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The surface of diamond is reported to undergo nonablative photochemical etching when exposed to
ultraviolet (UV) radiation which allows controlled single and partial layer removal of lattice layers. Oxygen
termination of surface dangling bonds is known to be crucial for the etching process; however, the exact
mechanism of carbon ejection remains unclear. We investigate the interaction of UV laser pulses with
oxygen-terminated diamond surfaces using atomic-scale surface characterization combined with first-
principles time-dependent density functional theory calculations. We present evidence for laser-induced
desorption (LID) from carbonyl functional groups at the diamond f001g surface. The doubly bonded
carbonyl group is photoexcited into a triply bonded CO-like state, including scission of the underlying
C─C bonds. The carbon removal process in LID is atom by atom; therefore, this mechanism provides a
novel “top-down” approach for creating nanostructures on the surface of diamond and other carbon-
containing semiconductors.
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Recently, a novel two-photon laser-induced desorption
(LID) phenomenon has been reported for diamond surfaces
exposed to nanosecond ultraviolet (UV) pulses with inci-
dent fluence well below the threshold for laser ablation
[1–5]. This “cool-etching” phenomenon appears to have a
number of advantages over traditional ablative laser
machining (for which the minimum etch rates are around
10 nm=pulse); most notably, the LID process has no
intensity threshold [3] and allows for carbon removal rates
as low as 3 × 10−9 nm=pulse for low incident fluence [6].
To date, a number of key features of LID have been

characterized; in particular, the nonlinear nature of the
underlying electronic excitation is evidenced by the
dependence of the desorption rate on the intensity of
the incident pulse [3,7]. The surface two-photon absorption
cross section—evaluated based on the LID etch rates—is
close to 25 times higher than that of bulk diamond [4,8];
moreover, the threshold-free nature and observed depend-
ence on the polarization of incident photons [4,5] points to
a surface-specific multiphoton-excited desorption mecha-
nism. Given that etching of the O-terminated diamond
surface is quenched in vacuum [2], it seems likely that
carbon removal involves laser-induced carbon monoxide
(CO) desorption. However, despite extensive characteriza-
tion of the LID process and a number of proposed models
for the mechanism [1–5], the process is poorly understood.

Determination of the mechanism is made difficult, in
contrast to ablation, by the short timescales and length
scales upon which desorption occurs and which are
especially challenging to access experimentally. The cur-
rent lack of understanding suggests that a microscopic
and quantum mechanical approach is needed to fully
understand the underlying photochemical reaction.
In this Letter, we report evidence for the atomic nature

of the ejection process and theoretical study of the LID
mechanism. Atomic-force microscopy (AFM) measure-
ments are used to show the removal of a single atomic
layer after laser exposure, confirming the localized nature
of the optical ejection process. Using time-dependent
density functional theory (TDDFT) calculations to explic-
itly model the laser-surface interaction, we investigate the
fundamental mechanism of LID at the diamond surface.
It is found that UV irradiation leads to an electronic
excitation of surface carbonyl groups into a CO-like state,
facilitating the subsequent desorption of gas-phase CO
species. This photochemical mechanism for LID foreshad-
ows a highly promising optical method for atom-scale
surface manipulation of diamond.
The experiments investigated fluence doses for etching

depths corresponding to removal of several nanometers to a
single and partial layer. As shown in Fig. 1(a), trenches of
width 3.2 μm (full width half maximum) were etched into
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the face of an O-terminated (100) surface of single crystal
diamond using a repetitively pulsed nanosecond deep-UV
(4.5 eV) laser focused onto the sample by a cylindrical lens.
By exposing the surface to a selected number of suba-
blation-threshold pulses and selecting a zone away from the
beam axis, it was possible to obtain select regions that
correspond to a removal of single monolayers. Depth
profiles were measured using an atomic-force microscope
in contact mode. Our theoretical calculations are based on
density functional theory (DFT). To study the ground state
properties of diamond surface layers we use DFTwithin the
generalized Kohn-Sham scheme [9], as implemented in the
VASP package [10]. The effects of exchange and correlation
are calculated using the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof [11]. The valence
electrons are separated from the core by use of projector-
augmented wave pseuodopotentials [12]. For the present
calculations, the C 2s22p2, O 2s22p4, and H 1s1 electrons
are treated explicitly. The energy cutoff for the plane wave
basis set is 500 eV. Our optimized GGA lattice constant for
bulk diamond is 3.83 Å; this relaxed structure is used to
generate the subsequent supercell geometries. For the 8-
atom primitive cell a 6 × 6 × 6 k-point grid was used for
integrations over the Brillouin zone; for larger supercells an
equivalent sampling of the Brillouin zone was used.
To study the interaction of the laser pulses with the
O-terminated diamond surface, we perform dynamical
simulations within TDDFT using the OCTOPUS code

