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Investigation of laser processing of CVD diamonds
using 532 nm wavelength radiation

YU.V. NIKITYUK, E.B. SHERSHNEV, A.S. SOKOLOV, A.N. SERDYUKOV

A study has been conducted on the processing of CVD diamonds subjected to laser radiation at a wavelength
of 532 nm. The finite element method was employed to determine the geometric parameters of the craters
generated in the diamonds as a result of laser heating for three different processing scenarios: I — laser radiation
exposure along the second-order symmetry axis (L,), II — exposure along the third-order symmetry axis
(L3), and III — exposure along the fourth-order symmetry axis (L,). A numerical experiment was carried
out using laser power density, pulse duration, and laser beam cross-section radius as factors. The calculations
were performed for 125 factor combinations as per the numerical experiment design to ascertain the geometric
parameters of the laser-induced craters across the three CVD diamond processing scenarios. The finite element
calculations derived from the numerical experiment were used to develop neural network models for the
laser processing of CVD diamonds. The effective architectures of artificial neural networks for determining
the geometric parameters of laser-induced craters were identified using the TensorFlow library. The experimental
studies were conducted on the laser processing of CVD diamonds.
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BrimonHeHo nccnenoBanue npouecca 00padorkn CVD-anma30B mpu BO3JEHCTBHH JIA3€PHOTO U3ITyYEHUS
¢ AIMHOMN BOJHBI 532 HM. MeTOI0M KOHEYHBIX 3JIEMEHTOB ONPEEICHBl TEOMETPHUUECKIE TapaMeTPhl JTy-
HOK, (hopMHpyeMBbIe B ajMa3ax B pe3ysIbTaTe Ja3epHOro HarpeBa, JJIsl TPEeX pa3IM4HbIX BAPHAHTOB 00pa-
6oTku: I — pu BO3AEHCTBHUHM JTa3epHOT0 M3ITYYECHHUS BAOJIb OCH CUMMETpHH BToporo mopsaka (L), II —
MpY BO3JCUCTBUU JIA3€PHOTO M3IIyUEHHUsS BIIOJIb OCH CUMMETpUHU Tperbero mnopsaka (Ls;), III — mpu Bo3-
JIEHCTBUH JIA3€PHOTO M3ITyYCHUS BIOJIh OCH CHMMETPHH 4eTBepToro mopsaka (L,). [IpoBeneH uncieHHbIH
9KCIIEPUMEHT, B KOTOPOM B KauecTBe (pakTOPOB OBLIM MCIIOJIB30BaHbl INIOTHOCTh MOIIHOCTH JIA3€PHOTO
W3ITyYeHHUS, AIUTEIFHOCTh UMITYJIbCA, PaJlyC MOMEPEYHOTro CEUCHNUS Ja3epHOro Mmydyka. B cooTBeTcTBHH
C IUIAHOM YHCJICHHOTO SKCIIEPUMEHTA BBIMOJIHEHBI pacdeThl i 125 koMOuHaIui (akTOpoB ¢ onpeserne-
HHEM T'€OMETPHUYECKHX MapaMeTpOB JIa3ePHO-MHAYLMPOBAHHBIX JIYHOK JUIS TPEX BapHaHTOB OOPaOOTKH
CVD-anma30B. Pe3ynbpTaTel KOHEYHO-3IEMEHTHBIX PacueToOB, MOJIYYEHHBIE C HCIIOJIB30BaHUEM YHUCIICH-
HOTO IKCIIEPHMEHTA, UCIIONBE30BAaHbI ISl CO3/IaHUs HEHpOCETEBRIX Mojenel nazepHoit 0opadborku CVD-
anmazoB. C ucrnonbs3oBanueM oubimmnoreku TensorFlow onpezencHbl 3¢ GeKTHBHBIC apXUTEKTYPhI HCKYC-
CTBEHHBIX HEHPOHHBIX CETEH JUI ONPEEIICHUS] TEOMETPUIECKUX ITapAMETPOB JIA3ePHO-MHAYIIMPOBAHHBIX
JyHOK. [IpoBeneHbl SKCIIeprMeHTaNIbHBIE UCCIIe0BaHuUs JlazepHoit 00padoTkn CVD-anmasos.
KuroueBsle ciioBa: naszepHas oopadorka, CVD-ammazer, UTHH, ANSYS.

