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In this paper, we have researched the fs laser induced the phase transition in the normal grade single crystal
diamond plates. The results show that the optical properties and electric properties of the irradiated region
closely relate to the degree of the phase transition. We have succeeded in fabricating the optical gratings on the
surface and inside of the diamond plates even though only partial material in the irradiated region phase-
transforms from single crystal phase to amorphous phase. The gratings can be used as terahertz polarizers
likewise. The modulation depths are 53% at 1.6 THz and 40% at 2.52 THz, which can be further improved by

optimizing the fabrication parameters and the fill factors of gratings. We have also fabricated the electric wire on
the surface of the normal grade diamond plate.

1. Introduction

Diamond has unique mechanical, thermal, chemical and optical
properties that make it attract great interest in many applications
[1,2,3]. Diamond material is difficult to process in the traditional way,
so that pulse lasers become a suitable tool [4,5]. Nitrogen-vacancy de-
fects in diamond can produced by 1 kHz, 226 nm [6] and 1 kHz, 790 nm
[7] femtosecond laser. The polycrystalline diamond photonic wave-
guides can be realized by femtosecond laser lithography [8]. Pulse lasers
can easily induce a diamond to graphite or amorphous carbon phase
transition in the irradiated micrometer region in a single crystal dia-
mond film or plate [9]. The electrodes have been fabricated on single
crystal CVD diamond so called electronic grade diamond with the ni-
trogen content at the level of below 5 ppb by nanosecond pulse laser
[10] and below 0.05 ppm by femtosecond pulse laser [11]. The micro-
meter electric wires have been written inside single crystal diamond film
by 1 kHz, 800 nm, 100 fs Ti:sapphire laser [12].

A metal grating can be used as terahertz (THz) wave polarizer,[13]
which can be fabricated by many methods, for examples, photolithog-
raphy and wet etching,[13] nanoimprint technology [14] and femto-
second laser additive manufacture [15]. The THz wave modulation
devices made of diamond have been rarely reported,[16] partly because
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the above-mentioned studies were always employed by using low
repetition pulse laser with low scanning velocity inside expensive high
purity diamond samples. This impedes practical applications of diamond
devices due to low processing speed and high price.

In this paper, we studied the laser-induced phase transitions of
relatively cheap diamond plates with the nitrogen content of 50 ppm by
employing high repetition femtosecond fiber laser. The transmittance of
the irradiated area in visible wavelength range always changes largely
whatever the phase transition is complete or not. So we can freely
fabricate the optical devices made of single crystal diamond plates. We
have succeeded in fabricating the gratings both on the diamond surface
and inside of the diamond plates. The experimental results show that the
total diffraction coefficients are almost no difference between using the
surface grating and using the inner grating. However, the electric
properties are very sensitive to the degree of the phase transition and
only completely amorphous carbon phase can provide a high conduc-
tivity in a 2 mm-long micrometer wire. Beyond our expected, the ter-
ahertz polarizer with the modulation depth of more than 53% at 1.6 THz
can be also obtained even though the phase transition is not complete
and electric conductivity is much less than the value of the electric wire.
Our experimental results have demonstrated that the high repetition
femtosecond laser is a powerful tool to fabricate electromagnetic wave
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elements in single crystal diamond at a relatively high speed.
2. The experimental setup

The experimental setup for femtosecond laser fabrication is shown in
Fig. 1. The laser system was a homemade 1040 nm, 500 kHz, 270 fs, 2 W
Yb-doped photonic crystal fiber amplifier. The lenses of L1 and L2 were
used to enlarge the beam diameter and minimize the angle of diver-
gence. The focus length of L1 is 40 mm and that of L2 is 80 mm. Through
them the 1/e? spot diameter is about 2.8 mm. An objective lens (NA =
0.4) was used to focus the laser pulses on the sample, which was placed
on a computer-controlled 3D translation table. A confocal microscope
was used to monitor the real-time manufacturing process. The model of
the 3D stage is Newport ESP300 and the minimum moving distance is
0.1pm.

