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Abstract
This study investigated the production of boron films by femtosecond pulsed laser deposition (PLD) to be used as converters 
on bulk semiconductor neutron detectors. The ablation threshold of metallic boron was determined and the film growth was 
studied as a function of deposition time (5–90 min) and laser pulse energy (35–530 μJ). The films were characterized by 
scanning electron microscopy (SEM), revealing a flaky morphology, optical profilometry, which determined the films thick-
nesses (from 80 nm up to 4 μm), Ion Beam Analysis (IBA) that assessed their elemental composition and X-ray diffraction 
(XRD), which revealed an amorphous structure. In addition, a thermal load study was performed to evaluate the heat flux 
onto the substrate during deposition process. Stable boron films obtained show that the femtosecond PLD process is reliable 
and reproducible for the fabrication of thick boron coatings.

1  Introduction

Boron films can be used in a number of technological appli-
cations due to their chemical, physical and nuclear proper-
ties [1–5], and in optics, for instance, boron films are used 
as absorption filters in the extreme UV range. One of the 
main applications of boron films is neutron detection [6–8], 
in which they are used as a conversion material for semicon-
ductor detectors. By the high cross-sectional nuclear reac-
tion 10B(n,α)7Li, an incident neutron reacts with boron atoms 
producing electrically charged particles (α and 7Li particles) 
that can create a detectable electrical signal. In this appli-
cation, the film thickness should be optimized to ensure 
maximum conversion and also minimize self-absorption of 
the emitted particles [9]. The role of the boron in this field 
has gained importance mostly due to the 3He crisis [10], 
which combines high demand with low production of 3He, 
the most sought neutron converter until now, resulting in 
soaring prices.

Boron is a nontoxic element, commercially accessi-
ble [11], but not readily available as a shelf product in the 

convenient form of thin sheets [12], probably a result of 
manufacturing difficulties due to its high melting point [7, 
13], along with a low commercial demand. Therefore, in 
order to achieve a viable and reliable way to produce boron 
films and compounds, several methods using different tech-
niques were proposed: magnetron sputtering [10], e-beam 
evaporation [14], chemical vapor deposition (CVD) [15, 16] 
and pulsed laser deposition (PLD) [7, 17, 18].

PLD has considerable advantages over CVD [14] since it 
produces films with lower contamination, smaller residual 
stress, and better adhesion. The CVD technique uses chemi-
cally hazardous materials and needs high temperatures, 
while PLD needs no chemical inputs or target preparation 
and is a versatile technique due to a relatively simple experi-
mental setup [19]. Boron film deposition was also reported 
using the e-beam technique [7], which produced coatings 
that were not stable and did not present good adhesion.

The magnetron sputtering technique is used mainly for 
industrial applications [20] such as large area coatings, 
requires a minimum pressure [21] that affects the structure 
and density of the deposited film. In addition, high tempera-
tures are needed to improve the film adhesion [22].

One of the PLD limitations is related to non-uniformity 
of the film thickness due to the plume expansion geom-
etry, which, according to the Anisimov model [23], fol-
lows an ellipsoid distribution, thus leading to thicker film 
at the center and thinner at its edges. Nonetheless, when 

 *	 Priscila Costa 
	 pcosta@ipen.br

1	 Nuclear and Energy Research Institute, IPEN-CNEN/SP, Av. 
Prof. Lineu Prestes, 2242, Cidade Universitária, São Paulo, 
SP CEP 05508‑000, Brazil

http://orcid.org/0000-0002-8032-3752
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-019-2382-6&domain=pdf


	 P. Costa et al.

1 3

99  Page 2 of 8

considering areas of a few mm2, it is possible to assume that 
the film thickness is uniform. For larger areas is possible to 
move the substrate away from the target to obtain a more 
uniform film. With the purpose of neutron conversion, the 
atomic arrangement (either a crystalline or an amorphous 
structure) is not important, and the sole critical property is 
the density of available boron nuclei. Taking into consid-
eration these limitations, PLD is a suitable technique [6] to 
produce thick, small size, neutron converters.

