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Abstract: Diamond is a wide bandgap semiconductor with excellent physical properties which
allow it to operate under extreme conditions. However, the technological use of diamond was
mostly conceived for the fabrication of ultraviolet, ionizing radiation and nuclear detectors, of
electron emitters, and of power electronic devices. The use of nanosecond pulse excimer lasers
enabled the microstructuring of diamond surfaces, and refined techniques such as controlled
ablation through graphitization and etching by two-photon surface excitation are being exploited
for the nanostructuring of diamond. On the other hand, ultrashort pulse lasers paved the way for a
more accurate diamond microstructuring, due to reduced thermal effects, as well as an effective
surface nanostructuring, based on the formation of periodic structures at the nanoscale. It resulted
in drastic modifications of the optical and electronic properties of diamond, of which “black
diamond” films are an example for future high-temperature solar cells as well as for advanced
optoelectronic platforms. Although experiments on diamond nanostructuring started almost 20
years ago, real applications are only today under implementation.

Keywords: diamond; laser; ultrashort pulse; surface texturing; black diamond; solar radiation
capturing; solar energy conversion

1. Introduction

Diamond is a semiconductor with a wide bandgap of 5.47 eV. Thin films are the standardized
form of diamond feasible for advanced industrial applications and are developed by chemical vapor
deposition (CVD). The extreme robustness of diamond has also driven the development of ultraviolet
(UV) detectors (wavelength < 225 nm, corresponding to photon energies larger than the diamond
bandgap) [1,2], ionizing radiation [3], and nuclear detectors [4]. Intrinsic diamond is characterized by
the peculiarity of being electrically insulating and thermally conductive, with the highest thermal
conductivity among the solids (22 W/cm-K) [5]. Diamond can be doped in a standard way by dopant
atoms, introduced in the lattice during the deposition or by ion implantation. Boron atoms are used
for p-type doping (donor level of 0.39 eV) and nitrogen atoms for n-type doping. However, with a
donor level at 1.7 eV from the conduction band minimum, substitutional nitrogen to carbon atoms
do not induce an efficient activation of carriers at room temperature. Conversely, the introduction of
phosphorous atoms during the growth of diamond is becoming an appealing tool for the
development of n-type doping with an activation energy of about 0.6 eV [6-8]. A technological
alternative is surface-transfer doping by hydrogen termination [9]. It induces a p-type conductivity
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caused by the formation of a 2D hole gas [10] that was exploited for the development of planar devices
for high frequency [11,12] and high power electronics [13].

Initially, the use of lasers was considered a technologically attractive tool for shaping the
morphology and structure of materials into microelectromechanical systems (MEMSs) for applications
such as gyroscopes, accelerometers, etc. Apart from the laser cutting and surface polishing,
performed since the late 60s for jewelry, the laser treatment of diamond, disclosing interesting
applications connected to this material with outstanding physical properties, was applied relatively
late for the high ablation threshold and high transparency of diamond to the wavelength of standard
power lasers. However, laser-induced structuring of diamond was considered an appealing solution
owing to the extreme hardness and high thermal conductivity hampering mechanical treatments, and
to the chemical inertness hampering chemical-based diamond selective etching processes. The
development of high power pulsed excimer lasers, with a wavelength shorter or comparable to the
diamond absorption edge of 235 nm [14], led to the consequential possibility of maximizing the
interaction between diamond and the shaping radiation, thus allowing an effective microstructuring.
Laser-assisted modifications of diamond structure were found to alter significantly the optical
properties of diamond, paving the way for the development of infrared (IR) optical filters when
periodic structures were fabricated on the surface or in the bulk [15].