The primary samples are the single crystal diamond plates (type 2a)
synthesised by microwave plasma assisted chemical vapor deposition
(MPCVD), which is provided by Carbon Six Science and Technology Co.,
Ltd., China. The primary samples used in our experiments are normal
grade of single crystal diamond with the nitrogen content of 30-50 ppm.
The cross section is 3mm x 3mm and the thickness is 0.3 mm. The pri-
mary samples are colorless and transparent in the whole visible range.
The total transmittance of a 0.3 mm-thick plate at 633 nm is about 72%
including the loss of surface reflections. The phase transition of the
irradiated regions were studied by Raman spectrometer (RENISHAW-
inVia).

3. The studies of the phase transitions

The optical properties of a diamond plate are sensitive to the
chemical bonds and only single crystal diamond with pure sp® bonds can
be transparent in very wide range, including the visible, infrared and
terahertz wavelength. The melting and resolidification process induced
by the ns laser [17] or the fs laser [12] can result in the generation of a
great deal of sp? bonds and the transformation from the single crystal
phase to amorphous carbon phase in the laser-irradiated region. Fig. 2
shows the microscope images of separated lines written with three
typical parameters (see Table 1). The laser power of several tens milli-
watt was just beyond the threshold of the phase transition for obtaining
the minimum line width. For the typical scan velocity of 1 mm/s, more
than 200 pulses were deposited on one point.

As Fig. 2 shows, the optical properties of the fabricated regions are
sensitive to the processing parameters in the case of the low power. All
three samples change color after the laser fabrication but the gray levels
of three samples are obviously different. The line fabricated on the
surface of the diamond plate looks light black and the line inside seems a
little lighter than the surface line. The color of Sample black becomes
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Fig. 2. The separated lines fabricated at different parameters. (a) Sample sur-
face, (b) Sample inner, (c) Sample black.
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Table 1
Separated lines fabricated with different parameters, the depth is calculated
with the refractive index of 2.4.

Sample name Laser power Scan velocity Times Position
surface 50 mW 1 mm/s 1 on surfae
inner 55 mW 1 mm/s 1 120 pm depth
black 150 mW 0.1 mm/s 3 on surface

dark black since the line was scanned three times by the laser. The color
variations of three samples illustrate that the phase transition is strongly
influenced by the fabrication condition, not only usual parameters such
as laser power and scanning velocity, but also the scanning times and the
depth of the irradiated region, especially when we minimized the laser
power.

Raman spectroscopy is most sensitive to highly symmetric covalent
bonds with little or no natural dipole moment, for examples, the car-
bon-carbon bonds in single crystal diamond, graphite and amorphous
carbon. It can provide a wealth of information about their structure and
the phase transition. We measured the Raman spectra of the primary
diamond plate and above-mentioned three samples excited by a 532 nm
laser with 0.5% percent of power.

The summary of Raman spectra in the range of 200 to 3500 cm ™! is
shown in Fig. 3 and the below-discussed peaks are labeled with the peak
positions. A single sharp peak at 1332 cm™! corresponding to the vi-
bration of the sp® diamond lattice. The so-called G band, which lies at
around 1560 cm™! for amorphous carbon,[18] is due to the graphiti-
zation sp? bonds. A wide G band always occurs in the Raman spectra
curves of all fabricated samples but the peak positions are a little
different. This demonstrates that the laser fabrication process always
leads to some degree of the phase transition from single crystal diamond
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Fig. 1. The femtosecond laser micro-manufacturing system. LED: light emitting diode, CCD: coupled charge devices, PBS: polarization beam splitter, OL: objective

lens, 3D stage: three-dimensional translation stage.
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Fig. 3. The summary of Raman spectra of the primary sample and three typical
fabricated samples.

phase to graphite phase or amorphous carbon phase. The wide band
with a high peak at around 3119 cm™! is due to the nitrogen and
hydrogen impurities, and the intensity of this band is proportional to the
nitrogen content [19]. Comparing the Raman spectra of Sample inner
(the blue line) with others, the laser-induced phase transition inside the
diamond plate is more difficult than on the surface mainly due to the
high pressure. The existence of nitrogen atoms may also have some in-
fluence on the difficulty of the phase transition.

