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Laser-induced plate-lamel graphitised structures in cvd diamond as

promising radiation sensors
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Introduction

Today, materials based on artificial CVD-diamonds

(Chemical Vapor Deposition) are a promising element

base of modern microelectronics [1]. Thus, they are

successively applied as sensor elements in various systems

designed to monitor and adjust a state of important technical

and industrial facilities [2–5] as well as a state of the

environment [6,7].

The main advantage of these sensors it that they can

function in extreme conditions: at the high temperature,

pressure, in conditions of hard radioactive emissions [8–10]
as well as their fast response and miniature size of sensitive

elements, which makes it possible to obtain quite strong

detecting signals.

One of the successful fields of using these sensors is

radiation monitoring [11–13].

This sensor is based on a structure that is sensitive to

radioactive particles and is a graphitized area of artificial

diamond with a well developed surface. The surface

can let in high-energy particles with their subsequent

generation of free carriers that create an electric pulse in

an external circuit, which allows measuring a total induced

charge, whose value can be used to identify detected

radiation. Then, the obtained signal can be transmitted

to an amplifying electric circuit and an element designed

to transform and normalize the output signal and to make

it possible to eliminate accumulate errors and classify the

obtained signals using various machine learning methods

and artificial intelligence [14].

Thus, circuits of the sensors based on the graphitized

area in CVD-diamonds can be a good alternative to sensor

devices implemented by the standard methods.

1. Laser diagram of synthesis of the
sensitive element of the sensor based
on a graphitized plate in
CVD-diamond

There is some methods of manufacturing radiation sen-

sors based on the graphitized areas [15].

They can include a method of local laser graphitization,

which is different from standard approaches by a high

synthesis rate, universality, manufacturability and a capa-

bility of flexible control of parameters [16]. This method

makes it possible to form lamellar graphitized structures

with a regular surface [15,16] with required electrophysical

properties.

In accordance with a principal diagram of local laser

modification, which is shown in Fig. 1, we have synthesized

the lamellar graphitized structures in a sample of synthetic

CVD-diamond of the size 5× 5× 1mm, which was pro-

vided by CG
”
Diamond Valley“ (the city of Karabanovo,

Russia).

CVD-diamond was exposed to pulse radiation of duration

of τ = 550 fs from an optical fiber laser Huaray with a

Gaussian beam profile at the wavelength of λ = 1.03µm.

A laser beam reflected from a narrow-band mirror was

vertically falling to an aspherical lens with the focal distance

of 4.5mm. Radiation was focused in a subsurface layer of

a diamond lower facet (the lattice plane (100)). Upward

motion of the source as well as horizontal displacement

(leftward-rightward) of the position table during exposure

made it possible to form the lamellar graphitized structures.

The focus was moved upwards at the speed of 1µm/s,

while values of the speed of table motion were from 20

to 200µm/s. A frequency of laser radiation pulses
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Figure 1. Diagram of laser modification of artificial diamond:

1 — a laser radiation source, 2 — CVD-diamond, 3 — a position

table, 4 — a direction of motion of the laser radiation source, 5 —
a direction of motion of the position table.

was 1 kHz, while pulse energy varied from 0.3 to 2.08µJ.

For the focused beam of the diameter of 1µm (by the level

of intensity 1/e2), the values of the energy flux density

ranged from 76 to 530 J/cm2.

The said values of parameters of the synthesis diagram

provided an excess of an optical breakdown threshold [17]
at the rear surface.

2. Investigation of structural specific
features of the graphitized lamellar
structures

Varying the parameters of an experimental diagram (the
speed of displacement of the position table and pulse

energy) made it possible to synthesized the graphitized

lamellar microstructures, extending a set of structures

with various (filamentary and narrow band-like) topological

specific features within a diamond volume [17,18]. Thus,

it can be stated that the parameters of the speed of

displacement of the position table and pulse energy are

governing parameters of the diagram of laser synthesis of

the graphitized lamellar areas in CVD-diamond.