[13]. For the TDDFT simulations, geometries are taken
from relaxations performed in VASP. The laser-surface
interaction is modeled explicitly using simulated laser
pulses with different photon energy, intensity, and pulse
duration. The time propagator was approximated using
the exponential midpoint rule. The time step for the
propagations was 0.000 57 fs. We use a real space grid
with spacing 0.23 Å, and a 30 × 30 × 30 Å3 simulation box
with absorbing boundaries. Spin polarization was taken
into account.
Experimental results.—Six trenches were LID etched for

exposures composed of between 105 and 108 pulses. These
were first profiled using laser interferometry [Fig. 1(b)] to
calibrate the system etch rate, which was determined to be
1.3 × 10−6 nm per pulse at the deepest point in the trench
(ie., on the beam axis) for a fluence of 0.02 J=cm2 incident
on the focusing lens. Figure 1(c) shows a high-resolution
AFM profile for an exposure of 2.5 × 106 pulses at a point
1–2 mm from the beam axis. The AFM image and
corresponding cross section indicates an etch depth corre-
sponding to 360 pm of the same order as the diamond
lattice constant. This result shows unequivocally that the
etching process occurs atom by atom (as opposed to laser
ablation, which is a collective process), and suggests an
atomic-scale laser-surface interaction.
Theoretical results.—Diamond crystallizes in a face

centered cubic structure, in which each C atom is tetrahe-
drally coordinated to four neighboring C atoms. This
geometry arises from the hybridization of C 2s and C
2p atomic functions; the four sp3 hybrids form σ-bonded
molecular orbitals which comprise the valence band of bulk
diamond, and the corresponding antibonding states com-
prise the bulk conduction band. As a result of the strong
covalent interaction, the sp3 σ − σ� splitting is about
5.5 eV, making diamond a wide band gap insulator. For
the cubic f001g face, the surface carbon species are
twofold coordinated to the layer below, and can therefore
be thought of as having two sp3 dangling bonds per surface
carbon; however, local sp2 rehybridization at the terminat-
ing carbon site facilitates the adsorption of doubly bonded
carbonyl species at the surface [14]. A carbonyl terminating
species on a (001) surface is shown in Fig. 2(a), where the
C─O double bond is directed along the [001] direction.
The f001g surface also supports a bridging (ether) termi-
nation; however, x-ray experiments have indicated a
reduced number of carbonyl sites compared to bridging
sites post etching, suggesting a preferential (or even
exclusive) CO removal from carbonyl sites [5]. More-
over, post-etch diamond surfaces exhibit strong f111g-like
faceting [5], indicating this surface is resistant to etching;
importantly, the f111g surface cannot support carbonyl
groups, explaining the etch resistance of this surface. For
these reasons, we focus on the carbonyl surface species for
the present study.

FIG. 1. UV-induced LID of a (100) single crystal diamond.
(a) 266-nm laser pulses of 5 ns duration are focused using a
cylindrical lens (f ¼ 25 mm) to etch trenches of full width half
maximum 3.2 × 3000 μm. (b) Repetitive pulse exposures at
125 kHz and of on-axis fluence 0.02 J=cm2 provided controlled
etch depths from partial layer removal to hundreds of layers using
durations up to 80 min. (c) Atomic-force microscopy image
(45 × 45 μm) of the surface for a 4 min exposure at 0.01 J=cm2