To focus on the variation of the C-C bonds, the Raman spectra in the
region of 1100 to 1600 cm™! are fitted with Gaussian curves. The pri-
mary sample consists of highly uniform C-C bonds in a tetrahedral
crystal structure, so that a separate sharp peak at 1331.9 em ! s
observed in its Raman spectra (see Fig. 4), which is assigned to the long-
range order sp® bonds of a single crystal diamond [19]. The fitting curve
gives that the full width at half maximum (FWHM) of the sharp peak is
4.79 em ™! for the primary sample with the nitrogen content of 30-50
ppm. Near this sharp peak, there is a wide band with the peak at 1421
cm ™}, which is assigned to the distorted sp® bonds caused by hydrogen
defects [19,20]. The G band does not exist in the Raman spectra of the
primary sample. It means that the sample is single crystal diamond and
there are no sp? bonds at all.

Fig. 5 shows the Raman spectra of Sample surface. The great change
of the Raman spectra of Sample surface is the occurrence of a high, wide
G band with the peak at 1570 cm ™, which shows the phase transition
from single crystal phase to graphite phase or amorphous carbon phase
with the generation of a great deal of sp?> bonds. There is a broad
shoulder at 1000 to 1500 cm™* containing the D band. If ignoring the
sharp sp® peak in Fig. 5, the Raman curve of Sample surface is a typical
Raman spectra of amorphous carbons with both the distorted sp® and sp?
bonds without long range order [21,22,23]. The curve shape depends on
the local structures of these sp? and sp® bonds [22]. The area ratio of the
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Fig. 4. The Raman spectra of the primary sample with curve fitting results.
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Fig. 5. The Raman spectra of Sample surface with curve fitting results.

G band sp? bonds is 39%.

The sharp peak of the sp® bonds also occurs in the Raman curve but
the peak position shows a little red shift, from 1331.9 cm ™! to 1330.89
cm~!. The FWHM of this peak drops to 3.33 cm ™. The downshift of the
peak suggests that the lattice stress changes after the phase transition.
The existence of this sharp peak, which is attributed to the long range
order sp® bonds, illustrates that the phase transition of the irradiated
region is incomplete or nonuniform, namely, there is still part material
in the form of single crystalline phase.

As well, the band above 3000 cm ™' almost disappears (see the red
line in Fig. 3). There are many explanations, for examples, the decrease
of the nitrogen content due to ultrafast annealing caused by high repe-
tition fs laser, the H- or O-terminated sample, and the nitrogen atoms
become interstitial atoms but the Raman spectra depends on the bonds.
We are not sure which one is right or major due to limited measurement
technologies. We didn’t try to find and discuss the dynamics about the
nitrogen atoms in this paper since it is beyond our purpose and it has no
influence on our conclusions.

Sample black has been scanned three times at much slow velocity
and its Raman spectra varies evidently. The sharp peak of the sp® bonds
totally vanishes and the long range order of C-C bonds is lost, as Fig. 6
shows. The Raman curve only contains the wide G band with the peak at
1549.89 cm™! and the wide shoulder from 1000 to 1500 cm™! con-
taining the D band. The area ratio of the G band sp? bonds is 59%. The
phase transition becomes uniform and the color of the fabricated region
displays dark black. In next section we will show how important the
disappearance of the sharp peak of the sp® bonds is to fabricate a
micrometer electric wire.

The phase transition becomes as well as different when the fabricated
region is inside the diamond plate because the phase transition takes
place in a high pressure condition. As Fig. 7 (a) shows, the G band still
occurs and the peak position is 1543.51 em™}, buta separate, high, and
sharp peak of sp® bonds displays that the phase transition is much
inhibited in this situation. A high proportion of the bonds of the material
in the fabricated region remains the long range order sp® bonds as in the
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Fig. 6. The Raman spectra of Sample black and the fitting curves.
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Fig. 7. The Raman spectra of Sample inner and the fitting curves.

single crystal diamond lattice. The area ratio of the G band sp? bonds is
24%.

