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Two-photon etching of diamond surfaces is a novel technique for providing controlled removal of atomic
layers and nano-patterning the surface. However, the details of the etching mechanism and pattern
development are not well understood so that the full capability of the process is unclear. Here, a
comprehensive investigation into the dynamics of nanopattern formation on the (100), (110) and (111)
facets is reported as a function of polarization, for CVD and HPHT diamond, and for nanosecond and
picosecond laser pulse durations. A diverse array of behaviour is observed including sub-wavelength
scale structuring with morphologies characteristic of the facet and the selected polarization. As
etching proceeds, the anisotropies in the quantum photon-lattice interaction are imprinted on the
emergent patterns on nano and mesoscopic scales. The sum of the results leads to rules for predicting
pattern type, roughness and etch rate. We also argue that they support a mechanism for carbon ejection
based on the photo-ejection of carbonyl groups from carbonyl-supporting surfaces, defects and atomiclevel step edges. The results provide guidance for optically manipulating diamond surfaces and comprise
a major step towards a complete model for the process to aid laser direct-write structuring of functional
diamond surfaces.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
There is presently much interest in harnessing the extreme
properties of diamond in many ﬁelds such as optics [1], micromechanics [2,3], integrated quantum photonics [4,5], electrochemistry [6], electronics [7], and biomedicine [8,9]. The required
size and shape of devices vary markedly from nano-crystals to
patterned structures to bulk shapes depending on the application.
However, diamond is a challenging material to structure due to its
extreme anisotropic hardness and resistance to modiﬁcation using
conventional chemical etchants. To date, techniques used for
nanostructuring and device fabrication include reactive ion etching
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[10e12], ion beam milling [13,14], ion implantation and lift-off [15],
electron beam milling [16,17] and laser ablation [18,19]. Despite
these, there are ongoing challenges to simultaneously achieving
high spatial resolution, low roughness and high processing speed
without detriment to the crystal quality below the surface [20].
Furthermore, the typically small sizes of single crystal wafers
complicate techniques that rely on spin coating. Novel approaches
to etching and nanostructuring diamond are needed to produce the
diversity of shapes required to ensure rapid progress in diamond
technology including photonic structures [21e23], bio substrates
[24,25], electrochemical electrodes [26,27] and surface electronics
[28,29].
It was recently shown that exposing diamond to a UV laser at
ﬂuences below the ablation threshold etches the surface via the
ejection of carbon species [30e32]. The etch process, which increases in rate with the square of the beam intensity at the surface,
appears to have no threshold and is characterized by removal rates
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less than an atomic monolayer per pulse [31,33,34]. Accordingly, the
UV-etching is deduced to be a non-thermal two-photon induced
surface photolysis in which etching is a sequence of single ejection
events. When etching in air, the processed surface is oxygen terminated, relatively free of sp2-hybridized carbon [35] and is often
textured with f111g-type faceting [32]. The etch rate slows under
vacuum [34] and is negligible for pressures less than 106 Torr [72]
[73]. Such characteristics are in stark contrast to laser ablation, a
thermal or plasma driven process characterized by collective
removal of vapor or ejected clusters and often accompanied by heat
affected zones and, in the case of diamond, graphitization (see
Fig. 1a,b) [31]. These features of UV-etched diamond combine to
provide a laser direct-write process that can be carried out in atmospheric conditions offering distinct advantages over ablation in
terms of sub-diffraction-limited lateral resolution, unprecedentedlyhigh depth resolution (e.g. single atomic layer or fractions thereof
[33]) and producing contaminant-free oxygen-terminated surfaces.
To date, however, the primary mechanism underlying the etching
process is not well understood, including the factors leading to the
formation of nanopatterns on the surface [32]. Key questions remain
on the fundamental limits of the process, including whether atomscale lateral resolution is achievable. An improved understanding
of the mechanisms is critical to obtaining a predictive capacity for
UV-laser shaping, texturing and functionalizing diamond for
applications.
Early proposals for the mechanism included ejection of carbon
monoxide or carbon dioxide from the surface via the energy
derived from two-photon-created excitons (of energy 5.2 eV) [31]
or free carriers [31,34]. Photoejection was presumed to occur via a
two-step process of electron-hole pair or exciton generation with
subsequent diffusion to a precursor ejection surface site. Such twostep mechanisms, however, are inconsistent with later observations of polarization-dependent nanopattern formation [32]. Subwavelength patterning occurs when etching deeper than a few
tens of nanometers with morphologies strongly dependent on the
selected laser polarization direction with respect to the crystal
orientation. Patterns include faceted ridges (see for example
Fig. 1c), wave-like ripples and more complex structures such as
square grid-like patterns. These nanopatterns, which are distinct
from the laser-induced periodic surface structuring (LIPSS) process
ubiquitous in pulsed laser interactions with any material for intensities near the ablation threshold [36e38], provide evidence for
a more direct and carbon-site-selective ejection mechanism in
which the UV photons couple directly to a surface electronic state
that subsequently leads to atomic or molecular ejection. Such
scenarios involving state-selective photolysis, though seen in some
gas phase reactions [39,40], are rare for solid surfaces due to the
typically very rapid energy dissipation rate (sub-ps-1 [41,42]). To
our knowledge state-selective ejection has only been observed for
surfaces involving desorption of H from diamond and Si substrates
[43,44].
Among many possible precursor surface states for carbon photoejection, a likely candidate is the carbonyl group. In this case, the
scission of only two bonds to the lattice is required to liberate a
carbon atom in the form of volatile carbon monoxide molecules.
The mechanism is energetically favourable [41,45], possesses
symmetry properties that potentially provide an anisotropic twophoton absorption cross-section [31] and is consistent with the
post-etch persistence of f111g surfaces [35] which do not readily
support carbonyl groups [32,33]. Time-dependent density functional theory calculations have shown that UV photoexcitation of a
carbonyl group on a {100} surface may evolve into a triply bonded
CO-like molecule and simultaneously weaken the two C-C bonds to
the lattice [33]. More comprehensive models for the ejection processes are needed, however, to understand the role of other

