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Laser writing with ultrashort pulses provides a potential route for the manufacture of three-

dimensional wires, waveguides, and defects within diamond. We present a transmission electron

microscopy study of the intrinsic structure of the laser modifications and reveal a complex distribu-

tion of defects. Electron energy loss spectroscopy indicates that the majority of the irradiated region

remains as sp3 bonded diamond. Electrically conductive paths are attributed to the formation of

multiple nano-scale, sp2-bonded graphitic wires and a network of strain-relieving micro-cracks.
VC 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4993118]

Diamond has long been exploited for its extreme mechani-

cal properties, but advances in the synthesis of large single

crystals also make it attractive for a variety of new technolo-

gies, including harsh environment applications,1 high fre-

quency electronics,2 biosensors,3 and photonics.4 In particular,

the recent use of nitrogen vacancy (NV) centers for both quan-

tum processing5 and as extremely sensitive magnetic field and

temperature sensors6–9 has stimulated intense research.

Direct laser writing (DLW) with ultrashort pulses is a

versatile, emerging platform for diamond functionalisation

that could benefit all of these applications. Sub-micrometre

scale features can be processed over large volumes in man-

ageable timescales, and there are new prospects for three

dimensional device architectures fabricated directly within

the bulk material. Aside from surface modification,10–12

there are two key regimes for sub-surface processing: (i) at

very low pulse energy, the highly non-linear interaction gen-

erates an ensemble of vacancies at the laser focus13 while (ii)

at higher pulse energies, there is break-down of the diamond

lattice leaving a conductive graphitic phase.14 Regime (i) is

an important precursor for the formation of coherent NV

centers for quantum applications.13,15 Regime (ii) enables

the creation of embedded electrodes, particularly for use in

3D radiation detectors offering a superior radiation tolerance

and a faster response than their planar counterparts.16–18

Furthermore, Regime (ii) modifications provide a potential

route for all-carbon metamaterials,19 solar cells,20 photonic

crystals,21 and waveguides.22,23 For successful development

of DLW in these applications and other diamond based tech-

nologies, it is of vital importance to carry out detailed struc-

tural analysis of the subsurface laser induced changes to the

diamond.

When imaged in an optical microscope, the structural

modifications in Regime (ii) appear uniform and strongly

absorbing, suggesting a bulk conversion of diamond into

graphite. However, previous Raman studies revealed only

the partial formation of sp2 bonded graphite within the laser

irradiated zones.14,19,23,24 When using such modifications to

create wires, the resultant resistivity varies from 0.02 to

2 X cm,18–20,25,26 with values at least an order of magnitude

higher than that for polycrystalline graphite.27 Similarly,

when writing optical waveguides using the stress field gener-

ated by modifications in Regime (ii), the propagation losses

are significantly lower than those expected from a complete

conversion of the irradiated zones to graphite.23 These obser-

vations indicate that the wires’ internal structure is more

complex than suggested by optical imaging. As illustration, a

recent scanning electron microscopy (SEM) study of subsur-

face DLW structures exposed by mechanical polishing

revealed a main fracture containing graphenic carbon and

smaller conductive nanocracks propagating from it.28 Here,

we use transmission electron microscopy (TEM) to provide

depth resolution and better spatial resolution of these sub-

surface structures and employ electron energy loss spectros-

copy (EELS) to assess composition. The results provide a

vital perspective on the nature of DLW subsurface modifica-

tions in diamond, advancing our understanding of both proc-

essing regimes.

