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ABSTRACT A model describing the graphitization of CVD diamond under the action of femtosecond laser radia-
tion is proposed. The model combines thermal and kinetic aspects, taking into account the phase transition of
diamond into graphite upon reaching critical conditions (temperature or charge carrier density). A mathematical
model of the temperature field for a laser source is presented taking into account the dependencies for enthalpy
and polarization. A mathematical model of the diamond-graphite phase transition under laser radiation is de-
veloped within the framework of the charge carrier density equation. The governing equations were presented
in finite-difference form and discretized using a five-point stencil on a uniform grid. The finite-difference equa-
tions were solved using the explicit Euler scheme. Numerical simulation of diamond graphitization allowed us
to estimate the key features of the initial stage of the process.

KEYWORDS modeling, graphitization, thermodynamic model of graphitization, numerical methods, phase tran-
sition.
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1. Introduction

Currently, materials based on artificial diamonds and their modifications can confidently be considered promising
for the implementation of the innovative element base of modern micro-nanoelectronics [1,2] and nanophotonics [3, 4]
devices, for example, detectors, quantum sensors [5—7], as well as components of small-sized lasers [8]. An important
aspect in the development and construction of such devices is the possibility of forming controlled electrically conductive
structures in a sample of synthetic diamond [9, 10].

One of the effective and universal methods that makes possible modification of the diamond structure in a given
direction and synthesis of sufficiently high-quality electrically conductive graphitized structures with a developed surface
is controlled local laser modification of the sample structure by inducing different configurations of inhomogeneities in
it [11, 12]. We implemented this local laser modification (the scheme is presented in section 2) and synthesized the
filamentous graphitized structures.

The analysis of the optical images of the samples we obtained showed that the laser-induced method of synthesizing
graphitized regions is controllable and allows us to form the required topological and structural characteristics of the
samples. These properties are influenced by a number of parameters of the experimental laser synthesis scheme: the
energy of the laser pulse and its duration, and others. The process of assessing the role and influence of these parameters
on the implemented configuration states of samples can be optimized by using the capabilities of mathematical/computer
modeling.

To date, there are a number of models describing the process of laser graphitization [13-19]. In particular, works
[13, 14] considered the model of temperature fields during laser processing of diamond crystals, taking into account
their graphitization, which was caused by the anisotropy of the thermophysical properties of graphite. In [15], a finite
element model using powder absorption theory was developed and implemented in the Ansys environment describing a
temporary change in diamond temperature during graphitization. In [16, 17], using molecular dynamic (MD) modeling,
graphitization of the CVD diamond surface was studied. In our previous works [18, 19], the fractal models of the first
approximation have been proposed to describe the growth of laser-induced graphitized structures formed taking into
account diamond microcracks. These models are implemented in the diffusion approximation within the framework of a
cellular automaton with a Neumann neighborhood. Thus, the models developed earlier are, to a certain extent, imitative
in nature and contain indirect connections of their parameters with real physical quantities involved in real synthesis,
and also do not take into account the entire set of physical processes occurring during laser graphitization. This article
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proposes an extended model of laser graphitization based on in-depth description of the thermodynamic processes of
laser graphitization, taking into account the diamond-graphite phase transition when a critical temperature and charge
carrier density are reached, which explicitly contains a large number of physical parameters related to the actual synthesis
scheme.

2. Description of the synthesis scheme of graphitized structures in CVD diamond and the physical processes of
their laser synthesis for modeling the structure of the modified region

According to the scheme shown in Fig. 1, we obtained various filamentous graphitized regions in CVD diamond.
The CVD diamond sample provided by Almaznaya Dolina Group was exposed to a femtosecond Yb:KGW laser system
(Avesta, Russia) at a wavelength of A = 1030 nm, pulse duration 7 = 500 fs, with an operating pulse repetition frequency
of 10 kHz with varying pulse energy E. A beam of a Gaussian profile with a radius of 5 microns was focused on the
near-surface layer of the lower face at a depth of 250 microns. The increase in energy in the pulse was accompanied by a
slight increase in the diameter of the obtained samples (u) (about 12-23 %), as well as an increase in the fractal dimension
(Dy) estimated by the boxcounting method [20].