Thus, based on the data shown in Fig. 2, it is possible

to estimate the influence of a value of pulse energy on the

structure of the graphitized lamellar areas. The value of laser

pulse energy E varied from 0.3 to 2.08µJ, when a value of

the speed of horizontal displacement of the position table

νx = 100µm/s, a repetition rate of laser pulses ν = 1 kHz

as well as a focus upward displacement speed νz = 1µm/s

were fixed.

It is obvious from Fig. 2 that as pulse energy increased, a

degree of filling of the graphitized lamellar area increased. A

number of diamond inclusions was decreasing. This nature

was matched with an increase of fractal dimensionality

calculated by a boxcounting method [19] in the MATLAB

environment (Fig. 3). The obtained dependence can be

approximated by a logarithmic function of the following

kind

D(E) = 0.0693 ln(E) + 1.8048, (1)

obtained by the least-square method realized in the MAT-

LAB environment.

The obtained values of the fractal dimensionalities con-

firm an increase of the area of the synthesized graphitized

lamellar areas and, consequently, development of their

surface.

Besides, as pulse energy increased there was observed

enhancement of a degree of cracking of the diamond

structure around the lamellar area. Boundaries have cracks

of the length of up to 10−15µm being formed.

Thus, obtaining well-formed homogeneous lamellar areas

requires to use quite powerful pulses taking into account

possible cracking at structure boundaries, when a distance

between adjacent samples shall exceed two crack lengths.

An increase of the speed of motion of the position table

affects a structure and topology of the lamellar structure

(Fig. 2, 4). When affecting by a pulse with relatively

high energy from our considered range (2.08µJ), with

an increase of the speed, samples with extensive diamond

inclusions are generated (Fig. 2 — the sample 1, Fig. 4, a).
In case of relatively low-energy effects (0.7, 0.3µJ), there
is generation of the lamellar structures with multiple fine

diamond inclusions, with a structure that can be represented

as multiple graphitized threads.

Phase transformations that are typical for laser-induced

graphitized lamellar structures were studied using Raman

scattering (RS) spectroscopy. RS spectra were measured

in back-scattering geometry in a mode of two-dimensional

point-to-point mapping by means of an RS spectroscopy

from an NTEGRA Spectra probe nanolaboratory (NT-MDT,

Russia). A radiation source was a laser with the wavelength

of 473 nm, the laser beam was focused by means of

a 100× lens with the numerical aperture N.A.= 0.7, and

a diffraction grating of 1800 strokes/mm was used in the

measurements. In the mapping mode, a scanning area

was a square with a side of 50µm, an interval between

adjacent points of the measurement was about 0.8µm, and

a point’s exposure time was 1000µs. Fig. 5 shows optical

images and maps of distribution of intensity of an RS-signal

for unmodified diamond and portions of the graphitized

structures (they correspond to the samples, whose images

are shown in Fig. 4), which go out to a diamond facet,

near which a process of bulk modification started, as well

as local-maximum-normalized RS-spectra corresponding to

various points (marked with digits on the distribution

maps and the optical images) of a modification area. We

have considered both points close to a diamond−graphite

interface (the points 1−3 in Fig. 5, a, the points 1, 2 in

Fig. 5, b) as well as points closer to the center (the point 3 in

Fig. 5, b, the points 2, 3 in Fig. 5, c) of the graphitization area

as well as points on narrow portions with predominance of

a diamond substance (the point 1 in Fig. 5, c).
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Figure 2. Optical images of the filamentary structures for various laser pulse energies E : 0.3 (1), 0.7 (2), 2.08 µJ (3).
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Figure 3. Dependence of fractal dimensionality D on laser pule

energy E for the structures shown in Fig. 2.

On the RS-signal intensity distribution maps, portions that

are red, yellow and green (high intensity) correspond to a

surface of laser-unmodified diamond. In this case, the RS-

spectra exhibit one intense narrow peak at ∼ 1332 cm−1

(not shown in the figure), which is a typical vibrational

mode of a diamond’s crystal lattice [20]. In case of

portions of the graphitized structures, which go out to a

diamond facet, near which a process of structure growth

in the volume started (the blue color in the intensity

distribution maps), wide peaks appear at ∼ 1350 cm−1 (a

”
disorder“ (D) peak related to disordering of the crystal

lattice) and at ∼ 1580 cm−1 (a
”
graphite“ (G) peak related

tensioning of C−C-bonds in graphite-like structures) [21].
At the same time, the peak at ∼ 1332 cm−1 can be retained

