotes the tensor components with respect to a set of
Cartesian axes), whose spatial average is linearly related to the
absorption coefficient (modulo some weighting factors). In our
calculations, local field effects (LFE) are neglected and the
expression for ϵα,β

(2) is given by24,43
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where e is the electron charge, Ω is the volume of the box, Nk
is the number of points used to describe the electronic bands,
m is the mass of the electron, M̂ is the squared matrix element
that connects the initial and final wave functions of the
electrons via the radiation perturbative field, which belong to
different bands labeled n and n′ but have the same crystal
momentum k, while En,k is the energy value of band n at the
point k of reciprocal space. Equation 1 is obtained under the
assumption that the transmitted momentum can be neglected
(long wavelength limit), but can be extended to finite
momentum transfer. The δ functions are slightly smeared to
avoid unphysical excitations with infinite lifetimes. When
comparing the spectra of the three boxes with different edges,
we found that convergence is achieved with the box with L =
14.26 Å, which corresponds to 192 atoms (see Figure S4 in the
SI, where we compare the results for L = 10.28, 14.26 and
21.42 Å).
The calculation of ϵα,β

(2) was performed using DFT as
implemented in the Quantum Espresso code suite.44 The
ground state electron density was determined with a plane
wave cutoff equal to 80 Ry with the Perdew−Burke−Ernzerhof
(PBE) functional. Using the same functional, we also
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investigated the effect of a finite constant electric field on the
electronic properties of the pristine matrices and found
negligible effects for all amorphous silica configurations.
Once PBE self-consistency is achieved, we have improved
the estimated electronic bandgap of pristine amorphous silica
by using the HSE06 (Heyd-Scuseria-Ernzerhof) hybrid
exchange-correlation functional45 (see Figure S5 in SI),
which indeed yields a value of about 8 eV, which is much
closer to the experimental values in the range of 8 to 9 eV.46−48

Recall that both sol−gel synthesis and specimen preparation
for APT analysis usually result in defects in the pristine
amorphous silica matrix, such as vacancies, dislocations and
interstitials. In particular, the use of FIB for lift-out can lead to
substitution or displacement of atomic constituents by the
implantation of Ga+ ions, which can lose all their kinetic energy
through elastic and inelastic interactions in the sample and be
adsorbed. In the case of gallium, depending on the ion
concentration, this can lead to significant changes in the
structural and optical properties of the sample. To determine
the effects of such defects on the optical properties of the
sample, we performed the calculation of the imaginary part of
the dielectric function in the long wavelength limit (see eq 1)
for a number of typical defect configurations by including
interstitial hydrogen, carbon and sodium atoms, oxygen
vacancies,22 interstitial and substitutional gallium ions at
different concentrations. We emphasize that only the positions
of the atoms of the defective silica structures were optimized,
while the periodic cells were constrained by density; therefore
the cubic box has fixed lattice vectors. To optimize the atom
positions, we use a BFGS quasi-Newton algorithm that
enforces convergence to 10−5 Hartree/Bohr and 10−6 Hartree
for the forces and energy, respectively. The optical properties
for each defected configuration were evaluated using DFT with
the HSE06 exchange-correlation functional,49 which ensures a
more accurate evaluation of the resulting absorption proper-
ties.

3. RESULTS
3.1. Experimental Results. APT analyses for chemical

characterization of silica samples with the green laser (532 nm)
were often unsuccessful because the samples broke early,
generally before 100,000 ions were collected. This is due to the
low absorption of silica at this wavelength (see Figure S2 of the
SI), which leads to excessive heating of the sample by the laser.
This means that the electrostatic field required for field
evaporation cannot be sufficiently reduced. As a result, the
applied DC voltage must be increased to achieve the required
higher field strengths, leading to premature breakage of the
sample due to the induced mechanical stress.
In contrast, the use of UV or deep-UV light drastically

improves the yield of successful runs as a lower onset voltage is
required to achieve an acceptable evaporation rate. This allows
more data to be collected before the voltage required to
maintain evaporation is high enough to cause sample breakage.
The APT samples analyzed generally yielded several million
ions, which corresponds to a large reconstructed volume.
The mass spectra obtained with deep-UV light (LEAP, 257.5

nm, dusty pink spectrum) and UV light (LaWATAP, 343 nm,
orange spectrum) are shown for the ranges [0−80] and
[80−230] of the m/z (Da) values in Figure 2a,b, respectively.
These spectra are similar: the two main peaks can be safely
assigned to Si2+ at 14 Da and O+ at 16 Da. The 16 Da peak is
identified as O+ and not as O2