A study of the dynamics of the process of laser modification of artificial diamond CVD diamond during the synthesis
of a graphitized region in it demonstrates that the defining process is the occurrence of microcracks with numerous “ac-
tivation centers” that initiate the propagation of a thermally stimulated graphitization wave into the surrounding diamond
volume [21]. Thus, it can be argued that the wave propagation process causing graphitization of regions in CVD diamond
is thermodynamic in nature.

During the laser exposure, a sufficiently powerful short laser pulse hit the diamond at a wavelength of 1030 nm.
Although an ideal diamond is transparent for this wavelength, energy was absorbed at defects (nitrogen vacancies) or
in high-intensity regions where diamond atoms were forced to absorb five photons at once. This process knocked out
electrons, creating high-energy free electrons. The electric field of the laser accelerated these electrons, causing avalanche
ionization: electrons collided with atoms, knocking out more and more electrons (this process was described by the
equation of dynamics of the concentration of charged carriers), and the concentration of high-energy electrons increased
exponentially. When the electron concentration (/V) or temperature (1) reached a critical value, the strong sp3 bonds
of diamond were destroyed, turning it into graphite. Thus, as soon as the first section of graphite appeared, it began to
actively absorb laser radiation, accelerating heating and ionization around it, thereby initiating graphitization of areas next
to it.

Thus, from the point of view of thermodynamics, the laser graphitization process can be considered as a three-stage
process. At the first stage, the diamond is heated to the temperature of the phase transition 7,.. At the second stage, a
phase transition is implemented at a constant temperature T = T,. At the third stage, graphite is heated after the phase
transition is completed.
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Graphitization occurs when the carrier density in a cell reaches a critical value sufficient for the diamond — graphite
phase transition. This is due to the fact that high concentration of hot electrons breaks the sp3 bonds of diamond, convert-
ing them into sp2 bonds of graphite. The carrier density increases due to carrier generation from two-photon absorption
in diamond due to defects and is further enhanced by avalanche ionization under the action of a laser field. When the
carrier density exceeds the critical value of V., the electron energy becomes sufficient to overcome the activation barrier
of the phase transition (analogous to the temperature of the 7, in the thermal model) [21]. Then you can set the matrix

o 0, diamond o . 0, N/} < N )
of phase composition as M = [ ””ﬂ = . It obeys the condition M Uml = , where 17,
1, graphite 1, Njiy > N,

7, L correspond to the numbers of spatial cells, and m corresponds to the discrete time t.

Thus, to model the structure of a graphitized region, it is necessary to describe the dynamics of thermal processes
(temperature field), as well as processes of changes in carrier density, the achievement of critical values of which leads
to a change of the phase composition. Fig. 3 shows a diagram of the processes taken into account when modeling the
graphitization process.
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F1G. 3. The physical processes taken into account in the graphitization model are: 1 —diamond heating:
an increase in the temperature of the heated area (7"), accompanied by an increase in carrier density ({V),
2 —reaching a critical temperature (1), reaching a critical carrier density (V)

3. Laser graphitization mathematical model description

The model of the temperature field during laser graphitization was represented by the thermal conductivity equations
for the diamond and graphite phases (equations 1,2), supplemented by initial and boundary conditions (ratio 6). The
equations of thermal conductivity are formulated in the stationary case, as well as taking into account assumptions for
thermally insulated boundaries (ratio 6), and also do not take into account heat transfer at the boundaries from graphite
and diamond sections.

The thermal conductivity equation for the diamond phase had the form [15]:

Pdcd% =V (kaVT) + Qs ey
where Q; = aq4(I) - I(x,y, z,t) [15] is a heat source defined by the spatial distribution of the laser pulse, ay(I) =
asI* + agef 1 is the nonlinear absorption coefficient and a5 ~ o5 is the diamond five-photon absorption coefficient, o is
the five photon absorption cross section and agef ~ 05pdef 1S the two-photon absorption at the color centers [23], where
Pdey is the defect density, kq(z,y, 2) is the thermal conductivity coefficient, ¢, is the diamond heat capacity, pq is the
diamond density.