yielded an average etch depth approximately equal to the
diamond lattice constant (a ¼ 0.357 nm).
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As a first step to understanding the laser-induced
desorption of CO from a diamond (001) surface, we
compare the electronic structure of an extended car-
bonyl-terminated (001) slab with that of an isolated CO
molecule. The geometry of the slab is presented in Fig. 2(b)
(top view) and Fig. 2(c) (side view); we closely follow the
model used in Ref. [15], with a slab having a single
carbonyl-terminated (001) face (25% coverage), and with
the back surface being terminated with hydrogen in order to
passivate dangling bonds. Repeating layers are separated
by a vacuum region of approximately 13 Å. The electronic
structure is investigated in Fig. 3, where the partial and site-
projected partial density of states (PDOS) is plotted for a
CO molecule and a (001) carbonyl-terminating CO species.
We consider, for the sake of our arguments, that the
carbonyl species represents a strongly chemisorbed CO
molecule, and therefore we plot the PDOS projected onto
the O atom and the C atom directly (doubly) bonded to O;
we focus on the frontier orbitals around the highest
occupied molecular orbital (HOMO). The PDOS in this
region for the isolated CO molecule is characterized by
three characteristic features: the deepest peak shown (6 eV
below the HOMO) is the C─O σ-bonding peak, having 2s

and 2pz character (for a C─O bonding axis along z);
the large peak centered almost 4 eV below the HOMO
corresponds to the doubly degenerate π-bonding manifold,
originating from the overlap of the 2px and 2py atomic
functions of the C and O atoms; the HOMO itself
corresponds to the antibonding σ� state, which is occupied
as CO does not satisfy the octect rule. The PDOS of the
carbonyl exhibits several distinct features when compared
to that of the CO molecule. Unlike the sp system exhibited
by C in the CO molecule, the chemisorbed C atom is sp2

hybridized; two of the sp2 hybrids exhibit a σ-bonding
interaction with the substrate, and the third sp2 hybrid
forms a σ bond with the above O 2pz atomic orbital, which
is present in the PDOS as the peak nearly 6 eV below the
HOMO. For the carbonyl group, the doubly degenerate
π-bonding manifold of the CO molecule is split into a
singly degenerate π-bonding state around 5 eV below the
HOMO (labeled π) and a nonbonding lone pair state (n),
which is the HOMO of the system. Importantly, as is
clearly shown by the PDOS, the CO molecule and carbonyl
group represent triply and doubly bonded C─O systems,
respectively.
As has now been demonstrated, a fundamental dif-

ference in the bonding environment between the CO
molecule and the chemisorbed carbonyl group is the
splitting of the doubly degenerate π manifold of the
CO molecule with sp hybridization into singly degenerate
π and n states (sp2 hybridization); if the LID process
occurs via carbonyl ejection, the laser-induced photo-
chemical reaction must transform the carbonyl surface
group into a CO-like state, i.e., a rehybridization from sp2

to sp bonding. To investigate the laser-induced excitation
of the surface carbonyl group, we have performed explicit
time-dependent propagation (TDDFT) of the diamond
surface molecular orbitals in the presence of a strong
laser field. The model system used in the TDDFT
calculations is a cubic-faced diamondoid particle, as
shown in Figs. 2(d) and 2(e). The particle has 75 C atoms
and is cubic, with 6 f001g faces—to model an adsorbed
carbonyl species we place a single O atom at the carbonyl
site on one of the faces. We performed tests for a number
of nanoparticle structures, including different O termina-
tions and atomic relaxations, and found that our main
conclusions are not sensitive to steric and other local
environment effects. The use of different systems for the
static and time-dependent calculations is largely a result of
technical issues in using the VASP and OCTOPUS codes;
however, analysis of the PDOS for these systems reveals
that the local electronic structure presented in Fig. 3 for
the carbonyl in the extended system is well reproduced for
the diamondoid particle.
We present TDDFT results for a 4.5 eV incident pulse

with a duration of 1 fs and maximum intensity of 3.2×
1016 W=cm2. The key bonding features of the carbonyl
group, namely the σ, π, and n states, were monitored as

(a) (b) 

(c) [001] 

a 

b 

O 
C 

(d) (e) 

FIG. 2. (a) A diamond (001) surface with an adsorbed O atom at
the carbonyl site. (b) The supercell used in the electronic structure
calculations viewed along the [001̄] direction. The (001) surface
has a single adsorbed atom at the carbonyl site, representing 25%
surface coverage. The in-plane dimensions of the supercell are
2

ffiffiffi

a
p

× 2
ffiffiffi

b
p

; the lattice vectors of the primitive cell are indicated.
(c) Side view of the supercell used in the electronic structure
calculations. Carbon atoms are represented by brown spheres, O
are red, H are white.
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the wave function propagated under the influence of the
applied laser field. In Fig. 4(a), we plot the charge density
isosurface for the n state before the laser pulse. Figure 4(b)
shows the charge density isosurface of the same state after
the 1 fs pulse. As can be seen, the pulse transforms the n
state into a C─O π-bonding molecular orbital.