Fig. 1. (a, b) Schematics showing the conceptual difference in material removal under
UV laser processing above and below the laser ablation threshold in the case for
diamond. HAZ ¼ heat affected zone. c) Example of a 10 mm wide  50 mm long 
0:4 mm deep trench UV-etched into a (100) surface. The inset magniﬁed SEM image
shows the ridge pattern for the polarization parallel to a C110D direction (vertical in
image). SEM scale bar 1 mm.

precursors, the re-oxidation of the surface and the causes of the
polarization-dependent nanostructures. The development of
comprehensive models for the ejection process central to the
emergent structures would provide new insights into the pattern
formation mechanisms. An extensive body of theory exists for the
classical problem of pattern formation in a continuum [46,47] and it
is possible that studying related pattern formation bifurcations on
discrete lattice domains [48] will provide a pathway to predict the
nanoscale patterns seen in this experiment.
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As an essential step to developing such models, we report here
an empirical study of UV- laser etching kinetics on the (100), (110)
and (111) diamond surfaces. Etching properties are characterized as
a function of linear and circular polarizations, for nanosecond (ns)
and picosecond (ps) UV-lasers, for chemical vapor deposition (CVD)
and high-pressure and high-temperature (HPHT) diamond, and to a
much wider range of depths than investigated previously (up to
2.7 mm). A diverse range of nanopatterns are observed, along with
details of their evolution as the etched features progress from the
atomic to the mesoscale. The results show a consistent picture in
which periodic nanopatterns emerge from the high spatial frequency noise of the polished starting surface and develop into
organised patterns of progressively decreasing frequency. These
patterns reveal the partial and complete symmetries of the underlying crystal surface according to the incident beam polarization. We also observe a secondary patterning process for linear
polarizations that has a spatial period similar to the laser wavelength. These ﬁndings enable a greatly improved understanding of
how direct-write etched structures may be tailored for applications. A comprehensive dataset is also provided to support the
development of theoretical models for the ejection and the nanopattern formation processes.

of exchange and correlation were calculated using the generalized
gradient approximation of Perdew, Burke and Enzerhoff (GGA-PBE)
[54,55]. The energy cut-off for the plane-wave basis set is 450 eV.
Our optimised GGA lattice constant for bulk diamond is 3.58 Å; this
relaxed structure is used to generate subsequent supercell geometries. Gamma centred Monkhorst-Pack [56] grids of special k
points were generated for sampling the Brillouin zone (BZ) of each
system. For the eight-atom primitive cell, a 9  9  9 k-point grid
was found to be more than sufﬁcient to converge total energies to
within 0.01 eV. Hence for the 17:73  10:13  25:34 Å supercell, a
grid of 1  2  1 k-points was used. The surface step structures
were modelled using a ﬁve-bilayer slab, with the bottom three
layers in the supercell ﬁxed in their bulk positions, while the top
seven layers were allowed to relax until the total energy change
between two iterations was less than 106 eV. The thickness of the
slab with the vacuum spacing (15 Å) was tested to ensure it was
large enough to avoid interaction between replicas. All dangling
bonds on the bottom of the slab were passivated with hydrogen,
whereas the top was either left bare for the clean step edges, or
terminated with oxygen at selected sites on the step.

2. Materials and methods

3.1. (100) surface patterning

The ns laser etch proﬁles were produced using 10 ns duration
pulses at wavelength 266 nm with a pulse repetition rate of
13e14 kHz (Light Wave Electronics Q201-HD 532 nm laser with onbench second harmonic conversion in beta-barium borate). The
beam was focused to a 5 mm spot on the sample surfaces to a ﬂuence of approximately 35 J/cm2. The ps laser etch proﬁles were
produced using a 10 ps pulsed 266 nm laser (Lumera Model
SuperRapid HE) with a repetition rate of 500 kHz to a focal spot size
of 4 mm and a ﬂuence of up to approximately 0.6 J/cm2. Note that
the laser had a high beam quality (M 2 ¼ 1.3e1.5) that produced near
Gaussian proﬁles at the focal spot.
Single-crystal diamond samples grown by CVD and HPHT
methods (Element 6) were investigated. The surface root mean
squared (rms) roughness was 1 nm (see Fig. S1a). The nitrogen
impurity content for each was less than 100 ppb. The defect density
in HPHT grown sample was taken to be an order of magnitude
lower than for CVD grown sample [49]. The samples, cleaned using
a piranha chemical solution prior to UV exposure, were mounted on
computer-controlled precision translation stages to allow accurate
positioning of each etch pit. Arrays of etch spots were then created
by moving the stage to a new position for subsequent static
exposure to enable investigation as a function of laser parameters.
Linear polarization directions were set by the orientation of
samples on the stage with respect to the ﬁxed laser polarization.
Circular polarization of etching beam was achieved using the Berek
polarization compensator (Newport, Model 5540) and conﬁrmed to
be circular by ensuring uniform transmission through a linear
polarizer as a function of angle. While shallow etch depths (up to
200 nm) were measured using a phase shifting interferometer
(VEECO, Wyko NT3300, 514 nm, Objective NA ¼ 0.85), the deeper
pits were proﬁled using the Alpha-Step® D-600 stylus stepper with
depth resolution of a few nm. Pattern images were obtained using a
ﬁeld-emission SEM (JEOL JSM-7800F). The SEM electron voltage
used was between 1.5 kV and 2 kV, which was found to minimize
image distortion by surface charging of the diamond surface.
Roughness measurements were obtained by Atomic Force Microscopy (XE7 Park Systems) in tapping and contact modes using Si tip
of radius of curvature 10 nm (PPP-NCHR).
The DFT calculations were based on the generalized Kohn-Sham
scheme, as implemented in the VASP package [50e53]. The effects