When ultrashort pulse (i.e., picosecond or femtosecond range) lasers became widespread, the
first advantage was recognized to be the extremely reduced thermal effects of the treatments
compared to the use of longer laser pulses (i.e., longer than nanosecond range). As shown in Figure
1a, a significant difference consists of a more accurate processing of the material structure, with the
absence of melted regions or of reduced structural microcracks close to the treated volume [16].
On the other hand, ultrashort laser pulses transport a very high radiation power, able to trigger
non-linear effects such as multiphotonic absorption (Figure 1b), resulting in the capability to strongly
interact with dielectrics and wide bandgap semiconductors such as diamond, even on their surface.
Indeed, the interaction of ultrashort laser pulses with matter was found to produce structures called
laser-induced periodic surface structures (LIPSSs), also with subwavelength periodicity, thus
allowing a transition from the micro- to nanostructuring of the surface. This paved the route for the
fabrication of optical devices operating in the visible wavelength spectrum, including diamond as a
candidate material. An even more recent finding connected to the fabrication of laser subwavelength
LIPSSs consists of the capability of engineering the diamond electronic bandgap, which is
fundamental for developing diamond-based optoelectronic devices active in the visible band.
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Figure 1. (a) Difference in the treatment effects in the case of long and ultrashort pulses for a
transparent material to the laser wavelength; (b) effect of the single photon absorption occurring only
with an energy larger than the semiconductor/dielectric bandgap compared to the multiphoton
absorption of sub-bandgap photons [17] (CC BY 4.0).
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This review is structured to start from a first general part, based on the modification of materials
performed by ultrashort laser pulses, to successively pass through the discussion of laser-assisted
experiments on diamond surface. Then, the topic is progressively specialized into the description of
black diamond films” optical and electronic properties. Finally, the applications for nanotextured
diamond films conclude the manuscript.

2. Surface Modification of Materials by Ultrashort Laser Pulses

Laser pulses impinging on a solid are able to transfer a high energy in a very short time, resulting
in a huge amount of transferred power. With pulses longer than the nanosecond range, including
continuous wave lasers, a laser beam with a wavelength A has to interact with a material accounting
for a considerable value of absorption coefficient at A. If the power density is larger than the material
threshold, the absorption of the laser radiation allows the structural modification of such material.
For example, non-defected semiconductors have a sudden threshold in the absorption coefficient
enabling interaction with light characterized by a photon energy higher than the bandgap (or
wavelength shorter than that corresponding to the bandgap energy).

Pulses with durations in the femtosecond range are able to induce non-linear effects during the
photon—matter interaction, such as multiphoton absorption. As previously discussed, femtosecond
length pulses demonstrated the capability to limit the structural modifications only in the laser focal
volume and to minimize thermal effects towards the zones not involved by the interaction. The
absorption of ultrashort pulses can cause an optical breakdown in the material followed by avalanche
ionization, which depends linearly on the radiation intensity and slightly on the bandgap of the
dielectric. These effects modify the matter almost independently from the specific material [18].
Another advantage coming from the interaction between a crystal and ultrashort pulses was found
in the possibility of fabricating periodic structures at the nanoscale on the crystal surface. This
allowed the nanostructuring of a wide range of materials which were also nominally transparent to
the specific laser wavelength. Even though the formation of LIPSSs was previously observed during
treatments performed with other lasers and was found to have a period comparable to the laser
wavelength, subwavelength LIPSSs, ranging from tens to hundreds of nanometers, were only formed
with ultrashort lasers. Specifically, two different LIPSSs were obtained: one type characterized by a
subwavelength periodicity Anse (i.e., high spatial frequency, HSF) and the second one with a
periodicity Aise (i.e.,, low spatial frequency, LSF) approaching or even larger than the laser
wavelength. The origin of the two different LIPSSs is a debated mechanism that was modeled in
several works (e.g., [19,20]) and that will be specifically reported for diamond in the following pages.

Transparent materials such as glass [17], silica [21], and ZnO [22] were successfully nano/
micromachined with the use of ultrashort laser pulses [23], whereas the development of advanced
materials such as black silicon [24] and the related photodetectors, characterized by an extended
responsivity towards the IR band [25], represented a clear example of the potential of femtosecond
laser-assisted modifications in enhancing the optical and electronic properties of semiconductors. A few
other examples, picked from an extended literature, of surface-treated materials with tailored optical
properties are texturing-induced colored noble metals [26,27], copper [28], refractory metals [29,30],
steel [31], engineered ceramics materials for selective solar absorbers [32,33], different structures of
SiC [34,35] and other III-V semiconductors used in electronics, such as GaAs, GaP, and InP [36].

3. Texturing of Diamond Surface

Laser treatment is progressively acquiring attention from the scientific and industrial communities
as an extremely appealing tool for introducing defects into the diamond bulk and surface. Bulk
diamond-to-graphite laser-induced transformations with micrometer resolution are interesting for the
local tailoring of the electric and optical properties of two materials so similar but so different as
graphite and diamond [37], with the aim of developing low electric conductivity paths [38] for 3D
detectors [39-41], photonic crystals for the THz region [42], and electron emission devices [43].
Ultrashort laser pulse treatments in the bulk proved also to be effective in inducing the formation of
NV- centers [44,45], which act as optically active sources for future quantum information technologies.