2+ according to the study of ref50

Other silica-derived peaks in the mass spectrum are attributed
to Si+ (28 Da), O2

+ (32 Da), SiO+ (44 Da), SiO2
+ (60 Da) and

smaller peaks are identified as SiO2+ (22 Da), SiO2
2+ (30 Da)

and Na+ (23 Da) from the sodium silicate solution. Ga, Pt and
various carbonaceous ions, mainly C+ at 12 Da, were detected
in all samples originating from the FIB-SEM sample
preparation. It can be seen that the detected molecular species
vary when the laser energy is varied. In particular, the Si2O2

+

(88 Da) and Si2O+ (72 Da) peaks disappear at low laser energy
and higher static field, which is due to the dissociation of
molecular ions at higher electric field.
The signal-to-noise ratio is better when a deep-UV light is

used, with more Pt, Ga and C peaks being detected (see Figure
2b). We emphasize that the two analyses were not carried out
under the same field conditions. To obtain an indication of the
mean value of the electric field during the analyses, we
calculated the charge state ratio (CSR) of silicon as the ratio of
Si2+ ions to the total number of Si ions. According to
Kingham’s theory, the CSR is an indicator of the electrostatic
field in the entire analysis.51 It should be noted that the
Kingham curves for silicon should be treated with caution for a
material with properties that differ drastically from pure silicon
and the values for the field should be regarded as estimates. In
the deep-UV analysis, the mean value of the CSR was 0.6,
which corresponds to a mean field of 19.7 V/nm, and in the
UV analysis 0.95, which corresponds to a field of 21.5 V/nm.
The evolution of the CSR (and thus the field) during the
analyses will be discussed later. We also note that the detection
rates for the analyses in the deep-UV (0.5%) and UV (0.25%)
range are comparable (recall that in APT analysis, the
detection rate can vary by several orders of magnitude, from
0.001 to 100%. In addition, the detection rate varies
exponentially with the analysis parameters such as the applied
voltage and laser energy. Therefore, when setting an automatic
detection rate, it is difficult to control its fluctuations with an
accuracy of a factor of 2). When transitioning from deep-UV to
UV light, the sample temperature must decrease to maintain a
similar detection rate, while the electric field is increased from
19.7 to 21.5 V/nm. This is a first indication that the two
illumination conditions heat the sample differently, with the

Figure 2. Mass spectra of silica samples, measured for the ranges (a)
[0−80] and (b) [80−230] of the m/z (Da) values with Deep-UV
(LEAP, dusty pink spectrum) and UV (LaWATAP, orange
spectrum); 17 million ions were collected at a laser energy of 250
pJ, corresponding to an energy density of 80 J/m2 for deep-UV, and at
50 nJ, corresponding to an energy density of 70 J/m2 for UV. The
detection rate was set to 0.5% ions/pulse at a base temperature of T =
50 K for deep-UV and to 0.25% ions/pulse at a base temperature of T
= 50 K for UV La-APT.
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heating being stronger when using the deep-UV light.
Furthermore, we point out that the energy densities of deep-
UV and UV light are similar (80 and 70 J/m2 respectively).
From this we can conclude that the silica samples have a higher
absorption coefficient for deep-UV light than for UV light.
Therefore, when using deep-UV light, analyses can be
performed at a static field that is lower than when using UV
light, reducing the risk of sample breakage due to the
mechanical stress caused by the static field.
We also notice that working with a lower field also reduces

the background noise, as shown in Figure 2a,b for the deep-UV
analysis, since the evaporation rate between laser pulses
depends on the field when the same value for the base
temperature (50 K) is set for both analyses. At these fixed
temperature conditions, a reduction in the electric field
essentially reduces the emission.52