Surface pattern development on f100g surfaces was investigated as function of incident polarization using CVD and HPHT
grown single crystals and using ns and ps pulse durations.

3. Results and analysis

3.1.1. Linear and circular polarizations
The patterns evolve as a function etch depth on CVD-grown
material as shown in Fig. 2 for a ns laser pulsed beam at normal
incidence. For polarization aligned to a C110D crystallographic axis,
the SEM images (Fig. 2aec) show well-deﬁned ridges emerge from
high-spatial-frequency vertical structures, orthogonal to the laser
polarization, as the etch depth is increased from 70 nm to 400 nm.
The ﬁne scale structures observed in the above etched pits are
typically much smaller ( < 100 nm) than the spot size and thus not
directly attributable to beam intensity variations. At large etch
depths, the ridges extend over many microns in length. A similar
transition from high-frequency noise to ordered structures occurs
for a C100D polarized beam, but in this case the emergent pattern
consists of square gridded structures of side dimension less than
50 nm for depths up to about 200 nm (Fig. 2d and e). The square
grid pattern of 4m symmetry shows that this particular polarization
reveals the full surface symmetry of the underlying lattice. There is
also a small variation in the pattern frequency observed across the
images, with the central region having the lowest frequency. This
reduced frequency occurs in the deepest regions of the pit [31,32] in
accordance with the Gaussian shape of the beam proﬁle. For a beam
polarized along the perpendicular C110D axis (Fig. 2gei), the pattern
development is similar to Fig. 2aec as expected due to the surface
symmetry (4m point group). AFM measurements show that the
persistent facets consist of f111g planes [32,35]. These observations
of pattern symmetry and faceting are consistent with observations
reported previously in Ref. 32. An additional feature is noted in the
case of deep etches for the C100D axis polarization. An embedded
wave-like ripple pattern of period approximately 200 nm is present
for depths beyond approximately 200 nm, the early stage of which
is seen in Fig. 2e and then more well deﬁned at a depth of 400 nm
(Fig. 2f). These laser wavelength-scale features that run orthogonal
to the laser polarization are also consistently observed on other
surfaces, and are analyzed in more detail in Section 3.4.
Circularly polarized beams provide an opportunity to investigate patterns in which the emergent anisotropies are attributable
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Fig. 2. The (100) CVD diamond surface etched using ns-laser pulses for (aec) horizontal C110D, (def) C100D, and (gei) vertical C110D polarizations. Circular polarization is shown in
(jel). The orientation of the lattice is shown at ﬁgure top and the polarization for each row indicated on the left. A ﬂuence of 36 J=cm2 was used with an incident beam diameter of
10 mm. The etch depth, d, for each column is indicated. The scale bars are 1mm.
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laser. Etches for C100D and C110D polarizations up to 400 nm depth
(Fig. 4) reveal that the overall behaviors are similar to that observed
for ns pulses. One minor difference is a greater production of ﬁne
structures such as thin nanoﬂakes as shown in Fig. 4f. It is also
shown below that ps pulses occasionally produce nanowires (refer
Fig. 5f). We ﬁnd that these structures survive piranha cleaning, so
believe them to consist of sp3-hybridized carbon. The absence of
such features in ns etches is attributed to the removal of low-mass
surface structures that are poorly sinked to the substrate and
removed by the more energetic pulses through repulsive charge
effects and/or rapid differential thermal expansion.

to the surface symmetry only. For the (100) surface, a grid pattern is
observed (Fig. 2j-l) that is similar to the C100D linear polarization
(Fig. 2def) at shallow depths. At larger depths, the embedded ripple
structure of the linear polarization is absent. Thus circular polarization produces a relatively pure regular square grid pattern that
reﬂects the 4m surface symmetry of the underlying lattice. Fig. 3
shows a magniﬁed comparison of the two polarization conditions
(C100D and circular) for a slightly deeper etch (780 nm). Structures
of size approximately up to 200 nm are observed amongst a
background of regular smaller structures of more uniform size
(50 nm). In contrast, circular polarization produces a much more
uniform array of high frequency features.

3.1.3. HPHT diamond
The qualitative behaviour of patterns formed on HPHT diamond
was similar to CVD material. The ridge and grid structures expected
for the C110D and C100D polarizations are reproduced, as shown in
Fig. 5 for the case of ps laser pulses. Fine ﬂakes formed when using
the C110D polarization (Fig. 5f), as well as nanowires that appear in
some places to lift-off from the top vertex of ridges. It is also a
noteworthy observation that the wavelength scale rippling effect
identiﬁed on deeper linear polarization etches (refer Fig. 2e) was
found to be weaker for the HPHT material than for the CVD-grown
(cf. Fig. 5c).