Introduction. The advancement of carbon material synthesis technologies has generated sig-
nificant interest in exploring the applications of these materials across diverse scientific and techno-
logical domains. Among these materials, CVD diamonds are particularly notable. Progress in dia-
mond growth technology using the CVD (chemical vapor deposition) method enables the creation
of various electronic devices and instruments. Currently, owing to their high thermal conductivity
and transparency over a broad spectral range, CVD diamonds are successfully used as output win-
dows for high-power lasers and sources of terahertz. However, alongside their advantages, CVD
diamonds present various limitations that impede their broader application. A notable limitation is
their significant hardness and chemical inertness, which poses challenges for processing using con-
ventional technologies. A crucial task is the investigation of efficient technologies for processing
CVD diamonds, with laser radiation being one of the most effective tools for this purpose [1]-[3], [4].

The authors have successfully employed finite element modeling and artificial neural net-
works to calculate temperature fields generated during laser processing of materials, including dia-
monds. In certain cases, a combination of artificial neural networks and the finite element method
has been used to model laser processing processes [5]-[13].
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This study presents the findings related to the prediction of parameters for laser-induced cra-
ters in CVD diamonds, using a blend of the finite element method and artificial neural networks.
The study also presents the results from experimental investigations into the laser processing of
CVD diamonds via radiation at a wavelength of 532 nm.

Neural network modeling of CVD diamond laser processing. The data for training and testing
the neural networks were derived from finite element calculations of the temperature fields created dur-
ing the laser processing of diamonds, employing the APDL programming language. A model compris-
ing 61,768 Solid70 elements was developed for the calculations, which were conducted for samples
configured as a rectangular parallelepiped with geometric dimensions of 200 x 200 x 300 um. The
properties of the diamond used for modeling were sourced from references [3], [5], [14].

The study employed a simplified scheme of diamond transformations during laser processing,
encompassing the subsequent stages: CVD diamond — phase transition — graphite — evaporation.
The onset of intense diamond graphitization is presumed to occur at a temperature of 2300 K. The
diamond — graphite phase transition was modeled through a cyclic verification of the condition that
the temperatures at the nodes of the finite element model reached the corresponding values. Once this
condition was met, the relevant model elements were assigned with the thermophysical properties of
graphite. During the graphitization of diamond, it is noted that the hexagonal planes of graphite de-

velop parallel to the (111) planes of diamond. The calculation of the crater geometries and tempera-
ture fields formed in CVD diamonds due to laser heating was performed for three different scenarios:
I — irradiation along the second-order symmetry axis (L»),
IT — irradiation along the third-order symmetry axis (L3),
IIT — irradiation along the fourth-order symmetry axis (L4).

Table 1 presents the parameters used for the finite element modeling of CVD diamond laser processing.

Table 1 — Parameters of laser impact on a CVD diamond

Parameter Range of values
Laser radiation power density, Py, 10> W/m® 3-3,5
Laser pulse duration, t, 10%s 3,54
Laser beam radius, R, 10° m 4-6

Figure 1 illustrates an example of the calculated shape of a laser-induced crater created by ir-
radiation along the second-order symmetry axis using the following processing parameters:
Po=3,5x10° W/m’, t=4x 10®s,R =5,5 x 10 m.

The calculations were performed for 125 combinations of input parameters, 10 of which were used
for testing the neural networks (see Table 2). Table 2 presents the input parameter L, which specifies the
order of the symmetry axis of the CVD diamond in relation to the direction of laser irradiation. The output
parameters were the width and depth of the laser-induced crater (denoted as Lx and Lz, respectively).