The literature reports PLD production of pure or com-
pound boron films using mainly excimer [18] or Nd:YAG 
[13, 24–26] lasers. When using pulses longer than a few 
nanoseconds [27], as in the case of Nd:YAG and excimer 
lasers, thermal processes are dominant and the ablation pro-
cess occurs as a consequence of material heating, melting 
and evaporation, with further developments depending on 
the pulse duration, energy and intensity [28–30]. When a 
melting puddle is formed before evaporation, liquid material 
can be ejected, resulting in the deposition of clusters and 
droplets in the substrate [19, 28], creating an inhomogeneous 
film. This may be an issue when ablating a very high melting 
point material as boron. It is possible to partially overcome 
this problem by using excimer lasers, which produce more 
energetic photons, but are rather bulky and present handling 
problems with the gases used in the lasing process [28]. 
On the other hand, Nd:YAG lasers are a mature technol-
ogy and are commonly used for PLD [28] due to its reli-
ability, low cost, high energy pulses, low beam divergence 
and low maintenance needs. However, boron films obtained 
by PLD technique using nanosecond pulses tend to present 
pronounced rates of target wear, which is not ideal consider-
ing the high cost of this material in its pure or isotopically 
enriched form (aimed at more efficient neutron conversion).

For laser pulses with duration shorter than a few tens 
of picoseconds, known as ultrashort pulses, the timescales 
involved change the mechanism of light–matter interac-
tion. The pulse duration is shorter than the time required 
for the material’s ions to vibrate, and only its electrons are 
heated by direct excitation [27, 31]. After the pulse has fin-
ished, those excited electrons rapidly relax their energy to 
the lattice, quickly rising the material temperature above its 
boiling point, promoting spallation and/or phase explosion 
processes [30, 32–35] before significant thermal conduction 
occurs [28, 30]. Controlling the pulses fluence, the balance 
of phase explosion and spallation can be adjusted, originat-
ing an ablation plume mostly composed of atomized mate-
rial, increasing the homogeneity of a film deposited on a 
substrate. Since the light–matter interaction occurs mainly 
via electron heating, it does not strongly rely on the target 
material characteristics, only on its type (metal, dielectric, 
semiconductor) [36], and materials with high thermal con-
ductivity and boiling point can be easily ablated to produce 
films.

Some studies report boron films grown using femtosec-
ond lasers, but basic data, such as ablation threshold [17] or 
deposition rate [17, 37], are not always presented, and many 
details of the methodology adopted are not explained.

Reproducibility and cost are crucial elements when devel-
oping reliable devices, so, to achieve this goal, the character-
istics of the femtosecond laser–matter interaction are likely 
to overcome the nanosecond issues. The ablation process, 
when appropriately controlled, does not eject droplets [30] 
nor tiny chips that have poor adhesion to the substrate, but 
an atomized material, resulting in a more efficient and con-
trolled film deposition.

Previous studies by our group showed that, for neutron 
conversion, films with thicknesses in the range 2.7–3.2 µm 
[9] are needed. This range was obtained by numerical simu-
lation [9], optimizing the α particles flux from the film con-
sidering their self-absorption and the neutron conversion.

The objective of the present work was to study the fs-PLD 
of boron film dependence on the pulses focusing and energy 
aiming to produce films with thicknesses in the 2.7–3.2 µm 
range for use as converters for neutron detection in a silicon 
photodiode.

2 � Materials and methods

The femtosecond pulsed laser system used is a Ti:Sapphire 
CPA (Femtopower Compact Pro CE-Phase HP/HR from 
Femtolasers), generating 25 fs (FWHM) pulses centered at 
775 nm with 40 nm of bandwidth (FWHM), at 4 kHz repeti-
tion rate, and energy per pulse below 800 µJ. The target was 
a 10B 96% enriched boron disc (diameter: 25.4 mm, thick-
ness: 2 mm) from American Elements.