In the reconstructed data shown in Figure 3a,b for deep-UV
and UV light, respectively, clusters of carbon and platinum
were consistently observed in the reconstructed samples. While
this is to be expected during sample preparation, where a
platinum−carbon mixture is used to protect the sample and
attach it to the flat top posts with a GIS, it is usually observed
at the beginning or end of the analysis. In this case, however, it
is observed throughout the analysis, suggesting that the
platinum mixture can fill the micropores in this type of
material during sample preparation. It is hypothesized that the
precursor gas may diffuse into the pores of the material when
the lift-out is welded to the flat top posts. Sodium is also
detected throughout the analysis, which is to be expected in
the synthesis of silica. The observed distribution of sodium

shows a slightly higher atomic concentration at the beginning
of the analysis. However, we note that a similar redistribution
of another alkali metal, namely lithium, is also observed in films
of similar materials due to the electrostatic field53 and such
effects must be taken into account here, as sodium ions could
also migrate through the porous material. In addition, the
diffusion of Pt, Ga and C in the silica volume is more
pronounced in deep-UV analysis, probably due to the stronger
heating by the laser, which favors diffusion (or, if the silica area
is small enough, the laser spot can directly illuminate and heat
the Pt weld during APT analysis).
To compare the mass resolving power recorded in the UV

and deep-UV APT analyses, we show in Figure 4a a zoom of
the mass spectra from Figure 2a in the Si2+ peak region. The
mass resolving power is defined as the ratio between the peak
maximum and its width, where the width can be calculated at
10 and 1% of the maximum. The mass resolving power at 10%
is 240 for the deep-UV analysis and 160 for the UV analysis.
However, at 1% the situation is reversed, with a better
resolution for the UV APT. Indeed, the tails on the right side
of the peaks in the UV spectrum are shorter. The peak tails
have been shown to be related to the heating and cooling
processes of the sample after laser illumination, causing a delay
in the emission of the ions.13,14 To analyze this process, it is
better to look at the time-of-flight spectra in Figure 4b.
Previous studies on La-APT have shown that the cooling time
is a function of the heated area, the diffusivity of the sample
and its geometry, in particular the cone angle.13,54 The size of
the heated area with deep-UV is less than 1 μm and almost the
same size was measured and calculated for UV, taking into

Figure 3. 3D atomic distribution showing the silica-derived ionic species Si, O (gray and cyan dots, respectively) and C, Na, Ga and Pt (dark
brown, green, yellow and orange iso-surfaces with composition thresholds of 18, 12, 45 and 25%, respectively), derived from the FIB-SEM sample
preparation, obtained by (a) deep-UV (LEAP) La-APT analysis,reconstructed with a starting radius of 15 nm and a cone angle of 6.5 ° and (b) UV
(LaWATAP) La-APT analysis, reconstructed with a starting radius of 15 nm and a cone angle of 15°.

Figure 4. (a) Mass and (b) time-of-flight spectra of Si2+ ions from the APT analyses of silica samples using deep-UV (black line) and UV (orange
line) light. The data sets are taken from Figure 2. The lines in (b) were obtained by fitting with the cooling eq 2, and the values of the cooling time
are 7.35 and 0.5 ns for the deep-UV and UV analysis, respectively.
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account the diffraction of the light at the apex of the sample.14

The different cooling times between the two analyses are
therefore essentially due to the different geometries of the two
samples. From the SEM images, we calculated an average cone
angle of 6.5 and 15° for the deep-UV and UV samples,
respectively. A change in the cone angle by almost a factor of 3
leads to a change in the cooling time by more than a factor of
10 due to heat propagation.54 The tails of the spectra in Figure
4b were fitted using the time-dependent evaporation rate
equation:14
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the height of the energy barrier, which depends linearly on the
applied electric field E as it approaches the evaporation field
Eevap. The values for the cooling time τ obtained by fitting the
tail of the 28Si2+ peak in the time-of-flight spectrum in Figure
4b are 6 and 0.5 ns for the deep-UV and UV analyses.13