Figure 2 illustrates an evaluation of how the input parameters affect the output parameters.
The width of the laser-induced crater is most significantly affected by the laser beam radius and the

laser radiation power density, while its depth is substantially influenced by the laser radiation power
density and the laser pulse duration.

Figure 1 — Calculated crater morphology resulting from laser processing of a CVD diamond
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Table 2 — Test dataset

N Py, 10° W/m? t, 105 R, 10°™m L Lx, 10° m Lz, 10*m
1 3,2 3,8 5,0 4 3,5 1,50
2 3,1 3,6 5,0 2 3,0 1,40
3 3.4 3,9 45 4 3,5 1,55
4 3,5 3,9 5,0 3 3,5 1,60
5 3,5 3,9 4,0 3 2,5 1,55
6 3,5 3,9 6,0 4 5,0 1,60
7 33 3,6 55 3 4.0 1,50
8 33 3,6 6,0 2 45 1,50
9 3.4 3,7 5,0 3 3,5 1,55
10 3,4 3,8 6,0 3 45 1,55
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Figure 2 — Sensitivity diagram of the responses: P1 — Py, P2 —t,P3-R, P4 —L, P5-Lx,P6—Lz

Figures 3 and 4 demonstrate the dependencies of the laser-induced crater parameters on the
processing parameters.
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Figu.re 3= Dependence.ofthe laser-induced crater Figure 4 — Dependence of the laser-induced crater
width on the processing parameters R and Py depth on the processing parameters Py and t

The artificial neural networks with two hidden layers were constructed using the TensorFlow
library. The neural networks utilized the Adam optimizer, ReLU activation function, and MSE loss
function. The neural networks underwent training for a total of 200 epochs. As a result, 25 neural
networks were created with the number of neurons in the two hidden layers ranging from 10 to 50
in steps of 10. The evaluation of the neural network and regression models was performed using the
following metrics: Mean Absolute Error (MAE), Root Mean Square Error (RMSE), Mean Absolute
Percentage Error (MAPE), and the coefficient of determination R”.
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Figures 5—6 present heat maps showing the distribution of validation errors in determining the
geometric parameters of laser-induced craters during laser processing of CVD diamonds. The
vertical and horizontal axes represent the number of neurons in the first and second hidden layers of
the neural network, respectively. The color coding intensity indicates the magnitude of the error,
with a progression from light tones to dark tones indicating an increase in error magnitude.

. S 16
4.0 .

35 1 14

|39 - 12

20 10

20

nnl
30

nnl
30

2.5
-1.0

40
40
'

-2.0
-0.8

50
50

-15
10 20 10 40 50 10 20 30 40 50

nn2 nn2
Figure 5 — Heat map of the MAPE error Figure 6 — Heat map of the MAPE error
distribution for determining [.x distribution for determining L.z

The neural network with the [4-30-40-2] architecture exhibited the best performance in meas-
uring the width of laser-induced craters, whereas the neural network with the [4-10-40-2] architec-
ture achieved superior results in assessing their depth.

The evaluation results for the corresponding neural network models are detailed in Table 3.

Table 3 — Evaluation results of the neural network models

Criterion Lx Lz
RMSE 6,3% 10" m 1,5x10°m
MAE 48 % 10" m 1,1 x10°m
MAPE 0,96 % 0,68 %
R? 0,9922 0,9286

The evaluation outcomes of the resulting neural network models lead to the conclusion that
the results from neural network modeling must correspond to those of the finite element calculation.
This correspondence ensures the possibility of predicting laser processing regimes for diamonds
using a combination of the finite element method and artificial neural networks.