Coatings 2017, 7, 185 40f17

However, the aim of this paper is limited to the discussion of the modifications induced by the
laser on the diamond surface. Surface texturing of diamond was performed initially by using a
nanosecond-pulse excimer laser (ArF with A =193 nm or KrF with A = 248 nm, corresponding to a
photon energy over or close to the diamond bandgap) for the fabrication of periodic optical gratings
with micrometer resolution. Both one-dimensional and two-dimensional [46—49] extremely well-defined
periodic structures demonstrated a significant antireflective selectivity in the IR wavelength range,
where the micrometer periodic grating is comparable or smaller than the radiation wavelength to
operate on. Figure 2 shows the fabrication of (a) linear grating; (b) of a photonic crystal; and (c) of
pyramidal periodic structures on the surface of CVD diamond films. In addition, a XeCl excimer laser
with a longer wavelength (A = 308 nm) was used to produce sub-micrometric 2D periodic structures
on the diamond surface [50].
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Figure 2. Scanning electron micrographs of periodic structures developed by UV excimer laser.
(a) One-dimensional grating [47] (Copyright 1999 Springer); (b) Two-dimensional photonic crystal
[48] (Copyright 2000 Springer); (c¢) Two-dimensional pyramidal grating [46] (Copyright 1991 John
Wiley & Sons, Inc.).

It is interesting to mention that the transition from micro- to nanostructuring already started
with the ultra-precise use of nanosecond excimer lasers by

e  Finely operating in the proximity of the diamond ablation threshold [51], studied as a function
of the pulse length 7. Figure 3 shows a constant ablation threshold in the ultrashort regime (due
to the mostly surface interaction between laser and diamond) of about 3 J/cm? (higher than the
value 1.6 J/ecm? found in [52]), increasing with a t'# dependence for pulse duration longer than
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10-100 ps. The mechanism exploited is a controlled diamond-to-graphite transformation to
obtain an extremely accurate nanoablation.

e Applying the two-photon surface excitation for selectively etching the diamond surface [53,54],
not needing a transformation of diamond into graphite. The process induces the direct ejection
of carbon atoms and is therefore characterized by a lack of fluence threshold, differently from
mechanisms of atomic ablation and desorption. Obviously, the technique is extremely sensitive
to the linear polarization direction with respect to the crystal-orientation, resulting in different
morphologies as shown in Figure 4.
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Figure 3. Dependence of the chemical vapor deposition (CVD) diamond ablation threshold on
the laser pulse duration [51]. (Copyright 2011 Elsevier).

E||(110]

100 nm
<>

(d)

Figure 4. Patterning of the {001} diamond surface with two-photon etching technique. (a) Lattice
directions as viewed in the direction of the incident laser beam; (b—d) Scanning electron micrographs
for a laser beam at normal incidence with polarizations parallel to [110], [210] and [100]. In each case
the laser dose was 10.3 MJ/cm?, and the average depth of material removed was 550 nm [54].
(Copyright 2014 Macmillan Publishers Ltd.).
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It is worth mentioning that, recently, nanoscale ripples were found and studied in the fabrication
of grooves on diamond surfaces [55] performed by a nanosecond-pulsed Nd:YAG laser operating at
the second harmonic: A =532 nm.

On the other hand, diamond nanostructuring by the interaction of linearly polarized ultrashort
laser pulses with a diamond surface started in 1999 with the work of Ozkan et al. [56], reporting the
formation of LIPSSs (Figure 5a) perpendicular to the polarization direction. LIPSSs had a
subwavelength period of 125 and 400 nm for laser wavelengths of 248 and 825 nm, respectively, and
the value of the periodicity was found to depend on the incidence angle. The subwavelength nature
of Anse was in contrast with the findings previously obtained on diamond with other lasers, where
values approximately equal to the laser wavelength are reported (e.g., 10 pm with a CO:z laser [57]).

LSEF ripples with the use of fs-lasers were reported in Reference [52] with a laser wavelength of
800 nm, where a periodicity of 0.61 um was found and a modification threshold of 0.4 J/cm2. On the
other hand, Reference [58] highlighted the presence at the same time of three types of LIPSSs on the
diamond surface after a fs-laser treatment with wavelengths of 400 and 800 nm: long LIPSS
perpendicular to the laser polarization with periodicity dependent on the incidence angle, short
perpendicular LIPSS with periodicity shorter than a third of A and slightly dependent on the
incidence angle, and short LIPSS parallel to the laser polarization with constant periodicity
independent from the incidence angle.