Plotting the electronic states of the system reveals that
the original σ and π states of the carbonyl group remain
intact. After the pulse, the C─O system exhibits a triply
bonded manifold that resembles a CO moleculelike state
[Fig. 3(a)]. Importantly, the transition from a doubly to
triply bonded manifold indicates a transition from sp2 to sp
bonding for the C atom in the carbonyl group. When the C
atom of the carbonyl group is in an sp2 state, there are two
sp2 orbitals that point directly at the sp3 bonded C atoms in
the layer below; these orbitals overlap to form strong σ
bonds. However, once the C atom of the carbonyl group
transitions into an sp state, the sp2 orbitals are no longer
present, and so these C─C σ bonds cannot form. Therefore,
the transition of the C─O system into an sp state indicates
unambiguously a mechanism for scission of the underlying
C─C bonds, and facilitates the desorption of a CO
molecule from the surface.
This LID mechanism is reminiscent of well-known

processes in organic photochemistry, whereby carbonyl
containing molecules undergo various photochemical
reactions under UV laser exposure [16]. Thus it represents
a novel link between decades-old photochemistry and
modern solid-state nanotechnology. We also note that
carbonyl functional groups can, in principle, form on the
surface of other carbon-containing solids, for example, SiC,
and therefore LID could prove useful in the nanomachining
of a range of hard covalent solids. Moreover, experimental
and theoretical work has confirmed that carbonyl groups
are stable on the zigzag edge of graphene [17,18]. Indeed,
recent work has indicated that graphene undergoes photo-
chemical etching in the presence of oxygen when exposed
to UV radiation [19]; however, the mechanism for the
observed etching is unclear. Given the localized and site-
specific nature of the LID process, this opens up tremen-
dous opportunities for optical manipulation of semicon-
ductor surfaces with atomic-scale precision. With advanced
atom-placement technologies based on scanning tunneling
microscopy, surface adsorbates can be deposited with
atomic-scale precision [20]. With the current LID mecha-
nism, this is extended to the controlled creation of single-
vacancy defects at semiconductor surfaces, which could
have far-reaching applications including in quantum infor-
mation science [21].
In summary, using a combination of atomic-scale

surface characterization and TDDFT calculations, we
have revealed the microscopic mechanism for LID at
oxygen-terminated diamond (100) surfaces. The carbon
ejection mechanism involves direct laser-induced excita-
tion of surface carbonyl functional groups into a triply
bonded CO moleculelike state, including scission of
the underlying C─C bonds. The site-specific nature of
the carbon-removal process suggests that LID is highly
promising for the top-down, atom-scale manipulation
of diamond and other carbon-containing semiconductor
surfaces.

(b) (a) 

FIG. 4. (a) The O 2p n lone pair at t ¼ 0. (b) The same state
is shown after applying a 4.5 eV laser pulse with intensity
3.2 × 1016 W=cm2 for 1 fs. The n state transitions into a C─O
π-bonding state, signaling an electronic reconstruction of the C
atom from sp2 to sp bonding. Carbon atoms are represented by
brown spheres, O are red, and the isosurface is yellow. The value
of the isosurface is set to 10% of the maximum value.

-8 -7 -6 -5 -4 -3 -2 -1 0
Energy (eV)

0

1

2

3
D

en
si

ty
 o

f 
St

at
es

 (
ar

b.
 u

ni
ts

)
C 2s
C 2p

x
C 2p

y

C 2p
z

O 2s
O 2p

x
O 2p

y

O 2p
z

-8 -7 -6 -5 -4 -3 -2 -1 0
Energy (eV)

n

CO Ketone
(a) 

(b) 
CO  Carbonyl  Carbonyl n 

CO  Carbonyl  

FIG. 3. (a) The site-projected partial density of states for an
isolated CO molecule (left) and CO chemisorbed at the carbonyl
site of a diamond (001) surface (right). (b) Charge density
isosurface for the doubly degenerate π-bonding state of the
CO molecule (left), and the singly degenerate π-bonding and lone
pair (n) states of the chemisorbed carbonyl. Carbon atoms are
represented by brown spheres, O are red, and the isosurface is
yellow. The value of the isosurface is set to 10% of the
maximum value.
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