2.1 � Boron ablation threshold fluence determination

Initially, the boron ablation threshold fluence, Fth, and its 
dependence on the pulses superposition, N, were deter-
mined using the D-Scan technique [6, 38], and the results are 
shown in Fig. 1. The ablation threshold dependence on the 
pulses superposition, Fth(N), exhibits the behavior expected 
of a metal [39], which can be described by:

where Fth,1 = (0.89 ± 0.05) J/cm2 is the ablation threshold for 
a single pulse, and S = 0.84 ± 0.01 is the incubation param-
eter, both obtained from the fit of Eq. (1) to the experimental 
data (χ2

red = 2.3).

2.2 � Pulsed laser deposition setup

The experimental setup for the boron film deposition (Fig. 2) 
consists of a motorized kinematic mirror mount that can tilt 

(1)Fth(N) = Fth,1N
S−1,
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the beam to raster its focus over the target surface. After 
the mirror, a 150 mm focusing lens is positioned close to 
an optical window of the vacuum chamber, inside which a 
target is continually rotated by a DC motor (100 rpm). The 
movement promoted by this motor combined with the raster 
done by the mirror continuously changes the surface ablated 
by the laser, ensuring a superposition of about 15 pulses per 
spot. For this superposition, the ablation threshold value is 
F0 = (0.57 ± 0.04) J/cm2, calculated from Eq. (1), with the 
values obtained from the fit. Boron films were deposited on 
the surface of microscope slides (26 × 76 mm2substrates), 
which were positioned 35 mm away from the target. The 
vacuum is generated by a turbo molecular pump (Pfeiffer 
HiCube vacuum station), reaching a final pressure of 
1 × 10−3 mTorr, which rises to 1 × 10−1 mTorr during the 
boron ablation.

The 150 mm lens’ calculated focal spot radius on the 
target surface is ~ 15 µm, considering an M2 = 1.5 for the 
laser beam. This value leads to minimum pulse energy of 
4.0 µJ to ablate the boron, considering the F0 = 0.57 J/cm2 

ablation threshold calculated for 15 pulses. Boron thin films 
were deposited in triplicate, by varying the deposition times 
between 20 and 90 min, and the pulse conditions are shown 
in Table 1.

3 � Results and discussion

Figure 3 shows boron films deposited for 60 min with the 
three different pulse energies. The film produced at the low-
est energy, 37 µJ, is brown and shows interference rings 
close to its edge, typical of submicron interference films. 
On the other hand, the films produced with the higher ener-
gies (177 µJ and 530 µJ) are alike, presenting an opaque 
and grayish aspect, indicating that they are thick enough to 
absorb the incident light, thus preventing the occurrence of 
interference rings. This thickness variation among samples 
is due to the fact that the quantity of ablated material per 
shot increases with the pulse energy, resulting in a denser 
boron plume and a higher deposition rate.

To determine the films thicknesses, we used an optical 
profilometer. This method is reported in literature [13, 37], 
but those works only present the nominal values, without 
uncertainties, and no specific detail of the measurement pro-
cedure is given.

For this reason, we developed our own methodology to 
measure the films thicknesses. The method consisted of 

Fig. 1   Boron ablation threshold fluence dependence on the pulse 
superposition, Fth(N) obtained by the D-Scan technique

Fig. 2   Experimental setup of boron pulsed laser deposition by femto-
second pulses

Table 1   Laser pulse energies, fluences (F) and fluence ratio of the 
ablation threshold (F/F0)

Pulse energy (µJ) F (J/cm2) F/F0

37 ± 6 5.2 ± 0.8 9
177 ± 6 25.0 ± 0.8 44
530 ± 7 168.7 ± 1.0 296

Fig. 3   Boron films deposited during 60 min for different energies, 37, 
177 and 530 µJ, over microscope slides
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scraping, with a hard metal edge, ten lines spaced 5 mm over 
the film, taking care to not damage the substrate (Fig. 4), 
and measuring the film thickness by the optical profilom-
eter (Zygo ZeGage) where it is thicker (about its center, red 
line on Fig. 4). Figure 5 shows the measurement of one of 
the scraped lines in which the film thickness can be readily 
determined.