The first attempts to extend the treatment from simple spots to larger surfaces were described
in [59], where lines composed by HSF ripples long tenths of millimeters (Figure 5b) and with a period
of about 150 nm were developed at A = 800 nm, after a careful study on the influence of pulse energy
on resulting morphology (ranging from 50 to 250 nJ/pulse with a laser spot size of 2 pm diameter).

I—| 1 pm
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Figure 5. Scanning electron micrographs of: (a) unpolished CVD diamond irradiated with a Ti-sapphire
fs laser (fluence of 2.5 J/cm? 1000 pulses, pulse length 150 fs, A = 825 nm) with a single interference
pattern on the lower grain and two interference patterns crossing each other at 90 degrees on the
upper grain [56](Copyright 1999 AIP Publishing); (b) The diamond surface after irradiation with a
1000 pulse train of 120-fs laser pulses at a rate of 250 kHz with a pulse energy of 72 nJ, where the
polarization and the scanning directions are indicated by the dotted and solid arrows, respectively [59].
(Copyright 2009 AIP Publishing).

The understanding of the evolution of texturing parameters as a function of laser wavelength
for HSF LIPSSs (both in graphite and diamond) [60] and as a function of number of laser pulses N for
LSF LIPSSs [61] was significantly improved with the model proposed therein, which aimed at
demonstrating the interference on the diamond surface between the surface plasmon and the laser
beam as the dominant mechanism. From these works, it is possible to extract very important
information for the treatments of the diamond surface: for all the different spatial frequency
structures, the periodicity is a decreasing function of the number of pulses impinging on the sample,
whereas at a high number of pulses, the periodicity reaches an almost constant period value
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(Figure 6a). Reference [60] gives the other useful suggestion that the value of the LIPSS periodicity
slightly depends also on the fluence, since a small variation from 170 to 190 nm was found by
increasing the fluence from 1.9 to 2.8 J/cm2.

Reference [62] found that the formation of HSF ripples is favored by a high number of shots and
low fluence, whereas LSF structures are dominant when the number of shots is low and the fluence
is high. The threshold fluence between the two formation types was found to be 5.4 J/cm2. The
mechanism was recently confirmed also by applying numerical simulations to ablation experiments,
finding that HSF ripples form in a narrow range of radiation intensities above the optical breakdown
threshold and the transient increase of the carrier density above this threshold causes the formation
of near-wavelength LSF surface ripples [63]. The same reference confirmed the dependence of HSF
and LSF LIPSSs as a function of the number of pulses (Figure 6b).
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Figure 6. (a) Dependence of low spatial frequency (LSF) ripples period normalized to A as a function
of the pulse number N [61] (Copyright 2009 American Chemical Society); (b) Dependence of period
for LSF (CR—coarse) and high spatial frequency (HSF) (FR—fine) ripples as a function of number N
for treatments on diamond with A = 515 nm [63] (Copyright 2018 Elsevier).

At the resolution of the microscale, the reduced thermal effects drove the use of femtosecond
laser pulses for the fabrication of accurate MEMSs and mesa structures for three-dimensional devices,
that was demonstrated to be effective for diamond [64] and alternative to the standard ion beam
techniques [65], as well as for the fabrication of microfluidic circuits [66].

All the experiments described in this review using ultrashort pulse lasers to induce LIPSSs on
the surface of diamond films (divided into single crystal SCD, polycrystalline—PCD, nanocrystalline—
NCD,) are resumed in Table 1, where the main laser parameters (wavelength, pulse length, number
of pulses N, fluence) are correlated with the values of the resulting HSF and LSF periodicities,
alignment and depth.

Table 1. Table resuming the ultrashort pulse laser parameters and the resulting features of the surface
ripples, such as the periods Ansr and Arsr, for high and low spatial frequency, alignment and depth,
together with the diamond type from the references investigated in this paper. All the reported
experimental results have common parameters in linear laser polarization and conditions of

perpendicularity between the laser optical path and the diamond surface.