Thus, equation (1) is the thermal conductivity equation for diamond, where the heat source is determined by two-
and five-photon absorption, with thermal conductivity and absorption coefficients taken from [23], taking into account the
high thermal conductivity of diamond (~2000 W/m-K).

The laser beam intensity (I) at depth z, in cylindrical coordinates, varied according to the following equations [23]:

(1—1’%)[[F(r’z)<1_62 U-R)z)=hO=R)I] diamond
I= 1) (1+B2(1—R)T-2)° 7 2
F(r,z)e%* —a,I, graphite




430 D. N. Bukharov, T. A. Khudaiberganov, A. O. Kucherik, S. M. Arakelian

where f(t) describes pulsed laser radiation, F (7, z) makes it possible to take into account the geometric divergence of the
beam, 3, is the two-photon absorption coefficient at the diamond color centers, R is the reflection coefficient, and «y is
the graphite absorption coefficient. The function that takes into account the geometric divergence of the beam looks like
€(=2(1+€) + 4?/up)
(1+¢2)°
2
focus was determined if { = 0), zy is the depth of focus, zp = L;UO is the Rayleigh length, » = /22 + y? is the radial

F(rz)=1

, where is the normalized by the Rayleigh length distance to the focal plane (the

2 2
distance, I, = I, <UEO)> exp (—(2> is the Gaussian beam intensity, w (z) = wg+/1 + £2 is the beam radius.
wiz w (2

Pulsed laser radiation is described using the modulation of the radiation intensity by the function [24]:

(trel - T/ 2)2
f(t) exp < 9 (7—/2_35)2 ) (@ (trel) e (trel T)) ) 3)
where O is the Heaviside function.

The first multiplier sets the Gaussian pulse profile with the pulse duration 7 and the Gaussian profile width 7/3,
where t,..; = t — |t/At] is the the time relative to the start of the current pulse. At is the time interval between pulses,
|t/At] is the integer part function that returns the index of the current pulse, determining which pulse time ¢ belongs to.
The second multiplier is the window that limits the t,..; time to the half interval [t,¢; — T, trer)-

Thus, equation (2) takes into account the Gaussian beam profile, geometric divergence, and absorption, which is
physically justified by the need to describe the local energy distribution in the material.

The thermal conductivity equation for the graphite phase has the form [15]:

or
pocr =V (kVT) + Q1 “

where Q; = ay(I) - I(z,y, z,t) [15] is the heat source, « is the graphite absorption coefficient, exponentially dependent
on temperature, kg is the graphite thermal conductivity coefficient ¢4 is the graphite heat capacity, pg is the graphite
density.

Equation (4) extends the thermal conductivity model to graphite. The diamond-graphite phase transition critical
temperature 7 is determined from the condition: AG(T,) = 1273 + 4.647T [25], where G = H — T'S + G4 [25] is the
Gibbs energy, G4 is the defects Gibbs energy, at the same time AGy = ypg4 [26], 7y is the defects energy, pq is the defects
density, H is the enthalpy, .S is the entropy. Thus, we can assume that 7, = 2000 K [27].

Equations 1-4 are supplemented with the initial conditions:

T(xvyazvo):TO' (5)

Conditions of the second kind are set at the lateral and lower boundaries of the design area, taking into account that they
are thermally insulated:
or (0Q)=0 (6)
n -
where 0f2 is the boundary of the region, and n is the normal to the boundary.
The enthalpy (H) equation allowes us to naturally take into account the latent heat of the phase transition and has the
form [28]:
oH
5 KV?H + Q, 7
where « is the thermal conductivity.
Temperature is related to enthalpy by the relation [29]:
H H
DU — < T(:
PdCd PdCd
T=4q T,, H<pgcT +pq® ®)

H — T, ) .
Ter + (pacaTer + pa ), graphite

PgCqg

where @ is the latent heat of the phase transition.