3.1.2. Comparison of nanosecond and picosecond pulses
To decouple any potential effects of the intrapulse heating of the
surface, the ns laser patterns were compared to those for a laser of
the same wavelength but with a pulse duration of 10 ps. The ﬂuence
used in both cases was approximately a factor of 5 below the
ablation threshold. Despite the much lower pulse energy, the etch
times were similar to the ns laser on account of the much higher
pulse rate (500 kHz cf. 13 kHz for the ns laser) and the higher peak
power of the ps laser. For the speciﬁc condition in this study, the per
pulse etch rate was typically about 5 times lower than for the ns

3.1.4. Etching deeper than 1 mm
Etching deeper than 1mm can be problematic in practice as the
modiﬁcations to the surface by the etch are found to reduce the
ablation threshold thereby leading to an increased risks of a transition from etching to ablation. For nanosecond pulses, we typically
used intensities close to the ablation threshold to enable rapid
removal of material (proportional to I 2 ) to reduce the etch time. The
ablation risk beyond 0.5 mm increases greatly, depending on the
chosen facet and polarization, due to this lowering of the ablation
threshold. When using ps pulses, however, the low energy and high
pulse rates were found to readily enable ablation-free etching to
depths up to several microns in periods of less than 7 min.
CVD and HPHT (100) surfaces were etched to depths of up to
3.2 mm. For the C100D polarization, the regular grid patterns
observed at shallower depths evolve into patterns including large
inverted f111g pyramids in the central area of the beam (Fig. 6aed).
It is seen that some of the inverted pyramids have sizes up to 1 mm
and dominate the central area of the etch. We note that similar
formation of f111g-faceted inverted pyramids is observed for (100)
surfaces undergoing reactive ion etching (RIE) [57] and electron
beam induced etching (EBIE) [17]. Deeper etches using C110D polarization produced large smooth rectangular f111gplanes of dimensions 1 mm  3e4 mm and similar to the etch depth (Fig. 6g and
h). In the regions to the left and right side of the large facets there is
evidence of f111g faceting in the orthogonal direction, but with a
terraced high frequency structure of much larger roughness. This
indicates that the mechanism for carbon removal from such facets
is fundamentally different to facets in the orthogonal direction.
3.2. (110) surface patterning
The (110) surface, which has 1m point group symmetry, exhibits
starkly different polarization dependence in the patterns produced
[32]. For a C110D polarization, the pattern comprises of sinusoidal
ripples extending in a direction orthogonal to the polarization as
shown in Fig. 7aec. The ripples are in contrast to the triangular
ridges observed on a (100) surface (refer Fig. 2aec). The absence of
well deﬁned f111g planes is consistent with the fact that there are
no f111g facets that lie below the (110) surface with a direction
orthogonal to the C110D incident polarization and the ﬁnding that f
111g facets etch more quickly for polarizations that lie in a f111g

Fig. 3. Patterns generated for (a) linear C100D and (b) circular polarization at an etch
depth of 780 nm. Laser parameters and ﬁgure labeling as in Fig. 2. The scale bars are
1 mm.
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Fig. 4. Patterns for the (100) CVD diamond surface using ps laser etching. The ﬂuence incident on the sample was 0.5 J/cm2 with a beam diameter of 4 mm. The scale bars are 1 mm.

Fig. 5. Patterns for HPHT (100) diamond etched using the ps laser. The same laser parameters were used as in Fig. 4. The scale bars are 1 mm.

case of C110D polarization on the (100) surface (Fig. 7gei). The apex
angle of the ridges is observed to be generally larger than those for
(100) etching (Fig. 2i), consistent with the larger angle of the
intersecting f111g planes (90 compared to 70.6 for the (100)
surface).
Etching of the 1m symmetry surface with circular polarization
reveals fundamentally different behaviour compared to the (100)
surface. The etch (Fig. 7j-l) produces a ﬁne-grained array of peaks,
often in rows, to form a pattern distinct from all those observed
above. As argued below, the ejection probability for surface atoms is
determined by the overlap of incident polarization with anisotropic
surface states. Hence for a surface of this particular symmetry,
circular polarization interacts with a different and larger subset of
surface atoms from any linear polarization and hence produces a
fundamentally different pattern compared to linear polarizations.

plane. As with the (100) surface, no major changes are observed for
ps laser etching, apart from the persistence of ﬁner features
compared to ns laser pulses (refer Fig. S2 in the Supplementary
Material).
Like the f100g surfaces, two spatial frequencies are evident in
the pattern as the etch deepens, seen most clearly in Fig. 7c where
ripples of wavelength approximately 200 nm are seen to emerge
amongst a background of much higher frequency ripples. This dual
frequency behaviour is analyzed in more detail below in Section
3.4.
Ripples are also observed when using a polarization at 45 to the
C110D axis (aligning closely to the C111D direction) as shown in
Fig. 7def. Contrasting behaviour is observed at 90 for polarizations
parallel to the C100D direction. Emergent f111g-faceted ridges
extend orthogonal to the polarization in a similar fashion to the
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Fig. 6. Patterns for (100) CVD diamond etched to depths up to 2:2 mm. Note that etch depth, shown here for each panel, does not correspond well with etch duration (1, 3, 5, 7 min)
at large depths due to saturation of the etch rate (refer Section 3.5). The same ps laser parameters were used as in Fig. 4. The scale bars are 1 mm.