A Pulse N of Fluence Diamond Aust (nm) Aust (m) Depth Reference
(nm)  Length (fs) Pulses (J/cm?) Type (nm)
248 380 100 15 PCD, SCD 125 (%) - - [56]
825 150 1000 2.5 PCD, SCD ~400 (*) - - [56]
800 150 10-1000 1.54.7 SCD - 610 +£20 (*) 90 nm/p [52]
400 100 3000 0.25 PCD 90 (") 380 () - [58]
800 100 3000 19 PCD 210 (") 750 (*) - [58]

800 120 1000 0.16-0.83 SCD 146 +7 (1) — 500 [59]
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A Pulse Fluence Diamond Depth
(nm) Lengh (£s) N of Pulses (fem?) Type Ansr (nm) Auvsr (nm) (nm) Reference
3000 1.9 170 ()
12 D - -
800 > 8000 2.8 SC 190 (4 (60]
800 125 10 — 2000 1.9 SCD - 600 — 400 (*) 10 —» 80 [61]
800 170 2-1000 1.1-39.4 SCD 140-240 (4) 550-660 (*) 10-50 [62]
800 120 250-500 7.3 PCD 170 (*) - 400-500 [67,68]
400 120 250-500 3.5 PCD 80 () - 200 [69]
400 130 7-20 2-6 SCD ~400 (') 120 [70]
N-SCD 50 (*)
—1 .5-1. - 4 71
800 60 5-100 0.5-1.3 . 200 (3 >40 [71]
800 100 10-5000 2-23 B-NCD - 420+16 () 150 [72]
515 230 25— 67 6.36 SCD 110 — 143 (+) - 31 —400* [73]
1030 230 50 - 133 7.56-9.95 SCD (190—250)+10(+) - 62 —400* [73]
130 — 100 450 — 400 10-20
515 200 3 —100 ~6.5 SCD 63
- 30 () +40 (%) nm/p [63]

Notes: Diamond type: SCD, single crystal diamond; N-SCD, N-doped SCD; PCD, polycrystalline
diamond; NCD, nanocrystalline diamond; B-NCD, Boron-doped NCD; In brackets, the symbol !
corresponds to laser-induced periodic surface structures (LIPSS) alignment parallel to laser
polarization, + symbol to an alignment perpendicular to laser polarization; * From simulations;
References are in order of publication year.

4. Black Diamond Films

A specific case of nanostructuring applied to the overall diamond surface is represented by the
development of black diamond films; namely, diamond films with drastically enhanced optical and
electronic properties, developed by the authors’ group. Diamond is a solar-blind material,
consequently solar applications are apparently precluded to it. However, the use of intense laser
pulses, especially with ultrashort duration, results in the surface texturing with a defined
subwavelength HSF periodicity of the diamond surface, inducing a significant variation of the optical
and electronic properties.

In the case of an ordered surface texturing structure, the period of the ripples is the most relevant
parameter for the tailoring of the treated material’s optical properties, since it mainly rules the optical
reflectance similarly to a diffraction grating interacting with a radiation propagating in a free space.
Following the indications reported in [74], where a uniform texturing was obtained on zinc oxide by
a weighed raster of the laser spot on the surface of the material under treatment, with a particular
attention to the estimation of the lateral and vertical overlap of pulses, the processing of the overall
diamond surface was systematically performed on large areas [67] to probe the variation of the
resulting optical properties, starting from conditions of semi-transparency typical of the untreated
diamond plates. The laser treatments were performed under several controlled gas atmospheres as
well as under high vacuum conditions, which are connected to the best nanostructuring results owing
to reduced surface chemical reactions. A significant increase of absorptance was found in the visible
and infrared range, with absorption peaks at multiples of the texturing periodicity. With A = 800 nm
and a high number of pulses (250 < N < 500), the period Assr of linear structures was found to be
about 170 nm, coherently with the simulations and results also on other materials of [20,75], and
predictable by Equation (1):

Ansr = A/(2n(A)) (1)

where n is the real part of the complex refractive index of diamond at A (n = 2.40 at 800 nm [76]).
A recent work based on numerical simulations [77] estimates the HSF LIPSS periodicity in a precise
range depending on plasma density with respect to the critical density of plasmon excitation [78],
with a calculated periodicity range for diamond/air interaction at A = 800 nm that substantially
include that predicted by Equation (1). The same simulations confirm, by comparing predicted values
with experimental results, also the dependence of Asst firstly on number of pulses, and secondly on
laser fluence [73].
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The optical absorptance of the surface-textured diamond plates was found to be an increasing
function of the accumulated fluence (i.e., number of pulses impinging on the same surface unit) [79].
Values of solar absorptance, defined as the absorptance integrated over the solar spectrum, as high
as 91.7% were obtained with samples originally having a solar absorptance of 45.4%. The resulting
material was named “black diamond” for the characteristic black color that qualitatively accounts for
high values of optical absorption (Figure 7).
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Figure 7. (a) Picture showing the increasing optical absorption capability of optical grade (upward)