The enthalpy is a function of energy which allowes us to simulate a phase transition without an obvious discontinuity
in temperature 7.

Equation (8) includes the latent heat of the diamond-graphite phase transition, determining the energy barrier for
breaking sp3 bonds and forming sp2 bonds. The diamond-graphite transition is modeled using critical parameters (7,
N.), which is associated with the breaking of sp3 bonds and the formation of sp2 bonds at high temperatures and carrier
densities.
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The heat source is determined by the intensity of the laser radiation in the volume of the material and the absorption

) (212, diamond . .
coefficient: Q = , Where (35 is the two-photon coefficient.

agl, graphite
To describe the generation and dynamics of hot electrons, Fick’s equation for the number of charge carriers IV is
used, which took into account their diffusion, laser generation, and recombination, but without taking into account the
polarization. The exclusion of the polarization dynamics equation from the system of equations is justified by the use of
a quasi-static (adiabatic) approximation. The physical basis of this approach lies in a significant difference in time scales:
the time to establish electronic polarization in diamond is orders of magnitude shorter than both the duration of the laser
pulses we use and the characteristic carrier recombination time.
This allows us to assume that the response of the medium to the laser field is inertia-free.
The equation for the carrier density has the form [30]:
ON 9
W_DN(M)V N:G(M)_VTL(M)Nv 9
where D is the carrier diffusion coefficient, which differs for diamond and graphite, G is the phase-dependent carrier
generation rate, -y, is the carrier recombination rate, respectively.
Equation (9) describes the dynamics of the charge carrier density taking into account carrier generation by two-photon
absorption and avalanche ionization, as well as the recombination with a typical time of ~10712 s. It is supplemented by
a boundary condition:

N (99) = 0. (10)

The model’s equations are related through the laser intensity, which controls thermal processes and carrier generation,
with physical parameters (absorption coefficients, heat capacity, diffusion).

The model has the following assumptions and simplifications:
1. Five-photon absorption contributes only at high laser intensities;
2. In equation (7), the latent heat of the diamond-graphite phase transition is approximated by a piecewise linear function,
which is justified by the need to ensure energy continuity during the transition of sp3—sp2 bonds and simplify numerical
calculations while maintaining physical accuracy;
3. Equations (1) and (4) assume homogeneous thermal and optical properties of diamond and graphite (thermal conductiv-
ity ~2000 W/m-K for diamond, ~100 W/m-K for graphite), which can be justified by the fact that local inhomogeneities
in CVD diamond are minimal at the considered laser focus scales.

Thus, the equations, initial and boundary conditions (1)—(10) formed a mathematical model of laser graphitization.

4. Description of the numerical model of laser graphitization

The model equations are considered on a three-dimensional computational domain. The computational domain on
which the equations of the mathematical model of the temperature field were discretized represented a rectangular paral-
lelepiped with sides of lengths L, Ly, L., respectively. A uniform spatial grid consisting of N, = N, = N, cells, which

. . L, . . . .
were cubes with a side A = Fx’ is superimposed on the calculated area. Thus, the value A determines the spatial

integration step. The laser beam giCs focused into a central cell with coordinates (i, jc, k.). The time integration step is
constant A taking into account that all properties and parameters of the system remains constant during this time interval.
Then the time t elapsed over m iterations is defined as ¢,,, = Aym.

The equation describing the temperature field is represented in matrix form as T" = [ []”l] . It is reduced to a recurrent
matrix equation T = [T77}], where 4, j, | were spatial indexes (i = 1,...Ng, j = 1,...N,, | = 1,...N.), and m is the
iteration number, which has the form:

A
T =T = (RLT™ 4 Q™) (1)
PCp
where T™ = [ [j”l] is the temperature matrix after m iterations, A, is the time step, p is the density, ¢, is the specific
heat, & is the thermal conductivity, L is the discrete Laplace operator, Q™ = [ ;}ﬂ is the matrix of the heat source.
The discrete Laplace operator based on a five-point pattern is implemented [31]:

™y, T 50— 207, + 10 5, T, =205, + 15, T — 2005, + 1075 1
( )ijl - A2 + A2 + A2 ) (12)