Fig. 7. Patterns for (110) CVD diamond. The same ns laser parameters were used as in Fig. 2. The scale bars are 1 mm, except for the inset in (l) which is 100 nm.
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For polarizations along the principal C112D and C110D surface directions, the pits are noted to be elongated with longest side
approximately orthogonal to the polarization. This is most clearly
seen in the deeper etches (Fig. 8c,f,i). Such behaviour is consistent
with the observation seen for all surfaces that the subsurface planes
that persist most under etching are f111g planes with a surface
normal component parallel to the polarization. For circular polarization, the trigonal pits better reﬂect the 3-fold symmetry of the
(111) surface (Fig. 8j-l). We note that there are two possible orientations for the subsurface pyramids (see Fig. 9) and it is interesting that, for the rotationally symmetric case of circular
polarization, all the pyramids appear to have the same orientation.
The orientation and locations of the trigons are determined by the
nature of material defects on the surface, such as outcropping
dislocations and surface voids [58]. Trigon orientation may also be
inﬂuenced by a vicinal cut from the f111g surface, in this case 4+ as
speciﬁed by the supplier, and which has been found to play an
important role in determining the orientation of trigons in hot
oxidative etching [60].
Etches deeper than 500 nm show that the pits become extended
in length to form terraces as shown in Fig. 10. The direction of the
terraces is aligned in each case approximately orthogonal to the
C112D direction nearest the polarization direction. We note that
vicinal cut from the f111g surface may also contribute to the
directional nature of the terraces.

3.3. (111) surface patterning
Etching of the (111) starting surface is of intense interest in
applications since it is a natural cleavage plane, and possesses the
highest hardness and many extreme electronic and mechanical
surface properties. It also gives further insight into its etch resistance and the patterns that form for a surface of 3m point group
symmetry.
Consistent with the persistence of (111) facets in the above
etches, it was found that the etch rate of the top surface proceeds
much more slowly than the (100) and (110) surfaces (by approximately a factor 5e10; see Section 3.5 below). Etching for several
minutes with the ps laser produced depths of approximately
100 nm only. Precise measurement of the etch depth was also
problematic as the bottom of the etched area was highly irregular.
Hence the measured etch depths include a large uncertainty,
typically ±20%.
A stark contrast in pattern behaviour is observed compared to
the other surfaces (see Fig. 8). Smooth surfaces are obtained containing clusters of pits distributed randomly across the surface. The
density and size of the pits vary across the beam diameter. The pits
have a trigonal pyramidal shape which are reminiscent of chemical
etching of (111) surfaces using other techniques [58,59]. Both ﬂat
bottom and pyramidal pits are obtained (refer Fig. 8l) and in some
cases forming extended trenches on the surface (see top left corner
of Fig. 8k and Fig. S3 of the Supporting Material).

Fig. 8. Patterns for (111) CVD diamond surface. The same ps laser parameters were used as in Fig. 4. The scale bars are 1 mm.
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the (100) surface in Fig. 13, is attributed to the increasing role of
large slow-etching f111g facets. At larger depths the etch rate slows
by a factor of 10 to a value akin to that for a (111) starting surface.
From the results above it is clear that small f111g facets form on the
(100) and (110) starting surfaces too, even for shallow etch depths;
however, we explain the larger etch rate on these surface due to a
higher number of available step edges that accommodate sites for
precursor ejector species (see Analysis and Discussion section
below). The steeper walls of the pit may also be a factor, however,
we note that this effect is likely to be minor since the etch depth
( < 3.5 mm) is much smaller than the pit diameter (10 mm).
The ﬂuence dependence was investigated by using ﬁxed laser
parameters and inserting an attenuator in the ps laser beamline.
Fig. 14 shows an I x etch rate dependence similar to that observed
previously for the ns laser pulses of the (100) surface [31] is
reproduced closely for all facets and polarizations. In this experiment x is in the range 2:2  2:6 for measurements made across the
three facet types and for several polarizations. The x value is systematically higher than the previous report of 1.88 which may be
attributed to errors in the assumed beam proﬁle in both or either
experiment. Absorption of the UV beam in the attenuator optics
cause the beam proﬁle to evolve slightly as power increases.
Another possibility is that there may be an increasing role of 4photon ejection for the ps laser, as identiﬁed in the femtosecond
laser results of Ref. 41. Nevertheless, these results indicate that twophoton processes dominate carbon removal, independent of facet,
polarization and pulse duration in the ns and ps regimes.