and thermal grade (downward and not in the same scale) diamond films as a function of increased
laser accumulated fluence; (b) Microstructure of a typical black diamond film, treated at a laser
wavelength of 800 nm, attributing it the peculiar optical and electronic properties [68] (CC BY 4.0).

It is important to mention that the drastic increase in optical absorption capability is not
absolutely due to the formation of graphitic regions on the diamond surface. Even though some
graphitic regions are formed during the laser treatment [80] together with ablation debris, every
non-diamond domain was removed by a selective oxidizing etching solution. Raman spectroscopy
both in the visible (514.5 nm) and in the ultraviolet (325 nm, corresponding to a lower penetration
depth and therefore inducing a Raman signal more sensitive to surface) did not show any additional
sp? features than those present in the pristine samples [81]. This was confirmed also by X-ray
photoelectron spectroscopy, namely a very surface-sensitive technique.

Therefore, the enhanced optical properties are exclusively due to the ordered nanostructuring
on the diamond surface that acts as a linear surface-relief subwavelength diffraction grating
characterized by the period Ansr and a height equal to the ripple depth i that produces zero-order
diffraction. In other words, the grating makes diffracted fields of order higher than zeroth evanescent,
thus allowing the propagation of only the zeroth-order into the solid. Optically, it corresponds to the
fabrication of a continuous layer on the diamond surface with a lower effective refractive index, with
the effect of a better optical coupling and minimization of the reflection at the solid interface. Figure 8
shows the solar absorptance of the black diamond plates treated at different absorbed accumulated
fluences. The larger absorptance values than the untreated films were confirmed also in the 2-25 um
IR wavelength range in [81], corresponding to a significant increase of the thermal emissivity
coefficient from about 0.2 of pristine diamond to values > 0.6. This is indicative that a careful
development for the application of black diamond as a selective solar absorber operating at high
temperatures is still to be performed by a better adjustment of the texturing parameters.

The engineering of the optical properties of black diamond is not the only interesting
characteristic of surface texturing at the nanoscale. The extremely appealing feature that black
diamond films presents is a significant improvement in the photoelectronic sensitivity for photons
with sub-bandgap energy, as shown in Figure 9a [68]. It means that defect levels were introduced in
the diamond electronic bandgap and that different electronic properties could be produced if they
would be tuned in terms of density and energy position. The introduced defect states, acting similarly
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to intermediate bands [82], represent a staircase for the promotion of charge carriers to the related
extended bands, and allow photogeneration and collection also for photons with an energy far lower
than the diamond bandgap. In order to quantify the defect energy band, we defined the
photoelectronic gain as the ratio between the quantum efficiency of the black diamond film and that
of the pristine sample. Figure 9b shows the photoelectronic gain, with which one can disentangle the
effect of native defect levels from those introduced by the surface texturing, as a function of radiation
wavelength. The gain appears as a broad band, composed by the contribution of the electronically
active defects. Once we have learned to control its position and density, it will be possible to tune the
electronic behavior of the resulting black diamond material.
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Figure 8. Solar absorptance values measured for different sets of black diamond films: Thermal grade
(TG) samples treated at laser wavelengths of 400 and 800 nm with a single pass; optical grade (OG)
samples treated at laser wavelength of 800 nm with a single pass; TG treated at laser wavelengths of
800 nm with a double pass. The values were derived from absorptance spectra measured by means
of the Perkin Elmer Lambda 950 spectral photometer under total transmission and reflection
measurements in a 150 mm integrating optical sphere in the wavelength range 200-2000 nm.
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Figure 9. (a) Quantum efficiency as a function of radiation photon energy for a black diamond film
and an untreated film [68] (CC BY 4.0). (b) Photoelectronic gain as a function of radiation wavelength
for the optimally treated 1D-periodic optical-grade (OG, grey curve) and 2D-periodic thermal grade
(TG, black curve) samples. The photoelectronic gain represents the ratio between the quantum
efficiency of the black diamond film and that of the pristine sample [83] (CC BY NC ND).
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The dimensionality of periodicity was found also to be important, as demonstrated by [83],
where the passage from a 1D to a 2D periodicity, both obtained at A = 800 nm and at the same
accumulated fluence of 5.0 kJ/cm?, allowed for the increase of solar absorptance up to 97.9% and more
than an order of magnitude of quantum efficiency. The 2D periodic texturing was produced by a
double step treatment consisting of a rotation of 90 degrees of the sample with respect to the first
step, similarly to the attempt proposed in [59], where the rotation angle was 60 degrees. Even though
not perfectly structured, the 2D periodic texturing indicated that a further confinement in another
surface direction can be useful for capturing light and obtaining a more effective superposition of
defect states within the bandgap. Furthermore, the energy position of the defect band was found to
be wider and active even at longer wavelengths (up to 800 nm), as shown in Figure 9b. Anyway, the
activity of developing 2D periodic surface structures is ongoing according to a twofold strategy: (1)
disproportioning the accumulated fluence by taking into account of the reduced ablation threshold
of diamond after the first treatment; (2) using a circular (or elliptical) polarization for the production
of nanocones on diamond surface, similarly to what performed with other materials [84].