Figure 6 shows the correlation between thickness and the 
scraped lines for the 177 µJ pulses, a representative film, 
and the whole film thickness was taken as the mean (red 
dashed line) of the eight central measurements (darker 
points). This thickness variation is due to the ablation plume 
geometry, and has been already reported in the literature 
[13]. The final film thickness was the mean value of three 
repeated laser conditions, for the different laser energies as 
a function of deposition time is shown in Fig. 7, and a linear 
trend can be observed.

The growth rate for each pulse energy was obtained 
from the linear fit of the experimental data presented in 

Fig. 7 and is shown in Fig. 8. It can be clearly seen that 
the growth rate has a linear dependence on the laser pulses 
energy (in the range used here), allowing the prediction of 
the deposition rate for arbitrary laser conditions.

Another worth mentioning aspect is the strong film 
adhesion to the substrate. Films were not easily removed 
by rubbing, and they did not present peeling signs, and 
could not be peeled off. Damage was achieved by pointy 
tips and the film was completely removed by repetitive 
scrub with textile-like materials.

The boron film morphologies were analyzed using a 
scanning electron microscope (TM3000 from Hitachi). A 
representative film (177 µJ, 60 min) micrography is shown 
in Fig. 9. In this micrography, it is possible to note that the 
film surface presents a flaky aspect.

Fig. 4   Methodology used to determine film thickness

Fig. 5   Optical profilometry of a boron film scrape (*) show-
ing  ~ 0.1 µm thickness

Fig. 6   Scraped lines’ thickness. The gray points were not used to cal-
culate the mean (red dashed line)

Fig. 7   Average thickness as a function of the deposition time
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We could not find any report on flakes being created by 
femtosecond PLD of metallic boron. The literature describes 
femtosecond PLD of boron nitrides targets, without the for-
mation of flakes in the submicrometric scale [17]. Since the 
materials and SEM magnifications are different from ours, 
the results cannot be directly compared.

Compared with ns PLD [13, 26], our films do not present 
droplets, indicating that the thermal processes do not play 
a significant role in the ablation, as expected for fs pulses 
interaction with matter.

To investigate the nature of the flakes seen in Fig. 9, 
X-ray diffraction (XRD) measurements were done. 
Figure  10 shows diffractograms of the target and a 
177  µJ grown film. The target exhibits a clear metal-
lic boron crystalline structure (powder diffraction 

file—PDF—#80-0322), which is not reproduced in the 
deposited film. In the film diffractogram, the two peaks 
indicated by arrows show the presence of boron oxide 
(powder diffraction file—PDF—#13-0570), and the con-
tinuous lump denotes that the film is amorphous. The 
absence of common peaks suggests that there was no 
direct deposition of ejected boron chunks, indicating that 
spallation was not the main ablation mechanism.

One of the films (530 µJ, 60 min) was characterized by 
Ion Beam Analysis (IBA) [40] in order to verify its elemen-
tal composition. Three specific analyses were made: Ruther-
ford backscattering spectrometry (RBS), elastic backscat-
tering spectrometry (EBS) and nuclear reaction analysis 
(NRA). The combination of these three analyses results in a 
relation between the element concentration (% of atoms), as 
a function of the mass thickness (µg/cm2), shown in Fig. 11. 
To better present the IBA results for the film, three differ-
ent layers (boundaries) were modeled [41] to reproduce the 
sample structure. The film itself can be considered to occupy 
the first and second plateaus, the third is already a transition 
between film and substrate, and the fourth is the substrate. 
The IBA measurement uncertainties in our case are around 
2%, so within this value, the first (surface) and second pla-
teaus can be considered to have the same composition.

The presence of oxygen in boron films made by PLD 
has already been reported [6, 13, 26]. This oxidation can 
be attributed to the presence of residual water vapor and 
oxygen in the vacuum chamber, and also by exposure to the 
atmosphere. The literature reports the presence of ~ 20% of 
oxygen in Nd:YAG PLD boron films [7, 26, 42], which is 
compatible with our findings.