The diamond was a single crystal CVD sample

(Element 6 optical grade, 3 mm square) cut with {100}

edges. A regeneratively amplified titanium sapphire laser

producing a 1 kHz train of 250 fs, 25 nJ pulses at a wave-

length of 790 nm was focused 4 lm beneath the surface of

the diamond using an oil immersion objective lens with a

numerical aperture of 1.4. A liquid crystal spatial light mod-

ulator was used to correct for focal distortion arising from

refraction at the diamond surface, but we note that the aber-

ration is relatively small at such a shallow depth. The dia-

mond was translated through the laser focus at 10 lm/s to

produce subsurface tracks parallel to the diamond’s top sur-

face, as illustrated in Fig. 1(a); further details can be found
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elsewhere.25 Wires were thus fabricated, and the sample was

annealed at 900 �C in a nitrogen atmosphere for one hour.

A subsurface group of four wires can be seen in the opti-

cal transmission microscopy image in Fig. 1(b), along with

laser-written surface registration marks. The wires appear

optically to have a width around 2 lm, with edge roughness

on a 100 nm length-scale. The resistivity was measured for

the wires as 1.6 X cm, which is toward the top of the range

reported in the literature. The relatively high resistivity can

be understood by noting the difficulties in writing buried gra-

phitic wires both parallel and close to the top diamond surface.

The pulse energy has to be low to avoid any surface damage

and a high degree of axial confinement is necessary for the sub-

sequent processing, precluding the use of an axial multi-scan

fabrication technique to improve the wire conductivity.20,25

Cross-sections of wires were extracted by using standard

“lift-out” protocols (e.g., see Ref. 29) on an FEI Nova

DualBeam Focused Ion Beam (FIB) microscope. A protective

Pt cap was deposited prior to ion milling, and a typically

(10 lm)2 cross-section through the wire was removed and

ion-polished to<150 nm thickness (i.e., thicker than usually

desired for high resolution TEM because the final low-energy

FIB polishing step was less effective than for softer materi-

als). TEM and scanning TEM (STEM) were performed on a

JEOL ARM cFEG instrument operating at 200 kV, using a

Gatan Quantum spectrometer for electron energy loss spec-

troscopy (EELS). The EELS data were acquired using the

“spectrum imaging” methodology30 and processed using

standard routines for background subtraction and deconvolu-

tion within Gatan’s Digital Micrograph software.

The extent of sub-surface modifications is revealed by

TEM in Fig. 2, which plots both (a) TEM and (b) bright-field

STEM images of an annealed wire cross-section. Contrast in

the TEM image is dominated by interference effects due to

variations in the thickness and angle of the sample, produc-

ing radial black and white lines from strain within the modi-

fied region. Fine details within the annotated ellipse are

attributed to DLW structural modifications. Interference

effects are largely absent from the STEM image, which picks

out more clearly disruptions of the diamond lattice as dark

features. Visible damage is constrained within a region that

is 1.9 lm wide, lying between 0.5 lm and 5.0 lm beneath the

diamond surface. Although the elongated shape of the dam-

age region matches that of the laser intensity profile, it is

interesting that its location is not clearly centred on the laser

focus, which is illustrated to scale in Fig. 2(c) and centred at

a depth of 4 lm.

The most striking observation of Fig. 2(b) is that there is

no single homogenous region of modified diamond, rather

the wires comprise a disperse cluster of smaller structures.

Their irregularity is consistent with the slightly ragged wire

edges observed optically. The majority of them are individu-

ally less than a few hundred nanometres in size, so below the

optical diffraction limit, but sufficiently closely spaced that

the wire appears as a single continuous feature when imaged

optically. We attribute the optical contrast [see Fig. 1(b)] to

a combination of absorption, scattering from defects, and

refractive index changes arising from strain fields that propa-

gate out from the defects. This demonstrates that standard

optical methods lack the resolution to accurately characterize

DLW wires in diamond.

The bonding configuration and chemistry of the defects

are revealed by EELS, which is summarised for an annealed

wire in Fig. 3. A 3� 0.7 lm2 region straddling the structural

FIG. 1. (a) Graphitic wires were laser

written parallel to the top surface of the

diamond at a depth of 4 lm. (b) Optical

transmission microscopy image of the

four subsurface wires (centre) with reg-

istration marks laser written onto the

surface to either side. (c) A FIB was

used to mill a cross-section from the

wires, which was lifted out for TEM

analysis.