By decreasing the laser wavelength from 800 to 400 nm, Equation (1) was found to be confirmed.
A periodicity of about 80 nm was obtained at A = 400 nm, where diamond refractive index is 2.46,
under similar conditions of absorbed accumulated fluence with respect to 800 nm [69]. Consequently,
the validity of Equation (1) suggests that a precise value of texturing periodicity can be controlled a
priori by selecting the laser wavelength. This can be performed by equipping the laser system with
commercial optical parametric amplifiers, which today can vary the output wavelength of a 800 nm
pumping laser system from about 200 to 20 pm, but obviously with a reduced output optical fluence
towards the range limits. Figure 10a shows the variation of the important surface texturing
periodicity as a design parameter, ranging from about 50 nm to 4 um for a corresponding variation
of the laser wavelength from 250 nm to 20 um (diamond refractive index was measured in [76]).
It is interesting to mention that in nitrogen doped diamond films, treated at A = 800 nm, at high
repetition rates and under ambient conditions, a carbonaceous structure with smaller periodic
features of 50 nm emerged together with the characteristic diamond one [71]. Figure 10b shows a
detail of Ansr(A) for a restricted wavelength range 200-1100 nm and comparison with the experimental
values reported in Table 1.
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Figure 10. (a) Dependence of diamond refractive index [76] and related HSF texturing periodicity on
the laser wavelength from about 200 nm to 20 um, derived from the application of Equation (1); (b)
Detail of the plot shown in (a) for a restricted wavelength range 200-1100 nm and comparison with
the experimental values of Awusk reported in Table 1.
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Another important parameter for the optical and electronic properties is the depth of the
structures, namely the peak-to-valley height of the LIPSSs. At a wavelength of 800 nm and a high
number of pulses (>250), the depth of the LIPSSs was estimated by scanning electron microscopy to
range from 400 to 500 nm. Similarly to a linear diffraction grating, the depth h of the nanostructures
defines the longest radiation wavelength limit, approximately given by /i > Ard/2 [85]. It means that
the wavelength limit ranges approximately from 800 to 1000 nm for structures obtained on diamond
with a laser wavelength of 800 nm and the given fluence and pulse number. In case of smaller heights,
the absorptance is reduced for long wavelengths. It is probably a case of black diamond films
produced at A = 400 nm, where an accurate measurement of the LIPSSs” depth is ongoing; however,
after a rough estimation, it should not be larger than 200 nm. Also, for A = 400 nm, the solar
absorptance increases with accumulated fluence. Conversely, even though an intermediate accumulated
fluence is able to better tune the photoelectronic properties of the material, the quantum efficiency
was not found to be improved with respect to the untreated film. Activity is here ongoing to
understand if a constant accumulated fluence, resulting from the single pulse fluence times the
number of pulses impinging on the same region, is an invariant parameter by changing reciprocally
one parameter with respect to the other.

Black diamond films represent an example of defect engineering under development with the
control of the nanostructure parameters (value and dimensionality of the periodicity, shape, depth,
etc.) in order to tune the introduction of defect levels within the diamond bandgap. This is going to
disclose a more complex way to tailor the optoelectronic properties of diamond that, similarly to
traditional doping but with additional benefits coming from combined physical mechanisms, can be
the key tool for more advanced applications for diamond than the present ones. This scientific
strategy was proposed to the scientific community, as the defect engineering of diamond and can be
extended also to the other wide bandgap semiconductors.