3.4. Spatial-frequency analysis
For linear polarizations, and for etches deeper than about
100 nm, it was observed above that wavelength-scale features
develop on the surface that overlay the basic emergent pattern. To
analyze this effect further, the frequency content of the patterns
was determined by calculating image power spectra. For the case of
the (100) surface for C100D polarization, the power spectrum in
Fig. 11b reveals the dual frequency behaviour with the high frequency peak in the range 3  4l1 and a lower frequency component at 1:0  1:2l1 , where l ¼ 266 nm is the etch laser
wavelength. In contrast, the low frequency behaviour is absent for
circular polarization (Fig. 11d) showing unambiguously that the
cause is a polarization effect rather than an effect originating from
the substrate.
For the (110) surface, a low frequency peak is centred at 1:7l1
which is approximately ﬁxed at this value for etch depths at least
500 nm (see Fig. 12a). Over the same depth range, the high frequency behaviour of the underlying pattern decreases from 7l1 to
4:5l1 . A survey of the low-frequency peak position as a function of
etch depth and surface (Fig. 12b) indicates that the frequency re1
mains within the range 1:0  1:8 l regardless of the etch depth.
The frequency varies slightly within that range depending on the
particular surface. The high-frequency peak, by contrast, decreases
with depth for all conditions. We ﬁnd that the spatial frequency
behaviour is independent of the laser pulse intensity, consistent
with the “cold” nature of the etch process.
The period of the wavelength-scale features, and their direction
with respect to a linear polarization, are similar to that seen in laser
nanostructuring by LIPSS [61e63]. Calculations of the ﬁeld intensity
shows that enhancement of the local ﬁeld intensity occurs in the
valleys of wavelength-scale undulations for dielectrics including
diamond (see Section 4 of the Supplementary Material and
Ref. [64]) for linear polarizations. Thus the local enhancement may
provide a positive feedback mechanism for the growth of
wavelength-scale undulations. We note, however, that the laser
intensity is often well below the ablation threshold so that the
primary ejection mechanism is not the same surface plasma process proposed for LIPPS.

3.6. Roughness
Under the conditions investigated to date, etching of a polished
surface leads to an increase in roughness that increases with depth.
Using AFM-measured values for Rq as a measure, roughness increases at a rate in the range of 6e7 nm per 100 nm of etch depth
for the (100) and (110) surfaces. For the (111) surface, the more
stochastic nature of the morphology causes a larger variance in the
Rq values. In areas of substantial pitting, large Rq values (15 nm) are
obtained even for depths less than 100 nm. In contrast, for areas
where there is no trigonal pitting, Rq is under 1 nm for depths up to
70 nm. This result indicates that very low roughness etches may be
obtained for f111g surfaces with few defects.
Measurements for circular and C100D polarizations on the (100)
surface provide a direct comparison of the polarization state for
conditions providing similar underlying patterns. The lack of
wavelength-scale features for circular polarization was found to bring
about a 20  40 % decrease in Rq compared to linear polarization.

3.5. Etch rate
Etch rate was investigated as a function of exposure time, ﬂuence, facet, polarization and pulse duration. Fig. 13, which summarizes the ps-laser etch rate as a function of depth for the (100),
(110) and (111) surfaces for several polarizations, shows that the
depth increases in proportion with the exposure duration for etches
less than 2 mm deep. The rate was 0.7 mm/min for the (100) surface,
approximately 60% slower for (110), and 80e90% slower for the
(111) surface. (Note that the etch rate values for the (111) surface in
Fig. 13 have been multiplied by a factor of 5 for ease of comparison.)
Our main paradigm for the etch mechanism is that carbon
ejection occurs by a two-photon process that proceeds at a rate
proportional to I 2 :tp :f where I is the pulse intensity, tp is the pulse
duration and f the repetition frequency of pulses [31]. The ratio of
this factor for the ps and ns lasers used in this study is 7.4. Experimentally, for the (100) surface for example, the etch rate was
0.70 mm/min and 0.13 mm/min for the ps and ns lasers respectively
giving a ratio of 5.4. These values are in fair agreement given the
uncertainties in spot-size (and therefore I), indicating that the etch
rate does not depend explicitly on tp when in the range 0.01e10 ns
These ps and ns etch rates correspond to 2.33  10-5 nm/pulse and
1.55  10-4 nm/pulse which are small fractions of an atomic layer
(z 10-1 nm).
The rollover in etch rate at depths greater than 3 mm, as seen on

3.7. Analysis and Discussion
3.7.1. Tailoring patterns
The data enables some generalizations to be made on the etching
parameters needed to optimize or tailor etched structures. A shared
feature of the nanopatterns observed across all conditions (surfaces,
types of diamond, pulse duration and polarizations) is the transition
from high spatial frequency noise to the emergence of f111g faceted
nanostructures. For each type of surface, however, the type of
pattern differs substantially to produce nano and mesoscale patterns that reﬂect the overlap of polarization with the symmetries of
the underlying lattice.
For the (100) and (110) surfaces, characteristic structures are
observed that may be categorized as extended patterns of grids,
ridges, ripples and dots, depending on the polarization. The starting
(111) surface, on the other hand, produces trigonal divots positioned
at random locations across the surface, that we deduce are seeded by
defects. In each case, there is a clear bias for the persistence of f111g
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Fig. 9. The (111) diamond surface and the principal directions for f111g sub-surfaces revealed by etching for the conditions of Fig. 8.

Fig. 10. Patterns for (111) CVD surfaces etched to depths up to 530 nm. The same ps laser parameters were used as in Fig. 4. The scale bars are 1 mm.