The enthalpy matrix H™ = [H Z;lz] after m iterations is calculated based on the equation:

H™ = g™ 4+ Ay (ELT™ + Q™). (13)
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For the discrete case, the carrier concentration is set by a matrix with matrix elements corresponding to the carrier
density N™ = [N/7;] determined on the basis of the equation

NmtL _ Nm
1,7, %,7,l m m m m m m

7At - DN(Mi,j,l)LNi,j,l = Gi,j,l(Mi,j,l) - %(Mi,j,l)Ni,j,la (14)

(LN™),., = Nty = 2N+ Nty N N = 2N + NG N NG = 2N + Nitb (15)
ijl = A2 A2 A2 :
B2 N di d
, diamon . .

The rate of the carrier generation has the form: G = 2hw , where NN is the concentration of defects

NunE,., graphite

(nitrogen vacancies); E. = v/I(x,y, z,t) exp(iwt) is the field in the diamond, % is the reduced Plank constant, f,, is the
mobility of electrons, w is the frequency of laser radiation.

5. Laser graphitization modeling results

The numerical model is implemented in Python using the JAX library for efficient GPU calculations [32]. 64-bit
precision is used for all calculations. Vectorized operations using vmmap and automatic compilation (jit) of critical
code sections are used to speed up calculations [32]. The Euler method of the first order is used to solve differential
equations [33].

The main physical parameters of the model describing the diamond-graphite system has the following values: the dif-

. . . 5 x 10*3, diamond 9 o
fusion coefficient of charge carriers Dy = (m~/s) [34,35], the rate of recombination of charge

1 x 10~%, graphite

1 x 10°, diamond 2000, diamond

carriers vy, = (s_l) [34, 36], the coefficient of thermal conductivity k =
1 x 10!, graphite 100, graphite
) 3510, diamond 3 ) ) 509, diamond
W/(m-K) [37,38], the density p = (kg/m”) [37,38], the specific heat capacity cp =
2250, graphite 710, graphite

J/(kg-K) [36, 39], the specific heat of the phase transition $=1.2x 10° J/kg [40], the two-photon absorption coefficient
as=4x10"1 m/W [41], the linear absorption coefficient in graphite ag=1x 10° m~! [42], the group refractive index
2.4, diamond
Ng = [43,44].
2.6, graphite

The simulation was performed for a laser system operating in pulsed mode at a wavelength of A = 1030 - 10~ m,
generating 100 pulses with an intensity of I = 10'2 W/m?, a pulse duration of 500-10~'%s, an interval between pulses
At = 10~'2 s and a beam radius of wy = 5 microns, which focused on depth d = 250 microns. The reflection coefficient
at the boundary (R) was assumed to be 0.2 The lengths of the sides of the calculated area were assumed to be L,= 500
microns, L, = L, = 200 microns, the number of nodes of the spatial grid was assumed to be N, = N, = 60, N, = 120.
The simulation time was 0.1 s, which corresponded to the time of real graphitization [18]. The simulation time step was
10712 s, the value of which guaranteed the stability of the applied explicit difference scheme for solving model equations.
The threshold temperature of the diamond-graphite phase transition was assumed to be 7. = 2000.0 K. The threshold
carrier density for graphitization was estimated as N, = 10** m®. The initial temperature of the system was assumed
to be Ty = 300 K. The initial fraction of graphite was estimated to be 1 %. At the initialization stage of the model, the
distribution of the initial graphite clusters, which initiated the graphitization process, was placed in the computational
domain.

Figure 4 shows typical simulation results of the above parameters in the form of two-dimensional sections of the
computational domain.

Numerical modeling of diamond graphitization in the range of 0.1 microseconds revealed the key features of the initial
stage of the process. Initially, a system of defects was located in the design area, pressed down by graphite filaments with a
radius of 0.2 microns, oriented from the surface to the focal plane (Fig. 4a). Laser radiation initiated the growth of charge
carriers in the graphite phase, and when the N, threshold is exceeded (Fig. 1b), the graphite phase begins to expand on
the surface of the filaments due to the avalanche ionization mechanism. After pulsed laser exposure (Fig. 4b) graphite
filaments merge, and the graphite phase exhibits growth unrelated to the temperature gradient, spreading transversely
perpendicular to the direction of the laser radiation (Fig. 4d).