5. Applications of Surface Nanotextured Diamond Films

Although the experiments of ultrashort pulse lasers and diamond surface started in 1999, the
nanotextured diamond films have only recently begun to be a competitive candidate for practical
applications. The texturing at the nanoscale opens the applicability for visible wavelength band
optics, where the exceptional resilience of diamond is an added value. The most direct application of
surface-treated thin diamond film at the nanoscales is as antireflection coatings and selective
absorbers for thermal solar applications. A solar absorptance as high as about 98% represents a
state-of-the-art value for solar receivers. However, the absorption selectivity has to be significantly
enhanced, especially if the absorber has to operate at temperatures far higher than room temperature.
The solution is a fine tuning of the nanostructure parameters such periodicity and depth, allowing
for absorption of visible and near-IR and reflection of wavelengths longer than the mid-IR band (with
a cutoff wavelength depending on the specific operating temperature).

Another specific and advanced application is the development of anti-reflection coatings for
future diamond Raman lasers operating in the near-IR [70]. On the other hand, laser treatments of
diamond/metals interfaces were proposed to enhance the electric properties of electrodes on
diamond (e.g., in [86] with aluminum), with applications in electronics and development of sensors.

Another interesting characteristic of the laser-nanostructured surfaces is the super-hydrophobic
behavior [87]. It could reserve an appealing application also for diamond, that, if hydrogen-
terminated, has a noticeable hydrophobicity [88]. Anti-corrosion, anti-icing, and low flow-resistance
properties of nanostructured surfaces open the route to aerospace applications, whereas anti-
microbial characteristic enables biological applications that could be combined to the enhanced
capability to absorb visible and infrared light. Conversely, if oxygen-terminated, the diamond surface
is hydrophilic and the nanostructuring could increase the effective surface area of more than 50%
with respect to the geometric area. These effects were recently exploited in Reference [72] to enhance
the wettability properties of boron-doped diamond films used as electrochemical electrodes.
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The specific application proposed by our group is for the development of high-temperature solar
cells. The development of a photon-enhanced thermionic emission (PETE) converter allows for the
achievement of high conversion efficiencies if used in concentrated solar systems [89]. Although
III-V semiconductors can be bandgap-engineered at values compatible with solar spectrum photon
energies, they need a coating able to reduce the electron affinity, usually based on alkali metal
composites, in order to provide the necessary electron emission. The thermal stability of the emission
coating, combined with the restricted structural stability in temperature of III-V compounds (roughly
<250 °C and <450 °C for arsenides and phosphides, respectively), severely limits their full application
for the PETE conversion. Conversely, hydrogen-terminated nitrogen-doped diamond has a great
capability for emitting electrons owing to an effective work function of 1.7 eV. Such a property
combined to surface texturing represents the main feature of the black diamond PETE cathode,
structured according to a p/i/n device [90], where black diamond absorbs the solar radiation and
enables the photogeneration of charge carriers. They are successively separated by the band bending
formed at the interface between p-type and intrinsic regions [91], with electrons being injected by
diffusion towards the intrinsic region. If electron mean free path is longer than the intrinsic region,
they successfully reach the nitrogen-doped and hydrogen-terminated emitting surface, which is
connected to a high probability of escaping towards the vacuum. Since the electron emission is
sustained also by thermionic contribution due to the heating of the cathode, low conductivity
microchannels are fabricated within the diamond bulk [43], connecting the two surfaces so to refill
thermal electrons to the emitting surface. To conclude the device, a low work function anode and
micrometer size dielectric spacers are necessary, but they are part of a complementary activity.

The strongest implication of the defect-engineering strategy at the basis of black diamond is
related to the possibility of locally controlling the optoelectronic properties of diamond. With an
accurate defect-engineering, regions able to capture the light could be possibly coupled to regions
able to emit light produced by transitions between introduced defect levels and extended bands or
by radiative recombination centers, such as in the case of NV- defects. The light can be transported
by diamond microwave-guides surrounded by graphitic walls and distributed by embedded optical
components (e.g., Fresnel lenses [92]); the same graphitic microstructures can also transport electrons.
With the interchangeability between electric and optical signals, the most advanced application
derived from laser structuring will probably be diamond-based 3D optoelectronic platforms.
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