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Abstract.  We have demonstrated the possibility of using low-coher-
ence tandem optical interferometry for monitoring the local laser 
processing of diamond surfaces. Noncontact measurements of the 
optical thickness of single-crystal diamond plates were performed 
directly during the exposure of the surface to repetitive intense 
laser pulses. We investigated the dynamics of the thinning of a sin-
gle crystal in two radically different regimes of laser etching: abla-
tion (KrF excimer laser, l = 248 nm, t = 20 ns) and nanoablation 
(Ti : sapphire laser, l = 266 nm, t = 100 fs).

Keywords: diamond, laser ablation, laser nanoablation, low-coher-
ence interferometry.

1. Introduction

Recent advances in chemical vapour deposition technologies 
have made it possible to produce synthetic single-crystal dia-
mond plates having dimensions and quality sufficient for the 
fabrication of not only photonic [1 – 5] but also (in the long 
run) quantum devices [6 – 9]. Precision technologies for the 
micro- and nanoprocessing of diamond surfaces are among 
the key elements necessary for the development of diamond 
photonics and will determine its practical capabilities in the 
future [10]. This underlies the long-time research interest in 
laser-induced processes in diamond, sufficiently diverse and 
effective from the viewpoint of the controlled and fast pro-
cessing of this extremely hard and chemically inert crystalline 
material.

At present, two technologically important processes can 
be distinguished, which can be initiated by appropriate laser 
irradiation. One of them is classic evaporative ablation, which 
is accompanied by diamond surface graphitisation and char-
acterised by a relatively high material removal rate (above 
10 nm per pulse) [11 – 15]. The other process on the diamond 
surface occurs when the laser fluence does not exceed the 
graphitisation threshold. In such a case, etching does not 

stop, but the etch rate decreases drastically, to below 10–3 nm 
per pulse, suggesting that this regime can be referred to as 
nanoablation [16, 17]. Basically, nanoablation is photostimu-
lated diamond surface oxidation, a process that requires oxy-
gen and yields volatile carbon oxides as products. In recent 
years, there has been increased interest in nanoablation pro-
cessing because it has been shown that the associated surface 
photochemical reaction leads to the generation of surface 
vacancies, which then diffuse into the bulk of the crystal and 
react with substitutional nitrogen to form nitrogen – vacancy 
complexes (NV centres) [18].

Both described processes (ablation and nanoablation) 
require noncontact online monitoring techniques that would 
allow one to control irradiation and obtain a structure with 
tailored parameters (amount of removed material, density 
of defects produced in the surface layer, etc.) in the laser 
irradiation zone. Among the methods that hold the greatest 
promise for this purpose are those utilising interference, 
because they allow for real-time surface topography moni-
toring. However, the use of conventional coherence interfer-
ometry in both the ablation and nanoablation diamond pro-
cessing regimes has a number of limitations. Ablation leads 
to a considerable increase in surface roughness, complicat-
ing measurements. It is also difficult to obtain relevant data 
if the material removal rate (per pulse) exceeds a value in the 
order of the incident light wavelength. In the case of nano-
ablation, a key problem is to ensure ultrahigh accuracy in 
measurements of the laser etch depth, which should be 1 nm 
or better. In this paper, we examine the feasibility of obviat-
ing the above problems using low-coherence fibre-optic 
interferometry, which was already utilised to monitor the 
laser macroprofiling of diamond [19].

2. Experimental

Figure 1 shows a schematic of the experimental setup used. 
For diamond plate surface processing in the ablation regime, 
we used a CL-7100 KrF excimer laser (Optosistemy) generat-
ing 248-nm pulses of duration t = 20 ns. The laser pulse 
energy was 200 mJ and the pulse repetition rate was 50 Hz. 
The laser beam illuminated a square mask, and its image was 
projected onto the diamond surface in the form of a uniformly 
illuminated spot 40 ´  40 mm in dimensions.

The laser system for etching diamond in the nanoablation 
regime included a Tsunami Ti : sapphire oscillator (Spectra 
Physics) and Spitfire regenerative amplifier (Spectra Physics), 
which generated 800-nm pulses with t = 120 fs. After fre-
quency tripling, the 266-nm laser light was focused onto the 
sample surface by a spherical lens with a focal length of 
100 mm. The 1/e beam waist diameter was then ~10 mm.
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In our experiments, we used optically transparent plates 
of single-crystal diamond grown by plasma deposition. The 
plates ranged in thickness from 500 to 700 mm. After abrasive 
polishing on both sides, the surface roughness of the samples 
was 2 – 3 nm. The system ensured control over the translation 
of the sample and concurrent irradiation with a required 
number of laser pulses.