or totally absent (the digits denote the RS-spectra taken at

various points marked at the intensity distribution maps and

the optical images). When comparing the RS-spectra shown

in Fig. 5, one can notice certain differences in a shape of

the peaks and their intensity. It indicates a heterogeneous

nature of the formed structure that go out to the diamond

facet and, therefore, a partial or complete transition from

sp3-hybridization into sp2-hybridization under the effect of

laser radiation. The given wide peaks at 1580 cm−1 are

typical for ordered graphite, which makes it possible to

assume that a graphite phase can consist of quite big cluster

with limited damage of the crystal structure. A ratio of

intensities for the diamond and graphite peaks can be used

for estimating average sizes of the carbon cluster [22].
Intensity of the diamond peak in case of the modified

surface and intensity of the signal received from an initial

surfaced were compared to show reduction of intensity of

the diamond peak by about 50%.

All the three samples in Fig. 5 exhibited explicit peaks

at 1580 cm−1, which indicated that micromodified areas

(the points 2 and 3) had the graphitized structures formed.

In addition, the explicit peaks at 1320 cm−1 demonstrated

presence of the diamond phase at boundaries of the

graphitized areas. This pattern assumed that a bond sp3 is

transformed into a bond sp2 . Comparatively low intensity of

the peaks at 1320 cm−1 demonstrated presence of a mixed

phase of amorphous carbon at portions close to boundaries

of a laser effect area. Thus, Fig. 5, b, c for the points 1

shows cases of a low concentration of the mixed substance

and a higher concentration of the diamond component as

compared to the points 2 and 3 in the same figures.

Thus, controlling the synthesis parameters (pulse en-

ergy E , the speed of motion of the precision table νx ) makes

it possible to synthesize the samples with the developed

structure and the required properties.

3. Simulation of the structure of the
graphitized lamellar areas

In the first approximation, for selecting graphitization

models, we will apply an imitational phenomenological

approach [23] that makes it possible to describe the structure

of a real sample taking into consideration only basic defining

processes.
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Figure 4. Optical images of the lamellar structures, which are obtained at the various E and with varying the focus speed: a —
E = 2.08 µJ, νx = 20 µm/s (1), νx = 50 µm/s (2), νx = 200 µm/s (3); b — E = 07 µJ, νx = 20 µm/s (1), νx = 50 µm/s (2); c —
E = 03 µJ, νx = 20 µm/s (1), νx = 50 µm/s (2).

Dynamics of the laser modification process of artificial

diamond during synthesis of the graphitized area is studied

to demonstrate that the defining process is origination of

microcracks with many
”
activation centers“, which initiate

propagation of a thermo-stimulated graphitization wave into

a surrounding volume of diamond [24]. It is obvious that

a process of propagation of a thermal wave that causes

graphitization of areas in diamond is diffusional.

Thus, a first-approximation model describing the graphi-

tization process can be generally represented within the

framework of a diffusion equation [25,26] in a discrete

case taking into account thermal factors. In this regard,

the simulated system can be generally represented as a

solution of the Cauchy problem, wherein a model equation

is considered to be a two-dimensional diffusion equation

for concentrations of the graphitized substance u(x , y, t),
which is supplemented with an initial condition, i.e. an

initial concentration of the graphitized substance u:

∂

∂t
u(x , y, t) = ∇

(

d(x , y, t)1u(x , y, t)
)

, (2)

u(x , y, 0) = u0(x , y), (3)

where d(x , y, t) is a normalized diffusion constant.

The main model parameter that allowed taking into ac-

count thermal factors was the normalized diffusion constant.