Further details on the fits can be found in the SI (see Figure
S6).
Spikes in the detection rate were repeatedly observed in the

mass spectra of both deep-UV and UV lasers, as shown in

Figure 5. History of the variation of the detection rate (green line), the applied voltage (blue line) and the mass spectrum of Si2+ ions (dot density
plot) as a function of the evaporation sequence for APT silica samples using (a) deep-UV and (b) UV light. The data sets are those shown in Figure
2. The dot density plots of the mass spectrum history are shown on a logarithmic color scale.
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Figure 5a,b. These spikes can be attributed to microfractures in
the sample, where a small piece breaks off due to the
mechanical stress caused by the electric field, resulting in a
burst of ion impacts to be detected. This phenomenon can also
be partially explained by the presence of mesopores in the
sample. If a pore is present, the field to which the surface atoms
surrounding the pore are exposed is higher because the
effective radius of the sample is smaller. This can lead to a
rapid increase in the evaporation rate of the ions. At the same
time, the mass-to-charge ratio of Si2+ shifts to higher values, as
shown in the mass spectrum history plot in Figure 5a,b. This
behavior is more pronounced in UV analysis, which is probably
due to the voltage regulation used for deep-UV, which
attenuates the fluctuations in the detection rate. The shift in
the mass spectrum correlated with the evaporation rate has
already been reported for materials with a large band gap and
low electrical conductivity such as MgO, SiO2 and
diamond.16−18,55 This is due to the high resistivity of silica,
which leads to a voltage drop across the sample that increases
with increasing emission current. The voltage drop causes the
ions to be emitted at a lower potential so that the mass-to-
charge ratio of Si2+ in Figure 5a,b shifts to higher values.
The resistive behavior of the silica samples under UV and

deep-UV illumination clearly shows that the amount of charge
carriers generated by the absorption of light is not sufficient to
improve the electrical conductivity of the silica.
Figure 6a,d show the chemical composition obtained from

the APT analyses of silica with deep-UV and UV laser,
reported in Figure 2. The O/Si ratio was calculated as a
function of the depth (or distance) of analysis. This ratio varies
between 1.2 and 0.5 when analyzed with the deep-UV laser
(black dots in Figure 6a), but remains almost constant when
analyzed with the UV laser (black dots in Figure 6d).
The chemical composition of the oxides in the APT analysis

has been shown to depend on the values of the electric field.56

To test this dependence, we calculated the charge state ratio
(CSR) of silica (see red dots in Figure 6a,d). Recall that the
changes in the CSR during the APT analysis give an indication
of the relative changes in the electric field. When compared
with the measured composition, it was found that the field in

silica was lower in the deep-UV analysis and decreased when
Ga, Pt and C were present. In addition, the change in the O/Si
ratio exactly follows that of the field, which indicates that silica
exhibits the same behavior as other materials with a large band
gap. In the UV analysis, the field remains almost constant, as
does the composition with an O/Si ratio of about 1.4 (black
dots in Figure 6d).
We have also investigated the dependence of the

composition on the energy of the laser pulse. When using
LEAP APT (deep-UV light), the analyses are performed at a
constant detection rate, so that an increase in laser energy is
always accompanied by a decrease in the applied voltage and
thus the field. Figure 6b,c show the dependence of the O/Si
ratio and the CSR on the laser energy. These two quantities
decrease with increasing laser energy with almost the same
gradient. This means that the dependence of the composition
on the laser energy is negligible. For the UV analyses, it was
possible to change the laser energy and the voltage separately.
The results are shown in Figure 6e,f. When the laser energy
was increased from 12 to 48 nJ, the O/Si ratio increased by
10%, but when the voltage (i.e., the CSR) was increased from 4
to 6 kV (CSR from 0.08 to 0.8), the O/Si ratio increased by a
factor of 3 from 0.4 to 1.2, clearly showing the strong
dependence of the composition on the field values. For both
deep-UV and UV laser illumination, the measured composition
deviates from the expected nominal composition (O/Si ratio of
2), but the measured ratio approaches this value at higher
electric fields, which corresponds to a higher CSR of Si.
3.2. Theoretical Results. The atomic distribution in

Figure 3 shows that a number of impurities can be detected in
both UV and deep-UV analyses, which can dramatically change
the optical properties of silica.57,58 In this context, we note that,
in principle, three effects can interact to reduce the band gap:
first, the presence of a strong electrostatic field. Second,
phonon excitation and/or lattice distortion due to the heating
of the sample during irradiation. The bandgap energy of
semiconductors or insulators such as silica, decreases with
increasing temperature as the amplitude of atomic vibrations
increases, leading to larger interatomic distances. In this work
we only perform static single-point calculations of the