The fractal dimension was estimated for the model sample from Fig. 4b. The boxcounting method was used for
evaluation [20]. The value of the fractal dimension was 1.26.

Figure 5 shows a simulation of the graphite fraction over time for different parameters of the laser system for 100
pulses and varying the maximum laser intensity (/;,ax ), as well as the beam radius (w).
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FIG. 4. Graphitization modeling results: of the graphite phase initial distribution (a); distribution of the
graphite phase after exposure to pulsed laser radiation (b); distribution of charge carriers after exposure
to pulsed laser radiation (c); temperature map after exposure to pulsed laser radiation (d)
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FIG. 5. The modeled dependence of the graphite fraction on time: I = 102 W/m?, w = 2 um (1),
Imax = 1012 W/m?, w = 5 um (2), Ipax = 102 W/m?, w = 10 um (3), Iypax = 0.5 - 10*2 W/m?,
w =2 pm (4), Imax = 0.5 - 102 W/m?, w = 5 um (5), Iax = 0.5 - 102 W/m?, w = 10 um (6),
Imax = 2102 W/m?, w = 2 pm (7), Inax = 2 - 102 W/m?, w = 5 yum (8), Imax = 2 - 1012 W/m?,
w = 10 pm (9)
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F1G. 6. The modeled average graphitization rate for calculation from Fig. 4

The simulation showed that before reaching the 7. temperature, the growth rate of the graphite phase is proportional
to time (¢). This fact indicates the predominance of avalanche ionization, when graphite grows in length and width, the
rate of the graphite phase slows down significantly (see Fig. 5, Graphs 1-6). At T > T, the growth of the graphite phase
accelerates, following a new dynamic ~ v/t (see Fig. 5, Graphs 7, 8 and 9).

After a time interval of about 700 ps, the graphite fraction is saturated and all dependencies are stabilized. This
behavior corresponds to the steady-state mode for graphitization rate. Fig. 6 shows an average model estimate of the
graphitization rate for calculation from Fig. 4.

To assess the adequacy of the proposed model approximation, the relative modeling error was estimated as the dif-
ference between the fractal dimensions for the model sample (Fig. 4) and the average fractal dimension of the samples
obtained as a result of laser synthesis (Fig. 2). The value obtained did not exceed 2.34 %, which indicated that the
proposed approximation was well adequate. In addition, the modeled dependences on the growth of graphitized struc-
tures and the graphitization rate at a qualitative level correspond to similar dependences obtained by us using other laser
schemes [18,19,45] as well as by other scientific groups [11,46,47], whose results are presented in the scientific literature.

6. Conclusion

Numerical modeling of diamond graphitization using the proposed model makes it possible to evaluate the key fea-
tures of the initial stage of the CVD diamond micromodification process.

The presented model takes into account the physical processes that determine laser graphitization, such as laser
heating, accompanied by a change in the density of high-energy free electrons, leading to the diamond-graphite phase
transition. The model takes into account the real physical parameters of the laser synthesis scheme of graphitized struc-
tures, as well as the properties of real samples, such as fractal dimension, which form a connection with the real scheme of
micromodification of CVD diamond. The considered model approximation is adequate for describing the process of laser
graphitization of diamond, as evidenced by the relative error of the model, which does not exceed 10%. The proposed
model allows the evaluation of its results with the results of real laser synthesis by estimating the values of fractal dimen-
sions. The similarity of the fractal dimensions of the model and the sample will allow us to hope for a similar similarity
of functional, topology-related properties (optical, electrophysical [48,49]) of real samples and the models proposed for
them. In this regard, such a model approximation has the prospect of being used as a tool for predicting the features of the
images of graphitized areas of CVD diamond before their actual synthesis, which will reduce the time and financial costs
of experimental studies of the micromodification process of artificial diamonds.
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