The diffusion equation was considered in a discrete form

on a rectangular calculation area with a superimposed

uniform grid that was forming a cell system and was solved

using a cellular automaton [27] for a first-order Neumann

neighborhood (Fig. 6).
It was simulated in arbitrary units (a.u.). A discretized

model system was a set of cells with two states: the value 0

marked the free cell, so did 1 the graphitized cell. The initial

condition was a starting distribution of already graphitized

areas, which is represented by a straight line at a lower

boundary of the calculation area. The graphitized structure

was simulated during an iteration process of replacement of

one’s own state by the cells of the calculation area based on

a two-rule system. First of all, the current cell was changing

its state from the free to graphitized (from the marker 0

to 1) provided that its surrounding cells in the Neumann

neighborhood had been already graphitized. Secondly, this

state was replaced with probability typical for the cell in

question (s). This probability (s) meant a normalized

diffusion constant that depended on the temperature (T )
of the considered cell of the calculation area. Then s was

estimated as

s = γT/S, (4)

where S is an area of the calculation area, γ = 1/t is a scale

coefficient, t is a number of iterations.

Thus, the temperature relationship that depends on the

speed of motion and pulse energy makes it possible to carry

out a correspondence of parameters of the model and the

real laser diagram.

In the first approximation, this correspondence can be

realized, for example, based on solving a Rosenthal thermal

conductivity equation [28] taking into account average
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Figure 5. Optical images and maps of distribution of intensity of the RS-signal for unmodified diamond and the portions of the

graphitized structures, which go out to the diamond facet (the left fragments), the local-maximum-normalized RS-spectra (the right

fragments) corresponding to the various points (marked with digits on the RS-signal intensity distribution maps and the optical images) of

the modification area: the sample 1 in Fig. 4, a (a); the sample 1 in Fig. 4, b (b); the sample 1 in Fig. 4, c (c).
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Figure 6. Model of the graphitization area (a). Diagram of 1-N iteration: above — the marked system: 1 — a graphitized cell, 0 — a

free cell; below — the respective color marking; b — Neumann neighborhood.
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Figure 7. Models of side sections of the graphitized plates when varying the model parameters and at their relation with the experimental

ones: T = 5500 ◦C, s = 0.021, νx = 20 µm/s, E = 2.08 µJ (a); T = 4000 ◦C, s = 0.016, νx = 50 µm/s, E = 2.08 µJ (b); T = 4000 ◦C,

s = 0.016, νx = 20 µm/s, E = 0.3 µJ (c); T = 4000 ◦C, s = 0.016, νx = 50 µm/s, E = 0.3 µJ (d).
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Figure 8. Models of surfacing of the graphitized plate: a — for the case of low-energy effect, b — for the case of high-energy effect.
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Figure 9. Principal diagram of the eight-channel sensor surface for detecting the high-energy particles: a plan view (a), a side view:

L = 250 µm, H = 300 µm, d = 20 µm (b). The points A, B are energized.

power of a pulse source [29] as

s ∼ γ1E and s ∼ γ2 exp(−γ3νx ), (5)

where γ1, γ2, γ3 are coefficients of proportionality.

The proposed model was realized in the MATLAB

environment for the various temperature values in the

stationary case. Thus, graphitization was realized for

the temperatures 4000 ◦C−6000 ◦C [30]. Fig. 7, 8 shows

models for the various parameter ratios. Fig. 7 shows

a side view: Fig. 7, a, b corresponds to the higher-

energy effect for energy values from our considered range

(2.08µJ), so does Fig. 7, c, d to lower-energy effect therefor

(0.3µJ).
Fig. 8 shows models of surfacing of the graphitized

plates. A starting structure was selected to be a set of

lines (Fig. 8, a) or a line in the center (Fig. 8, b).
A transition to absolute units made it possible to

estimate sizes of model structures, which did not contradict

magnitudes of the real samples.

An error of simulation was estimated for the proposed

approximation by relating the fractal dimensionalities calcu-

lated by the boxcounting method. The error not exceed-

ing 8% was achieved, thereby indicating adequacy of the

proposed approximation. Thus, the correspondence of the

fractal dimensionalities of the models and the real samples

make it possible to hope for noncontradiction of their

electrophysical and optical functional properties [31–35].

4. Possible ways of using the
laser-induced graphitized structures in
CVD-diamond as sensor surfaces

The produced lamellar structures can be applied as sensor

elements for a diamond detector based on a principle with

buried laser-induced electrodes [36].
The diamond detector of ionizing radiation and elemen-

tary particles can operate according to this scheme [37].
In this detector, when hitting the sensor surface, the high-

energy β-particle generates a certain number of free carriers,

whose motion in the electric field forms an electric pulse.