Experimental study of CVD diamond laser processing. The experimental work utilized di-
amonds synthesized by chemical vapor deposition from microwave plasma generated in an acety-
lene atmosphere at reduced pressure. The discharge was initiated with a microwave generator oper-
ating at a frequency of 2,45 GHz. The crystalline structure of the synthesized diamonds was con-
trolled by depositing catalytically active Ir/YSZ layers onto silicon substrates through the magne-
tron sputtering method [15]-[16].

Figure 7 presents the infrared absorption spectra of the CVD diamonds, obtained via Fourier
transform infrared (FTIR) spectroscopy using a Vertex-70 spectrophotometer (Bruker). The pre-
sented IR spectra exhibit characteristics typical of CVD diamonds. High transparency is observed in
the region of 4000-2700 cm™, which indicates a low impurity content. The main structure of the
spectrum is defined by an intense band in the range of 2700-1700 cm™, which is the intrinsic dia-
mond lattice absorption band. Below 1700 cm™, a sharp decrease in absorption intensity is ob-
served. The residual absorption in this region is due to defect-induced processes, which is typical
for the polycrystalline structure of CVD diamonds.
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Figure 7 — Absorption spectra of the CVD diamond samples

Figure 8 illustrates the Raman spectra of CVD diamonds obtained using a SENTERRA Ra-
man microscope (Bruker). Spectrum excitation was performed with 532 nm wavelength radiation at
a power of 20 mW. The spectra presented show features characteristic of polycrystalline diamonds:
an intense diamond peak of about 1330 cm™'; a broad band of about 1480 cm™; D- and G-peaks at
frequencies of 1350 cm™ and 1580 cm™, which are associated with the graphitic carbon phase.

Experimental investigations into the laser processing of CVD diamonds were conducted uti-
lizing an LS-2134Y YAG:Nd3" laser with electro-optical Q-switching and harmonic generation,
which converts 1064 nm radiation to a wavelength of 532 nm. The pulses ranged from one to three
in number, with each pulse delivering an energy of 20 mJ.
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Figure 8 — Raman spectra of the CVD diamond samples

Figure 9 shows the images of the craters formed on the surface of a CVD diamond under exposure
to laser radiation with a wavelength of 532 nm and a pulse energy of 20 mJ with different numbers of
pulses. The images were obtained using a VEGA II LSH model scanning electron microscope (SEM).
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Figure 9 — Images depicting the surface morphology of laser-induced craters formed in a CVD diamond
when subjected to 532 nm wavelength radiation with a pulse energy of 20 mJ for different numbers of pulses:
a) 1 pulse; b) 2 pulses; ¢) 3 pulses
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Photograph 9a depicts a crater resulting from a singular pulse. Minimal indentation and minor sur-
face changes are observed, indicating the initial stage of laser exposure. Photograph 9b illustrates a
crater following two pulses. A more pronounced indentation and the formation of a thermal affected
zone accompanied by microstructural changes are visible. Photograph 9c shows a crater after three puls-
es. The resulting crater is characterized by the greatest depth and a clearly defined laser ablation zone.

Conclusion. This study performed numerical modeling of the laser processing of CVD dia-
monds using 532 nm wavelength laser radiation. The finite element method was used to determine the
geometric parameters of laser-induced craters under irradiation along different crystallographic sym-
metry axes. A numerical experiment was performed for 125 combinations of input parameters, such
as power density, pulse duration, and laser beam radius, which enabled the generation of a dataset for
training and testing artificial neural networks. Neural network models with various architectures were
developed and evaluated using the TensorFlow library. The resulting neural network models demon-
strated a high degree of agreement with the finite element analysis results, as evidenced by high coef-
ficients of determination and low error levels. Experimental studies were conducted on crater for-
mation on the surface of CVD diamonds when subjected to 532 nm wavelength laser radiation.

Thus, the developed neural network models enable effective prediction of the geometric pa-
rameters of craters during laser processing of CVD diamonds, thereby facilitating future optimiza-
tion of the laser processing parameters for CVD diamonds using 532 nm wavelength radiation.
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