Fig. 2c). The corollary is that etching proceeds at a faster rate for
f111g surfaces that contain the laser polarization direction. In the
case of circular polarization, for which there is no such bias, patterns

nano- and micro-facets in directions orthogonal to the polarization.
On some surfaces, this bias is so strong that very few f111g facets of
direction aligned with the polarization are observed (e.g., refer
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Fig. 11. Patterns and corresponding power spectra for the (100) CVD surface for C100D and circular polarizations etched to a depth of 400 nm (ns pulses). The labelling for (a,c) is as
1
in Fig. 2 (Scale bar 1mm). In (b,d), the spatial frequencies are in units of l . In b) the white arrow indicates the polarization direction.

emerge more quickly with etch depth for CVDegrown diamond
than for HPHT. We suggest that the ripples require seeding from
wavelength-scale surface irregularities which is more likely in the
CVD material which typically contain higher stress gradients [66].
Undulations that arise due to either this stress or polishing marks of
the starting surface may then lead to ﬁeld enhancement and a
higher etch rate in the valleys [64,67], which provides a positive
feedback mechanism to amplify the initial surface irregularities.
These explanations are tentative and more work is needed to understand how the ﬁeld enhancement leads to the morphologies
observed.
We note that the wavelength-scale structures are not as prominent under etching conditions that lead to ridge faceting, such as
E//C100D on the (100) surface (Fig. 2c) or E//C100D on the (110) surface (Fig. 7i). We deduce that in these cases the rate of ridge formation overshadows that for wavelength-scale features.
Etch rate e Prior to this work the etch rate was found to be a
quadratic function of the pulse intensity for the (100) surface and
polycrystalline material, with a two-photon absorption crosssection at 266 nm of approximately 20 Goeppert-Mayers (GM)
[31,32]. The present work shows for the ﬁrst time that there are
clear systematic differences in etch rate depending on the chosen
starting surface. Etching is fastest for the (100) surface, followed by
(110) and then (111) which are reduced by a factor of 2e3 and 5e10
respectively. The polarization dependence on etch rate is found to
be weak. The rate is observed to slow substantially for the (100)
surface for etches deeper than 2 mm. At such depths, the etched
surface consists of only a few large f111g facets that extend across
the majority of the beam area and the etch rate slows to that
observed for a (111) starting surface as expected.
Roughness e The emergent structuring leads to a near linear
increase in roughness for etch depths of up to 1 mm. The increase
in roughness Rq typically occurs at a rate of approximately 6  7 %
of the etch depth. This is the case for all starting surfaces except for
(111), for which Rq is strongly dependent on the number of

produced on the (100) and (110) surfaces are found to have the same
symmetry of the lattice surface. For the (111) surface under circular
polarization etching, the emergent trigonal pits only reveal a partial
symmetry of the surface, which we propose is due to biases originating from the cut polish angle of the starting surface and the nature of surface defects seeding the divots.
The gross pattern behaviour is independent of pulse duration
across three orders of magnitude (from 10 ps to 10 ns) and the
chosen growth method of the material (CVD and HPHT). Such independence reinforces the two-photon photolytic and non-thermal
nature of the process with the intrinsic diamond lattice. The
observation that shorter pulses preserve ﬁne features of the etch
(eg., the nanowires of Fig. 4f) is an exception that indicates that
some secondary details of the etches are subject to cumulative
intrapulse processes. It might be expected that etch pulses shorter
than 10 ps could reveal even ﬁner features and new dynamics. UV
etching with femtosecond pulses has been carried out by others,
showing evidence of 4-photon processes [41] and more complex
surface structures [65]; hence there are indications that the
femtosecond pulses may offer further insights beyond that obtained from the longer pulse etches presented here.
For applications, it may be important to consider features of the
etched surface such as uniformity in the produced nanopattern,
etched surface roughness and etch depth. The results enable the
following conclusions:
Pattern uniformity e The most uniform patterns are observed
when using circular polarization. This is evident in the case of (100)
and (110) surfaces in which a circular polarization produces patterns reﬂecting the full surface symmetry (Figs. 2l, 3b and 7l) and
without the wavelength-scale features produced using linear polarizations. The latter wavelength scale features are produced for
etches deeper than 100 nm and observed as ripples orthogonal to
the polarization (Figs. 2d,e, 4b,c, 5b,c and 7c,e) and as enlarged
grids in the case of the (100) surface with [100] polarization
(Figs. 3a and 12a,b). Our overall experience suggests that the ripples
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Fig. 13. Etch rates for the (100), (110) and (111) surfaces for linearly and circularly
polarized beams. The values for the f111g surface have been multiplied by 5. The same
ps laser parameters were used as for Fig. 4. E==45 indicates a polarization 45+ to the
[110] axis.

3.8. Etching mechanism
The above results provide insights into the nature of the etch
process and extend the understanding of the mechanism. The
slower etch rate of the (111) starting surface, and the persistence of
underlying f111g micro-facets, indicates that f111g surfaces are
less likely to support ejection precursor groups, which is in keeping
with the main candidate precursor being the carbonyl group. Since
etching, even to shallow depths, tends to produce f111g nanofacets for any starting surface, it is tempting to argue that the
etch rate should almost immediately converge to that of a (111)
starting surface. However, the previously identiﬁed role of atomicscale step-edges [35] provides a mechanism to sustain a higher etch
rate. In this case, it is presumed that the propagation of a step-edge
subsequent to an etching event provides a new site that, upon reoxidation, supports a precursor group to sustain the carbon
removal process. Thus starting surfaces that have a structure far
removed from that of (111), which produce a higher density of (111)
step-edge sites, may provide a qualitative explanation for the faster
etch rate of surfaces in the order of (100), (110) and (111).
A model for the nanopatterning process requires the inclusion of
a mechanism for the anisotropic interaction of laser polarization
with precursor ejection sites. Since f111g step-edges appear likely
to be critical to the process, the types and orientations of functional
groups associated with step-edges need to be examined, as well as
the details of the re-oxidation of the vacated site. Though the
behaviour of step edges has been considered in the context of
diamond growth (see for example ref. [68]), there is little detail
published in the present context of an oxidizing environment. The
dynamics are complicated by edge and surface reconstructions as
the etching proceeds, that in turn determine the symmetry and
nature of precursor groups, and therefore the emergent pattern.
Thus we anticipate that the type and direction of the step-edge, the
surface construction and the immediate environment of the precursor site are all aspects that potentially play a role in the
polarization-dependent pattern morphogenesis.