The operation of the system used for monitoring the 
thickness of transparent plates relies on low-coherence tan-
dem interferometry, a well-known method (see e.g. the review 
in Ref. [20]). The probe beam of a low-coherence interferom-
eter was combined with a processing laser beam on the sur-
face to be processed, which allowed us to directly assess local 
changes in the thickness of the sample during multipulse laser 
irradiation. The low-coherence light source used was a super-
luminescent diode emitting at l = 1556 nm. The light band-
width was ~60 nm and the coherence length was about 20 mm. 
The system has the form of two sequentially optically coupled 
interferometers one of which (Michelson interferometer) 
allows the arm length difference to be tuned in a controlled 
way and the other is the subject of measurement (quasi-plane-
parallel diamond plate). The thickness of the sample was 
measured on the unprocessed side (Fig. 1), which allowed us 
to exclude the effect of the opaque graphite-like layer formed 
during ablation.

The method used to measure the thickness of a transpar-
ent object builds on the fact that, in the case of partially 
coherent light beams, interference is only possible when the 
optical path difference between the beams does not exceed a 
certain value, a so-called coherence length of the light 
source. Interference at the output was observed only when 
the arm length differences of the two interferometers dif-
fered by less than the source coherence length, i.e. when the 
condition |L2  – L1| < Lcoh was met, where L1 and L2 are the 
arm length differences of the former and latter interfero
meters.

The light from the superluminescent diode was split in 
the tunable interferometer into two beams with an optical 
path difference 2x. When reflected from the sample, each 
beam was again split into two, and thus four beams arrived 
at the photodetector (Fig. 1). In such a case, an interference 
pattern on the photodetector can be produced either at zero 
arm length difference of the tunable interferometer or when 
the arm length difference of the interferometer is twice the 

optical thickness of the plate, 2  (where n is its refractive 
index and d is its thickness). Thus, measuring the optical 
thickness of the sample reduces to varying the arm length 
difference of the interferometer and finding the position of 
the maximum in the envelope of the interference signal 
(interference peak) coming from the photodiode. The refer-
ence interferometer and sample were optically coupled by an 
optical fibre, and the light was focused onto the sample by 
an objective. The technique was described in greater detail 
elsewhere [19, 21, 22].

As a reference for obtaining data on the depth of ablation 
and nanoablation craters produced by a preset number of 
laser pulses and characterised by real-time in situ measure-
ments, we used a NewView 5000 interference surface profiler 
(Zygo Corp.). After laser processing, the surface topography 
in the irradiated zone and around it was reconstructed ex situ 
with nanometre accuracy using the profiler.

3. Results and discussion

3.1. Ablation

Diamond was exposed to KrF excimer laser pulses at a pulse 
energy of 55 mJ and fluence of 17 J cm–2. During laser abla-
tion, the interference signal gradually decreased, so that after 
~20 pulses it was impossible to evaluate the thickness of the 
sample at the point in question. The irradiation was then 
stopped and the crater depth D was measured with the pro-
filer.

Figure 2 shows a characteristic surface topography after 
laser irradiation, illustrating the ablation process. The grad-
ual reduction in the visibility of the interference pattern is 
most likely caused by the degradation of the conditions of 
reflection from the crater bottom. It is seen that the nonflat-
ness of the entire crater bottom reaches almost 2 mm. The 
depth difference within the low-coherence light spot is smaller: 
~1 mm. However, even at this difference, the phase shift of 
the wavefront in the reflected beam considerably exceeds the 
wavelength. The fact that sample thickness measurements 
under such conditions yielded adequate results can be 
accounted for under the assumption that the interference sig-
nal is contributed predominantly by the central part of the 
beam, whereas its ‘wings’ do not arrive at the aperture of the 
objective because of the tilt of the crater bottom (Fig. 2). This 
assumption is supported by the fact that the tandem interfer-
ometry data are in excellent agreement with the surface pro-
file depth in the central part of the crater.

Note that, according to the measurement results, the 
etch depth is a strictly linear function of the number of laser 
pulses: the mean deviation of the data points from the best 
fit straight line is ~10 nm (Fig. 3). The slope of the graph of 
the crater depth against the number of pulses determines the 
average material removal rate in steady-state etching mode. 
In the conditions under consideration, it was 210 ± 10 nm 
per pulse, i.e. the relative deviation of the diamond ablation 
rate from its average did not exceed 5 %. This corresponds to 
fluctuations in the energy of an individual pulse, which is 
also ~5 %.

Note also the distinct characteristic feature of the first 
laser pulse, which produces a crater whose depth is consider-
ably smaller than its increase as a result of each subsequent 
pulse. Under the experimental conditions of this study, the 
difference is ~100 nm (Fig. 3, inset). This feature is due to the 
absence of the graphitised surface layer produced by the first 
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Figure 1.  Experimental setup for controlled laser processing of dia-
mond plates.
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pulse. As a result, the absorption of light and the associated 
heating of the material during the first pulse are substantially 
weaker, resulting in a smaller amount of evaporated material.

3.2. Nanoablation

The nanoablation etching of diamond was performed at a 
laser fluence 10 % below the multipulse graphitisation thresh-
old [23]. The irradiation procedure comprised seven series dif-
fering in the number of pulses. During each series, we col-
lected data on the thickness of the plate in the irradiation 
zone. The craters thus produced, whose topology is exempli-
fied in Fig. 4, were no more than 200 nm in depth. Thus, in 
situ (low-coherence interferometry) and ex situ (optical pro-
filometry) data were compared not only for the highest irra-
diation fluence, as in the case of evaporative ablation, but 
also for intermediate fluences.