Figure 6. O/Si atomic ratio (black line) and charge state ratio (CSR, red line) as a function of depth of analysis in silica samples analyzed with
deep-UV (a) and UV (d) laser illumination. The evolution of the O/Si ratio (b) and the CSR (c) as a function of laser energy under deep-UV
illumination at base temperatures of 30 K (red dots) and 50 K (black dots). The evolution of the O/Si ratio (black dots, panels (e) and (f)) and the
CSR (red dots, panels (e) and (f)) as a function of the depth of analysis in silica samples analyzed with a UV laser, where the laser energy (blue line
in panel (e)) or the DC voltage (blue line in panel (f)) was varied stepwise.
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absorption spectra on optimized geometries with defects, i.e.,
the nuclei are clamped and the strong static and time-
dependent fields acting on the samples, which in principle have
an influence on the change of the equilibrium bond length due
to the ionic charges, only affect the electronic degrees of
freedom. Third, the presence of defects, which typically lead to
the generation of intragap states. In particular, we analyze two
types of defects: Substitutional defects, in which an atom of the

silica matrix, be it Si or O, is replaced by another type of atom,
such as carbon or gallium, but occupies the same position; and
interstitial defects, i.e., crystal defects in which an atom of (the
same or) a different type occupies an interstitial site in the
crystal structure (e.g., interstitial gallium defects are gallium
atoms that occupy a site in the crystal structure of silica where
normally no atom is present).

Figure 7. (A) SiO2 simulation supercells with N = 192 atoms, all corresponding to an edge of the box L = 1.42 nm. There are no defects in these
structures. The oxygen atoms are shown in red, the silicon atoms in yellow. (B) Influence of the static electric field: average of the imaginary part of
the dielectric tensor along the orthogonal Cartesian directions for samples 1 (left in the panel (A) above), 2 (center), 3 (right). Pristine amorphous
silica matrix without electric field (violet, orange and green lines) and with a constant electric field of 20 V/nm along the x direction (black, blue
and red lines). (C) Amorphous silica matrix with a nonbridging oxygen defect without electric field (orange line) and with a constant electric field
of 20 V/nm along the x direction (violet line). These calculations were performed with a PBE functional that notoriously underestimates the
fundamental gap.

Figure 8. (A) Absorption spectra (right panel) of the silica sample shown in the left panel for one substitutional carbon atom (in blue color)
replacing silicon (yellow color); (B) absorption spectra (right panel) of the silica samples with three (as shown in the left panel) to five interstitial
carbon atoms (blue color in the left panel of the figure).
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To obtain a convincing interpretation of the role of defects
in the absorption properties of amorphous silica in the APT
setup and to explain the different emission rates for the
frequency ranges investigated in this work, we have determined
the ab initio optical absorption spectra for three different DFT-
optimized models of pure amorphous silica (see Figure 7A), all
characterized by a cubic box of 1.426 nm size with 192 atoms
at a density of 66.2 atoms/nm3 and representing relative
minima in the potential energy landscape. Figures S7 and S8 of
the SI also show the real and imaginary parts of ϵ(ω) and the
refractive index, which lies between 1.5 and 1.7 in the energy
range of interest, for three defect-free amorphous structures to
which we add a number of representative defects each time.
Atomic evaporation in APT analysis takes place under static

and external laser fields. The effect of strong static fields on the
optical absorption properties of silica matrices was therefore
initially investigated for a constant electric field of 20 V/nm
applied in the horizontal direction. Note that the value of the
field is close to the experimental values calculated from the
CSR for the two analyses. The optical properties for each
configuration were evaluated using DFT with the PBE
exchange-correlation functional. We note that the 0 of the
energy axis coincides with the top of the valence band in all
calculated absorption spectra. A consistent red shift of the
optical absorption spectrum was observed in all three samples
compared to a zero electrostatic field (see Figure 7B), which
leads to a slight reduction in the band gap of the amorphous
silica. However, this shift is relatively small and did not
significantly change the overall absorption properties. These
results indicate that the applied static field does not
fundamentally disrupt the optical response of amorphous
silica, but rather causes subtle systematic perturbations.
However, if a bridging oxygen is removed from the amorphous
silica structure, the red shift of the spectrum is ≃ 1 eV (violet
line in Figure 7C), which is more pronounced than in the case
without defect (see orange line in Figure 7c). This indicates
that the defects play an extremely important role in tuning the
light absorption.
Motivated by this indication and driven by our experimental