Fig. 12. (a) Power spectra for the (110) surface images shown in Fig. 7aec. The dashed
lines show the evolution of two features frequency with increasing depth up to
400 nm. (b) The characteristic spatial frequencies plotted as a function of etch depth
for selected surfaces and polarizations. The scale for the power spectra is l1 .

trigonal etch pits. For regions void of trigonal pitting, Rq increases
much more slowly as a function of depth. Depending on the
number of trigonal pits, the (111) surface yields either the
roughest (for regions with many divots) or the smoothest etch (no
divots) of the three major surfaces (see also Fig. S4 of the Supporting Material).

282

A.M. Berhane, C.G. Baldwin, K. Liang et al.

Carbon 173 (2021) 271e285

structures. For one type (“Type 1”) in which the step-edge atoms
have lattice bond directions perpendicular to the edge direction
(see Fig. S6a), the edge readily reconstructs to form dimerized pbonded chains in the direction of the step edge (Fig. S6b). Upon
adsorbing oxygen the unreconstructed step edge is capable of
supporting carbonyl groups (Fig. 15a), while the reconstructed does
not (Fig. 15b). For the Type 2 step-edge (lattice bonds parallel to the
edge direction - Fig. S6c), reconstruction also occurs (Fig. S6d).
Upon adsorbing oxygen, like the Type 1 step, the former is capable
of supporting carbonyl groups (Fig. 15c) whereas the latter does not
(Fig. 15d). However, both the reconstructed and unreconstructed
edges have a very different structure compared to step Type 1, with
the orientation of carbonyl surface states directed on-average
differently too. Hence we suggest that these contrasting conﬁgurations, originating from the anisotropy of underlying carbon bonds
for the two edges, provide one potential mechanism for the
anisotropic etching. It should be stressed that future models will
need to consider the effect of the UV radiation on groups other than
the carbonyl to explain the eventual removal of other sites on the
surface despite the wide diversity of environments for the initial
polished surface [71] and the surface termination by atmospheric
reactants such as water vapor [60] as the etching proceeds.

4. Conclusion
We have investigated the detailed properties of emergent patterns for the (100), (110) and (111) diamond surfaces under twophoton UV etching. A consistent picture has emerged in which
subsurface f111g planes are exposed for polarizations that have a
component perpendicular to the plane normal. Etching beams with
polarizations
along
high
symmetry
directions
expose
f111g-faceted features extending in directions orthogonal to the
polarization to produce nanoscale and mesocopic patterns that
reveal the underlying symmetries of the lattice. In the case of (100)
and (110) surfaces, etching with circular polarization produces
patterns that reﬂect the full surface symmetry. These features are
broadly insensitive to the diamond growth method and the duration of the laser pulse in the range from picoseconds to nanoseconds. The pattern behaviour, along with an observed decrease in
etch rate for more f111g-like starting surfaces, point to a mechanism in which the ejection probability is highest for precursor sites
on non-f111g surfaces or at atomic-scale step-edges. As etching
proceeds from the polished starting surface, the emergent subsurface planes grow in approximate proportion to the etch depth.
Though the polarization dependent pattern behaviour is clear
evidence for interaction with anisotropic precursor sites, identiﬁcation of the source of anisotropy requires further investigation.
Initial DFT calculations of the structure and energies of f111g stepedges indicate that the anisotropy may originate from the disparity
in orientations of step-edge carbonyl groups for facets aligned
perpendicular or parallel to the polarization.
Secondary patterning processes were identiﬁed involving production of wavelength scale features when using linear polarizations, and very ﬁne structures (such as nanowires) when using subnanosecond laser pulses.
The investigation provides detailed information for engineering
a variety of quasi-regular patterns for applications. The surface
pattern and amplitude is tailorable through polarization with
respect to the crystallographic orientation of the sample and the
etch depth. The UV laser etching technique for diamond is thus a
promising and unique tool for creating a wide range of textures, in
addition to its previously identiﬁed advantages for the direct-write
of graphite-free structures in air with outstanding depth precision.

Fig. 14. Etch depth as a function of the ﬂuence for the (a) (100), (b) (110), and (c) (111)
surfaces (ps laser). The exposure time for each was 30 s. E//45 indicates a polarization
45 to the C110D crystal direction.

On clean unreconstructured f111g surfaces, step edges run
parallel to C110D directions and form two types of step-edge as
alternate rows are removed. We have performed DFT calculations
for these two cases to understand their likely structure and ability
to support carbonyl groups. The model assumes an ideal case of an
atomically ﬂat, unterminated surface with a single step edge. This
arrangement, though far from realistic [69,70], provides a starting
point for investigating potential scenarios that may provide the
source of the polarization dependent behaviour. It is found that the
two edge-types support carbonyl groups, at least as metastable
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Fig. 15. Type-1 and Type-2 step edge re-oxidation on the f111g unreconstructed and reconstructed surface. (a) O adsorbed on the unreconstructed Type-1 step (carbonyl) and (b) O
adsorbed on the reconstructed Type-1 step edge (non-carbonyl). (c) O adsorbed on the unreconstructed Type-2 step (carbonyl) and (d) O adsorbed on the reconstructed Type-2 step
edge (non-carbonyl).
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