Figure 5 shows the thickness of a diamond plate as a 
function of the number of pulses. For clarity, the data sets 
are displaced by 4 nm relative to each other. Actually, the 
initial thicknesses at different points on the surface differed 
by ~100 nm, which was due to the nonflatness of the sam-
ple. Note that, without irradiation, the scatter in sequential 
thickness values was ~2 nm and was determined predomi-
nantly by the accuracy in digitising the interference signal. 
The present data demonstrate that irradiation reduces the 
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Figure 2.  (Colour online) Surface (a) profile and (b) topography of a diamond plate after laser irradiation in the ablation regime (solid line). The 
dashed line shows the etch depth obtained from sample thickness measurements by low-coherence interferometry.
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Figure 3.  Ablation crater depth as a function of the number of laser 
pulses, N, according to sample thickness measurements by low-coher-
ence interferometry. The inset illustrates the special feature of the abla-
tion of diamond by the first pulse in a train.

0

0

5 1510 x/mma b

–150

–100

–50

D/nm

Figure 4.  (Colour online) Surface (a) profile and (b) topography of a diamond plate after laser irradiation in the nanoablation regime.
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sample thickness (produces a crater) and that the decrease is 
a linear function of the number of pulses. This correlation 
allows the etch depth to be determined with subnanometre 
accuracy via the real time averaging of the noise in individ-
ual measurements.

There are, however, two problems. First, even though the 
initial sample thickness (~510 mm) was measured properly, 
the calculated crater depths were several times smaller than 
those obtained in the ex situ measurements. The inset in Fig. 5 
presents the optical profilometry and low-coherence interfer-
ometry data. The latter values are increased by a factor K = 8. 
With this correction, there is good agreement between the 
results obtained by the two methods. Note that, at a small 
crater depth, the results of the in situ measurements are even 
closer to the expected linear dependence, because they are 
performed at one point of the sample, whereas the ex situ 
measurements were made at different points. The other prob-
lem is that the indicated linearity is disturbed when the crater 
depth reaches ~100 nm.

In our opinion, both artefacts are due to the size mismatch 
between the etching and measurement zones. As mentioned 
above, the plates ranged in thickness from 500 to 700 mm. 
Under these conditions, to ensure equivalent conditions of 
probe beam reflection from both diamond surfaces, the focal 
length of the objective was 240 mm. The spot size was then 
~30 mm, i.e. smaller than the processing zone size in the abla-
tion regime (~40 mm) and greater than that in the nanoabla-
tion regime (~10 mm). In the described experiments, the nano-
ablation zone size could not be increased: the limiting factor 
was the pulse energy of the third harmonic, which was used to 
irradiate diamond.

As a result, the interference signal was divided into two 
components, reflected from the irradiated and unirradiated 
surface areas. The envelope of the former component was 
shifted by etching, whereas that of the latter was not. The over-
all envelope was also shifted, but considerably more slowly. To 
a first approximation, the shift decreased as the ratio of the 
intensity of the wanted signal (reflected from the crater) to the 
total intensity of the reflected signal. This ratio is easy to esti-
mate from the ratio of the area of the etch zone to that of the 
zone exposed to low-coherence light. We obtain (30 mm/ 
10 mm)2 = 9, in agreement with the coefficient K = 8 chosen so 
as to match the in situ and ex situ measurement results.

The saturation of the etch depth is also due to the fact 
that the measurement zone size is too large. With increasing 
nanoablation crater depth, the slope of the crater wall 
increases. Moreover, as mentioned above, some of the 
reflected light becomes lost, and it is the wanted signal which 
is lost, whereas the signal reflected from the unirradiated 
zone remains unchanged. The decrease in the fraction of the 
wanted signal in turn leads to an increase in the coefficient K 
and a nonlinear variation of the crater depth with the num-
ber of pulses.

4. Conclusions

The present results demonstrate the feasibility of using low-
coherence interferometry for local noncontact measurements 
of the optical thickness of single-crystal diamond plates and 
for the precision online monitoring of the laser etching of the 
plates, e.g. in the fabrication of diffractive optics and nano-
photonic components. It has been shown that this method 
can be used for monitoring the laser structuring of diamond 
surfaces in both laser irradiation regimes: evaporative abla-
tion and photostimulated nanoablation. The accuracy 
achieved in real-time measurements of the depth of a repro-
ducible surface topography is 10 nm or better, which paves 
the way to the automation of laser profiling processes, as well 
as of micro- and nanostructuring of transparent superhard 
materials.
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Figure 5.  Reduction in the thickness of a diamond plate as a result of 
the nanoablation of its surface for different irradiation series (see text 
for more details). Inset: nanoablation crater depth as a function of the 
number of pulses; data obtained in situ using low-coherence interferom-
etry (filled circles) and ex situ using an optical profiler (open squares).
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