For the inside fabrication, the N atoms can change their positions at
high pressure, so that a portion of the C-N bonds varies the properties
accordingly. It results in that the new bands containing a high peak at
1063.06 cm™! occur in the Raman spectra as the blue line in Fig. 3
shows. These additive bands are assigned to the C-N bond when the
nitrogen atom does not exist in the form of N-V centers [19,20]. This also
causes the variations of the FWHM and the position of the sharp peak of
the sp® bonds in Fig. 7. The FWHM becomes 4.84 cm ™, which is very
close to that of the primary sample, 4.79 cm ™}, and the peak position
becomes 1331.24 cm™!, which is larger than that of Sample surface,
1330.89 cm™! and smaller than that of the primary sample, 1331.89
cm ™. The position and the FWHM of this sharp sp® peak are directly
influenced by the lattice stress. They also contain the information on the
nitrogen content and the properties of the C-N bonds.[24]

In summary, the phase transition is incomplete in the case of single
scanning. For obtaining the complete amorphous carbon phase the
multi-scanning is necessary when keeping the laser power low for a
narrow line width. In next section, our experimental results show that
the completeness of the phase transition is not a impediment factor for
fabricating electromagnetic wave devices, whatever a optical grating or
a THz grating polarizer. But, for obtaining a electric wire with high
electric conductivity, we do need to the complete phase transition
indicated by the removal of the sharp peak of the sp® bonds in the Raman
spectra because it will retard the drift motion of free electrons through
the whole wire.

4. Fabricating the optical grating, the micrometer electric wire
and the THz wave polarizer

We processed gratings on the surface and inside of the diamond
plates at the velocity of 1 mm/s. The grating periods are listed in Table 2.
All samples were cleaned in the ultrasonic cleaning bath of acetone
solution before the scanning electron microscope (SEM) and diffraction
experiments. Fig. 8 (a) displays the SEM image of the grating on the
surface and Fig. 8 (b) shows the optical microscope image of the grating
inside the substrate. The lines are straight and the edges of the lines are
very abrupt for both the surface grating and the inside grating. The line

Table 2
List gratings on the surface and inside of diamond.

Sample name laser power Grating period Position

s-10 50 mW 10 pm on the surface
s-20 50 mW 20 pm on the surface
s-40 50 mW 40 pm on the surface
i-4 55 mW 4 pm 120 pm depth
i-10 55 mW 10 pm 120 pm depth
i-20 55 mW 20 pm 120 pm depth
i-40 55 mW 40 pm 120 pm depth
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widths of the surface gratings are about 3 pm and those of the inner
gratings look similar.

To evaluate the optical properties of the fabricated grating, we per-
formed optical diffraction experiments with a He-Ne laser. A 632.8 nm
laser was vertically incident on the gratings. A camera was used to re-
cord the diffraction patterns on the wall behind the samples. The
diffraction angles were measured and the grating period can be calcu-
lated. The calculated period of each grating is exactly the same as the
line spacing of the laser scanning. Fig. 9 (a) and (b) show the diffraction
patterns of two gratings with the same period of 10 pm, one is fabricated
on the surface and another inside of the diamond plate. The diffraction
patterns are exactly alike. Fig. 9 (c) shows the dispersion spectra of the
white light diffracted by the grating with period of 10 pm. It will be a
good dispersion element.

The total diffraction efficiencies are also nearly the same if consid-
ering the surface reflection effect of the inner grating (see dark red line
in Fig. 10). For examples, the total diffraction efficiency of the surface
grating with period of 10 pm is 56.45% and that of the inner grating is
54.83%. As well, Fig. 10 also shows the intensity ratios of the first,
second, third order diffraction of the gratings, cyan, yellow and green
bars, respectively. The difference of the energy distributions between
the surface grating and the inner grating results from that the line widths
are a little different. There are very shallow grooves of the surface
samples due to slight surface ablation, however, their effect can be
neglected. The diffraction efficiency ratios can be further optimized by
adjusting the grating parameters and the scanning design.