results, we investigated a variety of typical defects in the silica

matrix, which can also occur during the sol−gel and lift-out
process, to interpret the effective laser light absorption in the
UV and deep-UV range. In particular, we have focused on
interstitial C, H, O and Na atoms as well as interstitial and
substitutional gallium atoms with or without, near or far
oxygen vacancies. The optical properties for each configuration
were evaluated using DFT with the HSE06 exchange-
correlation functional, as it reproduces the experimental
bandgap of amorphous silica much more accurately than
PBE (see Figure S5 in the SI).
In Figure 8A we show the absorption spectra of such

optimized defective silica structures obtained by replacing one
silicon atom with a substitutional carbon atom (blue atom in
the figure on the left). We have tried different configurations
for the carbon atoms and different amorphous silica matrices
without finding significant discrepancies. In Figure 8B we show
the absorption spectra when three to five interstitial carbon
atoms (blue color on the left side in Figure 8B) are added to
the original pristine silica matrix.
From the analysis of the absorption spectra in Figure 8A,B

we conclude that substitutional carbon atoms in different
positions do not significantly affect the absorption properties of
the silica matrix (see right panel in Figure 8A). This conclusion
could also be drawn from the observation that the valence
band edge of SiO2 consists mainly of nonbonding O2p
orbitals.48 Substitution with carbon does not drastically change
the band gap, which is consistent with the calculated
absorption spectra. However, interstitial carbon defects at
different concentrations and coordination numbers increase
the intragap light absorption of silica between 4 and 8 eV (see
right panel in Figure 8A), which could explain the stronger
absorption observed experimentally in the deep-UV range.
The behavior of the absorption line shape also changes

considerably when either an interstitial hydrogen atom bound
to oxygen or a bridging oxygen vacancy is introduced in
different configurations of the three representative silica
samples (see Figure 9A). Indeed, in both cases we observe
the appearance of several structured intragap absorption peaks
between 4 and 8 eV upon the insertion of an interstitial
hydrogen atom (see Figure 9A) and between 6 and 8 eV upon

Figure 9. Absorption spectra of the silica samples shown in panel (A), for (B) interstitial hydrogen (H def., blue color) bound to oxygen and (C)
for an oxygen vacancy (O def., red color) in different configurations compared to the defect-free amorphous structures of Figure 7 (no def.).
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Figure 10. (A) Left: optimized configuration for interstitial sodium defects (violet atoms) in the amorphous silica matrix. Right: absorption spectra
of the silica samples with and without (orange line) the interstitial sodium atoms (blue and green lines) and of molecular sodium (red line). (B)
Left: optimized configuration for molecular sodium near a bridging oxygen vacancy inside the amorphous silica matrix. Right: Absorption spectrum
of the amorphous silica sample in the simultaneous presence of a sodium molecule in the vicinity of a bridging oxygen vacancy (violet line) and in
pristine (defect-free) form (orange line).

Figure 11. (A) Model of a silica sample with the simultaneous presence of several interstitial gallium atoms (green), one and two oxygen vacancies
(red); (B) model of a silica sample with the simultaneous presence of two substitutional (blue) and one interstitial (green) gallium atom. (C)
Absorption spectra of silica samples with two substitutional gallium atoms (blue line) also in the presence of interstitial gallium atoms (green line).
(D) Absorption spectra of different silica samples with different numbers of interstitial gallium atoms without oxygen defects, at least in the vicinity.
(E) Absorption spectra of different silica samples with different numbers of interstitial gallium atoms, which may be close to or far from the oxygen
vacancy.
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the creation of a bridging-oxygen vacancy (see Figure 9C).
This goes toward the direction of the experimental results of
lowering the band gap and allowing intragap absorption.
We have also analyzed the effects of the likely presence of