FIG. 2. (a) Cross-sectional TEM image

of an annealed wire. Contrast is domi-

nated by electron interference but the

dashed ellipse indicates the fine struc-

tures caused by laser treatment. (b)

Bright field STEM image of the same

area, without interference effects and

revealing a cluster of discrete struc-

tural modifications. (c) The calculated

laser intensity profile (to scale). The

dotted horizontal line indicates the dia-

mond surface.
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features was used for spectrum imaging, where both low-loss

and core-loss EELS spectra were acquired on a pixel-by-

pixel manner. Note that Fig. 3(a) is a dark field image and so

has reversed contrast compared to Fig. 2(b). Figure 3(b), on

the other hand, is a high angle annular dark field (HAADF)

image with contrast that derives principally from mass or

thickness variations, with denser regions appearing brightest.

Together, the two images reveal the structural modifications as

a combination of (i) discrete oval patches that appear dark in

HAADF and so are less dense than the surrounding matrix and

(ii) sharp diagonal lines lying at 45� to the [100] direction.

Typical EELS low-loss and carbon K-edge spectra are

shown in Figs. 3(c) and 3(d), respectively, and were acquired

from the areas indicated in Fig. 3(a). Area 1 is located within

one of the oval patches; area 2 lies within a nearby bright

feature; and area 3 represents the unmodified diamond. Both

the core-loss and the low-loss spectra reveal area 1 to differ

chemically and electronically from the surrounding material.

The diamond low-loss spectrum (area 3) is dominated

by an asymmetric peak with a maximum at 34.4 eV that

agrees with previous studies of the diamond bulk plasmon

(�35 eV) with an asymmetry caused by a surface excitation

around 25 eV.31–33 Area 2’s spectrum is similar while the

plasmon in area 1 shifts downwards in energy, an effect that

has previously been attributed to damage32 and reflects a

reduction in valence electron density.34 Amorphous carbon,

carbon onions, fullerenes, and graphite are all known to have

bulk plasmons at lower energies (around 24, 24.5, 26, and

27 eV, respectively35) and it would be difficult to decompose

the spectrum here into distinct components. The sharp peak

at 7 eV, however, is more distinctive. It is at too high an

energy for purely amorphous carbon36 but has previously

been attributed to the p* plasmon excitation of graphite36,37

and has also been observed from “brown diamond,” which is

known to contain intrinsic defects of sp2 character.33

Turning to the spectra in Fig. 3(d), previous K-edge

studies have shown clear spectral differences between carbo-

naceous materials.31 Pure diamond typically shows a sharp

exciton around 289 eV, followed by multiple overlapping r*

excitations at higher energies,38 as observed from areas 2

and 3. The pronounced dip in intensity 302.5 eV is caused by

a bandgap in the unoccupied density of states (and is there-

fore a good indication of insulating or semiconducting char-

acter)38 whilst a subsequent peak at 327 eV is caused by

multiple scattering events and is a good indication of crystal-

lographic order.39 Similar to previous studies,40 area 1 exhib-

its an additional weak “pre-edge” peak at 285.5 eV that is

attributed to excitation to a p* state and is therefore indica-

tive of the formation of unsaturated, sp2 bonded carbon. The

spectrum from area 1, however, retains the other distinctive

FIG. 3. EELS characterisation of an annealed wire. (a) Dark-field STEM image of the same region illustrated in Fig. 2 (rotated by 45�). The [100] direction is

indicated. (b) Low-loss and (c) processed core-loss EELS spectra collected from three regions indicated in the STEM image. (d) The high-angle dark field

image collected within the region labelled “spectrum image” and (e) the spatial distribution of the pre-edge (sp2 bonding) feature indicated in the core-loss

spectra within the spectrum image region.
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diamond features (notably the dip and peak at 302.5 eV and