Based on the system of the lamellar graphitized struc-

tures, a sensor surface with the buried electrodes was

realized and its diagram is shown in Fig. 9.

The buried electrodes were formed of periodic mutu-

ally parallel graphitized lamellar structures that surfaced

diamond. A distance between the graphitized plates

was 250µm, which made it possible to eliminate a possible

effect of cracking of the diamond structure and spurious

branches.

The graphitized structures were produced at pulse energy

E = 2.08µJ and at νx = 20µm/s. The said values of the

governing parameters made it possible to produce high-

quality samples with a regular structure.

The designed sensor surface was tested using a 90Sr β-

source that generated electrons with the maximum energy

of 2.28MeV.

In testing, odd and even rows were energized with

a different potential that created a space-periodic electric

field. Each high-energy β-particle passing through the sensor

surface generated free carriers that created the electric pulse

in the external circuit, which allowed measuring the total

induced charge. A particle flux was located in the center of

the sensor surface parallel to the buried electrodes.

Fig. 10 shows testing of the sensor surface. Fig. 10, a

demonstrate the number of recorded electric pulses in the

dependence on the charge corresponding to these pulses.

The said dependence is obtained as an average value of 4

and 5 tracks, which is approximated by splines in MATLAB.

The obtained dependence makes it possible to estimate

the most probable value of the collected charge as 1.78 fC

as well as efficiency of collection of generated free charge

carriers, which is determined by an average value of the

collected charge (2.25 fC).

In the first approximation, efficiency of charge collection

can be evaluated by a value of about 80%.

Fig. 10, b shows a dependence of the integral number

of electric pulses for the various channels of the sensors

structure on a direction of incidence of β-particles to the

detector, which is approximated by splines in MATLAB.
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Figure 10. Testing the sensor surface: a dependence of a number of recorded electric pulses on the total electrical charge corresponding

to these pulses (a), an integral number of electric pulses for the buried electrodes in a dependence on an angle of deviation of a trajectory

of β-particles from a vertical direction: 1 — the vertical direction, 2 — the deviation by the angle of 20◦ (b).

Thus, when a source axis was shifted, we observed a

change of the distribution. This specific feature paves the

way for using the sensor surface with the buried electrodes

as a detector designed to localize a source of ionizing

particles.

Conclusion

The laser effect on the samples of artificial diamonds al-

lows controllably forming the graphitized lamellar structures

with a quite developed surface, which are promising for use

in various applications, in particular, as the element base

for micro- and nano-electronics as well as when designing

high-sensitivity sensors and detectors of a various purpose

in a nanosensorics scale.

The diagram of synthesis of such graphitized diamond

configurations, which is proposed in the study, is aimed at

solving a task of a controllable method of laser induction

of the plate samples. Varying values of the basic governing

parameters of the used laser experimental diagram, such as

the speed of displacement of the position table, laser pulse

energy as well as the relationships between them makes

it possible to produced the graphitized structures in the

samples of artificial diamond with the required topological

characteristics and, therefore, the electrophysical and optical

characteristics governed thereby.

The proposed models of the structure of the graphitized

areas showed good adequacy in a diffusion approximation

and can be used for planning the experiments of controllable

laser synthesis of the samples of the graphitized structures

with the required properties. Thus, a relation of the

parameters of the model and the synthesis diagram is

arranged via a value of the system heating temperature,

while the fractal dimensionality defined during simulation

makes it possible to hope for similarity of the functional

characteristics (optical or electrophysical ones that depend

on the fractal dimensionality) of the model and the predicted

sample. For example, a value of electrical conductance,

whose estimation depends on a fractal dimensionality of a

sensor sensitive element, affects its sensitivity. Moreover, a

value of roughness of the sensitive elements also depends

on the fractal dimensionality and determines attachability of

molecules of the detected substance to the sensitive surface.

A prototype of the sensor surface was tested to show that

the systems of the lamellar structures can be successively

uses as the element base in radiation sensors.
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