atomic and molecular sodium as well as gallium from the lift-
out process in the silica matrix, even in the presence of oxygen
vacancies. Previous atomistic computer simulations provided a
comprehensive understanding of the structure of sodium
silicate glasses and showed that sodium atoms tend to cluster
in alkali-rich regions,59,60 which we modeled by a sodium
molecule within the matrix (see left side of Figure 10A), and to
aggregate around nonbridging oxygen atoms, which we
modeled by a sodium molecule inside the matrix near oxygen
vacancies (see left side of Figure 10B). The presence of
interstitial atomic or molecular sodium does not significantly
change the absorption spectra of the silica matrices (see right
side of Figure 10A). In fact, we could not observe any defect
states within the optical gap for interstitial sodium atoms, as
the absorption spectra are essentially the mere overlap of the
spectra of atomic (blue and green lines in the right panel of
Figure 10A) or molecular sodium (red line in the right panel of
Figure 10A) and the defect-free silica matrix (orange line in the
right panels of Figure 10A,B). However, by introducing
bridging oxygen vacancies into the matrix (see left side of
Figure 10B), the sodium cluster aggregates near these
vacancies and we observed an increase in absorption at
about 4−6 eV (see right side of Figure 10B), which is in the
range of our experimental results with deep-UV light at about
4.8 eV.
Finally, we have analyzed the change in light absorption

properties due to the presence of interstitial (see green atoms
in Figure 11A) and substitutional (see blue atoms in Figure
11B) gallium atoms, also in the presence of bridging oxygen
vacancies. Our simulations show that the substitution of silicon
by gallium atoms in the silica matrix leads to the formation of
metallic states at the Fermi level (see green and blue lines
around 0 eV in Figure 11C), which makes the material
conductive. This behavior is in stark contrast to experimental
observations in which gallium-doped silica retains its insulating
character. Consequently, a simple substitution model for the
incorporation of gallium appears to be an unlikely
representation of the actual atomic configuration in our
samples.
Nevertheless, the presence of interstitial gallium defects

leads to new intragap electronic states (see Figure 11D), which
contribute to increased optical absorption, especially at low
photon energies. The simulations show that increasing the
number of Ga atoms in the cubic box above 5 (i.e., at a
concentration of about 2%) leads to the formation of metallic
states at the Fermi level (see cyan line in Figure 11D), which
makes the material conductive at odds with our experimental
observations. For 4 interstitial Ga atoms in the box, our
calculations indicate a significant increase in absorption from
energies of 3.5 eV (see blue line in Figure 11D), even in the
absence of oxygen defects, which could explain the
experimentally observed features in the UV and deep-UV
regions. These defect-induced states may play a role in
modifying the local electronic structure without fully
metallising the material, depending on the distribution and
concentration of gallium defects in the host matrix. Finally, in
Figure 11E we show the absorption line shape when one (O
def.) or two (2 O def.) bridging oxygen vacancies are present
near (O def. close) or at a distance (O def. far) from interstitial

gallium atoms, up to a concentration of 6% in Ga. We conclude
that the presence of interstitial gallium atoms together with
bridging oxygen vacancies in different configurations (see
Figure 11E) could also explain the light absorption in the UV
and deep-UV range, in agreement with our experimental
results.

4. DISCUSSION AND CONCLUSIONS
The outcome of our theoretical and computational study is
that the better performance of UV and deep-UV La-APT
compared to green La-APT could be due to the higher
absorption of the silica matrices in the shorter wavelength
range due to defects of different nature, such as oxygen
vacancies also in the presence of interstitial impurity atoms
from synthesis processes.
A higher absorption leads to the generation of more free

charges and thus to a higher energy transfer into the structure,
which in turn leads to a higher temperature of the silica matrix.
This means that a high electric field is not required to
evaporate the surface atoms, reducing the risk of sample
breakage. When many free charges diffuse in the sample, the
resistivity of the silica also decreases, so the potential drop
along the tip is also reduced due to the resistivity effect. This
makes it possible to increase the effective electric field at the
surface and thus evaporate the atoms more easily. The
absorption spectrum of sol−gel silica in Figure S2 of the SI
actually shows a slight increase at wavelengths below 400 nm
and a stronger increase at wavelengths below 300 nm. In
particular, the absorption between 343 nm (UV light) and 258
nm (deep-UV light) increases by a factor of almost three. This
increase in sub-bandgap absorption at 258 nm is a clear
indication of the presence of defects in the silica. DFT
calculations performed on silica matrices with interstitial
carbon atoms or molecular sodium with oxygen vacancies
confirm that their presence increases the sub-bandgap
absorption for deep-UV light, but not for UV photons.
The experimental results were obtained with deep-UV and