327 eV, respectively) and lacks either the broad, featureless

profile above 289 eV that is typically seen in amorphous or

defective carbon, or the sharp exciton and r* features that

are shifted above 291 eV for graphite.31 Both low-loss and

K-edge spectra from area 1 are therefore consistent with the

coexistence of sp3-bonded, diamond-like material and <20%

of sp2 bonded material. The weakened band-gap dip and the

emergence of peaks at both 7 eV and 285.5 eV are all consis-

tent with the existence of electrically conductive carbon

phases and therefore underpin the formation of conductive

wires by DLW. Area 2, which lies 200 nm away from a con-

ductive region, shows no evidence of sp2 carbon, illustrating

the extremely compact nature of the conductive regions.

The spatial distribution of the mixed bonding regions is

shown in Fig. 3(e), which maps the strength of the “pre-

edge” p* feature and shows a clear correlation with the dark

oval features observed by HAADF. Together, the data indi-

cate that conversion of diamond to graphitic carbon occurs

in a series of discrete oval patches that lie along the surface

normal direction and are 200 nm� 80 nm in size. The diago-

nal features from Fig. 2(b) (oriented at �45� to the surface

normal) are barely visible in Fig. 3(e) but do still produce a

weak pre-edge component, suggesting that they too may be

electrically conductive. These features lie preferentially

along the h110i directions and are therefore likely contained

in {111} cleavage planes. Each set is accompanied by an sp2

patch, including those closest to the diamond surface and

furthest from the laser focus. This strongly suggests that

these diagonal features are strain-relieving dislocations that

form as a consequence of the volume increase on transforma-

tion of the diamond. Also of note is an apparent periodicity

in the formation of the sp2 clusters, such as the sequence of

oval patches in the upper middle of Fig. 3(e). All wires ana-

lyzed displayed a similar ordering with an approximate peri-

odicity of 110 nm along the direction of propagation for the

laser, suggesting that their formation is not random. Indeed,

it is similar to the nanograting structures formed by DLW

inside glass with a periodicity dependent on the pulse

energy, which are accredited to a coupling between the elec-

tric field of the fabrication laser and excited electron plasma

at the focus.41

Using the EELS analysis presented in Fig. 3 (e), we esti-

mate that only �4% of the wire cross-sectional area contains

conductive sp2 bonded carbon. Indeed, even if it is assumed

that all the regions identified as sp2 are continuous along the

wire and can hence contribute to any DC conductivity, val-

ues for the intrinsic structural resistivity are expected to be

over an order of magnitude lower than those previously

reported for laser written wires.18–20,25,26 The relatively low

sp2 content of even the patches in Fig. 3(e) is surprising, and

at no point, purely graphenic EELS spectra are recorded.

The work here clarifies a recent SEM analysis of subsur-

face DLW modifications in diamond,28 which also found

only a small volume fraction of sp2 bonded carbon in the

laser irradiated zones. Here, the multiplicity of conductive

regions and their spatial locations are revealed in detail.

TEM images indicate the formation of discrete, 100 nm ellip-

tical nanowires that are partially converted into sp2 carbon.

Stress-relieving dislocations radiate out from each region

along {111} planes and also contain trace quantities of sp2

carbon. It is anticipated that both these features contribute to

electrical conductivity.

In conclusion, the internal structure is revealed for laser

written graphitic wires buried inside the bulk of diamond.

While viewed in an optical microscope, the wires appear to

show a bulk change from diamond to graphite, but the higher

resolution of TEM shows that the structural modification is

relatively sparse, comprising micro-cracks and nano-clusters

of sp2 bonded carbon. This disparity is particularly important

when using the measured wire resistivity as a proxy mea-

surement of wire composition. Indeed, the small effective

wire cross-sections discovered here indicate the presence of

a remarkably conductive carbonaceous phase.
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