The density of the deposited films was estimated by cor-
relating the IBA and optical profilometer results. For a 1 cm2 
deposited area, with a (2.2 ± 0.1) µm average thickness, the 
resulting film density is (1.74 ± 0.08) g/cm3. The boron-only 

Fig. 8   Growth rate as a function of pulse energy

Fig. 9   SEM image of boron film 1(177  µJ, 60  min). The dagger (†) 
indicates the substrate (glass) revealed by the scrape, and the double 
dagger (‡) a superficial scratch on the film

Fig. 10   X-ray diffraction analysis of the boron target (gray area) and 
the deposited film (black line)
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density is found by pondering its concentration (Fig. 11), 
which is (1.25 ± 0.06) g/cm3, 72% of the bulk value.

As a final consideration, since one of our final goals is 
to deposit a boron film directly over a doped semiconduc-
tor (that will act as the α particle detector), the thermal 
load on the substrate is also a source of concern, because 
excessive heat can alter the dopant mobility, changing the 
semiconductor properties. To study the substrate heating, 
a boron PLD was done on a 150 µm-thick 1 × 1 cm2 glass 
slide in the same geometry of the previous assays, with a 
thermocouple attached to its back with thermal paste. A 
36 AWG thermocouple was used, with 140 µm diameter 
wires, and a very small amount of the paste was applied to 
minimize its thermal mass. In this evaluation, only the tem-
perature increase was considered, and the results are shown 
in Fig. 12. Independently of the pulse energy, after 20 min 
of PLD, the substrate temperature reached a plateau, and 
its values are plotted in Fig. 13. Since the PLD starts with 

the substrate close to room temperature and the maximum 
temperature increase is 8 °C, no thermal effects are expected 
to occur in semiconductor substrates when depositing boron 
films under the conditions presented here.

To estimate the heat flux, a numerical model was imple-
mented using COMSOL Multiphysics® [43]. We accounted 
for thermal properties, the glass surface emissivity, the mass 
of the thermocouple and the paste. Then the heat influx was 
adjusted to reproduce the slide final temperature. These 
results define the right-axis in Fig. 12, and can be used to 
calculate the final temperature of any substrate.

4 � Conclusions

We have demonstrated that femtosecond PLD is a viable way 
to produce thick boron films to be used as neutron converters. 
The produced films show a good adhesion to the substrate, do 

Fig. 11   Element concentration 
as a function of the film mass 
thickness (µg/cm2) obtained by 
Ion Beam Analysis

Fig. 12   Temperature behavior of 1 cm2 glass slides under PLD

Fig. 13   Final temperature increase of 1 cm2 glass slides
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not peel off and present a low concentration of contaminants 
(oxygen), with a density close to the bulk.

The film thickness was observed to grow linearly with the 
laser energy and deposition time, allowing the design of the 
conditions to produce an arbitrary film.

A methodology to estimate the films thicknesses was pre-
sented. We think that this is important for PLD, since films 
deposited over large areas (a few cm2) present a variable thick-
ness, and this is not usually discussed in the literature.

The morphological analyses revealed the absence of 
droplets in the films, and the DRX results have shown that 
they lack any crystalline structure, as observed in the target, 
indicating that spallation is not a major ablation mechanism 
(under the conditions used un this work). The amorphous film 
structure revealed by the DRX does not an impeditive neutron 
conversion.

The SEM micrographies have shown that the films have a 
flaky structure, pointing out that their densities are lower than 
that of the metallic crystalline lattice, which is confirmed by 
the density calculated from the IBA and profilometer analysis.

We could not determine the mechanism that created the 
flakes, but we can rule out two possibilities: they are not a 
spallation product or a polycrystalline growth. If any of those 
mechanisms played a major part, a crystalline structure would 
appear on the films’ X-ray diffractograms. Notwithstanding, 
these structures do not interfere with the aimed application and 
should be a subject for future research.

Finally, the heat flux from the PLD process is small, show-
ing that this femtosecond technique can be used in a variety 
of substrates, including temperature sensitive materials such 
as polymers.
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