UV La-APT at similar laser energy density, but different field
and thus different temperature, indicating a lower absorption
of UV light than deep-UV light by almost a factor of 4. Indeed,
the DFT spectra show very low absorption at 3.6 eV, even
when high concentrations of carbon and sodium defects are
taken into account.
Since the optical properties of silica can be altered during

nanotip fabrication by FIB-SEM milling, as already observed
for Si and GaN,21 we also need to consider the effects of
gallium defects at different concentrations in the silica
specimen. In addition, the enormous electric field can increase
the absorption by reducing the band gap of the silica in a small
region near the apex where the field is very high.
DFT calculations show that the electric field has only a

minor influence on the optical properties of the amorphous
silica matrix, but that the presence of a high interstitial gallium
density actually increases UV absorption.
The presence of substitutional gallium or a high density of

interstitial gallium makes the material metallic, which is very
unlikely in our samples. In fact, this result contradicts the
experimental observation of the high resistivity of the material,
which leads to flux-dependent voltage drops along the tip, as
shown in Figure 5.
In summary, in this work we have analyzed sol−gel silica

with La-APT under green, UV and deep-UV illumination. We
have shown that although the analysis with green laser-assisted
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APT was not successful, the use of high-energy photons in the
UV and deep-UV range significantly improves the success rate
and makes it possible to obtain a large-volume, three-
dimensional image of the sample. Furthermore, UV and
deep-UV light allows us to work with a lower static field,
reducing the mechanical stress on the sample and the risk of
breakage. When we compare the results of UV and deep-UV
light, we also find that the latter heats the sample more (with
similar illumination conditions in terms of laser intensity);
therefore, the deep-UV analyses can be performed with a lower
static field, which improves the signal-to-noise ratio in the mass
spectrum. However, working with a lower field and the
associated higher heating increases the diffusion of gallium,
platinum and carbon ions in the pores of the sol−gel silica
matrix.
We have also shown that the evaporation of sol−gel silica is

irregular, with some bursts of evaporation probably due to the
porosity of the material. The abrupt fluctuations in the
evaporation rate cause an energy deficit in the emitted ions due
to the low electrical conductivity of the sample. Illuminating
the sample with UV or deep-UV light increases the density of
the free charge carriers, but is not sufficient to completely
eliminate the problem of low conductivity.
As far as the chemical composition is concerned, we report

deviations from the nominal composition, but the measured
values are closer to the nominal values at a high electric field.
Due to the strong local heating caused by the absorption of
laser energy by the defects, the three-dimensional resolution
and chemical composition are potentially limited.
To investigate the optical absorption properties of silica

matrices even in the presence of defects, we have applied
density functional theory with the HSE06 hybrid exchange-
correlation functional for a variety of defects, such as interstitial
and substitutional carbon, hydrogen, sodium, and gallium
atoms in different concentrations and configurations. Our
thorough defect analysis has highlighted four particularly
relevant cases: (i) the oxygen vacancy that disrupts the
Si−O−Si network by breaking a Si−Si bond; (ii) the
interstitial hydrogen defect that passivates and weakens the
oxygen bonds; (iii) an oxygen vacancy with a Na2 molecule
nearby; (iv) interstitial and substitutional gallium atoms, which
could originate from the synthesis process of the needle-shaped
silica specimens for the APT analyses, also in the presence of
bridging oxygen vacancies. In the latter configuration, where
the gallium atoms populate the matrix with a concentration of
2%, which can be even lower if oxygen vacancies are included
in the model, absorption features around 3.5−5 eV clearly
emerge, indicating a signature of the defects in the
experimental spectra and their role in enabling APT analyses
of silica with UV and deep-UV light.
We have also investigated the influence of strong static

electric fields comparable to those used in APT analysis and
found that fields of the order of 20 V/nm do not significantly
alter the optical absorption spectrum. This indicates a high
degree of robustness of the optical response of silica under
such conditions.
Further improvements of the theoretical description �

especially to capture excitonic effects�would require the
application of post-DFT methods such as the Bethe-Salpeter
equation (BSE). However, the computational cost of these
advanced techniques is prohibitively high for systems of this
size. In addition, further investigations, possibly involving more
complex defect geometries, are required to clarify the exact role

of defects in altering the electronic and optical properties of
silica-based systems.
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