For the fabrication parameters of the surface grating, there is a sharp
peak of the sp® bonds in the Raman spectra (see Fig. 5), which is related
to long-range order of single crystal diamond lattice. As Fig. 2 shows, the
laser irradiated region displays a dark gray (or light black) color. In this
case, the phase transition is not complete from single crystal diamond
phase to amorphous carbon phase. Especially, for the fabrication pa-
rameters of the inner grating, the degree of the phase transition of the
material in the irradiated region is much less than the surface grating
case. There is only a small portion of the phase transition. However, the
diffraction patterns are alike and the total diffraction coefficients are
almost identical. The diffraction experimental results demonstrate that
the incompleteness and nonuniformity of the phase transition are not
important for the performance of the optical grating in the visible range.
The color of the diamond changes, which means the transmittance of the
light drops greatly. So that we can use a normal grade single crystal
diamond plate to fabricate the optical element, which can be designed
freely and fabricated quickly by a high repetition fs laser. Such optical
elements inside diamond is useful in the extreme environment due to
excellent acid and alkali resistance of diamond.

However, the residual single crystal diamond phase is important for
fabricating micrometer electric wire. We fabricated 2 mm long lines on
the surface and inside of the substrate by using the same parameters as
Sample black. The tracks of three scannings must exactly overlap. On the
surface, two contact electrodes of dimension 100 x 100pm? were
fabricated for measurement. The resistivity is measured and calculated
using the same method in Reference [12]. The voltammetric curve of the
wire on the surface is shown in Fig. 11. The results show a sharp dif-
ference between the surface line and the inside line. The resistivity of the
surface line drops tremendously by five orders of magnitude, from 60
Qm to 4 x 10~* Qm. The resistivity of the surface line becomes close to
the resistivity of amorphous carbon 5 x 107> Qm and that of poly-
crystalline graphite 1.5 x 10™° Qm[25]. For the inside wire, the
measured current is submerged in a noisy background because it is very
close to the leakage current of the device. The obviously separate sharp
peak of the sp® bonds in the Raman spectra of Sample inner (Fig. 7)
means that only a small part of the material in the fabricated region
transforms to amorphous carbon phase. Due to the existence of single
crystal phase, the inner micrometer wire is almost nonconducting since
the free electrons cannot drift through the whole wire when they are
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(b)

Fig. 8. (a) The SEM image of the surface grating whose period is 20 pm and (b) the optical microscope image of the inner grating.

Fig. 9. The diffraction patterns the gratings with period of 10 pm. (a) the
surface grating, (b) the inner grating, (c) the dispersion spectra of the
white light.
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Fig. 10. The intensity ratios of the first, second, third order diffraction and the
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Fig. 11. The voltammetric curve of the micrometer electric wire on the surface.

driven by electric field. As well, the results also show that the exact
overlap of the tracks of mutli-scannings is a major factor to obtain the
high conductivity when keeping the width of the wire very narrow. It
gives us opportunity to adjust the electric property and fabricate electric
elements and practical electric circuits on the surface or inside of a
diamond plate by using fs laser.

The results are beyond our expected when these gratings were used
as THz polarizers. The measurement was carried out by using tunable
single frequency linearly polarized THz source and the intensities were
directly measured by the power meter (Golay Cell Tydex GclD). The
result is the average value of more than three measurements. The
modulation depths of Sample s-10 is 53% at 1.6 THz, calculated by
(Imax — Imin)/(Imax + Imin), Where it equals to (I —I.)/(Ij+ I.). The
modulation depths of other two surface gratings are more than 30%, and
those of the inner gratings are less than the corresponding surface
gratings, 15-22%. Considering that both the fill factors of the gratings
and the fabrication parameters were not optimized for THz devices, the
modulation depth can be further increased.

Fig. 12 shows the imaging of two polarization directions of Sample s-
10 at 2.52 THz. The detector is an uncooled microbolometer array
optimized for 0.7-5 THz and one pixel is 17 pm. The modulation depths
of Sample s-10 is 40% at 2.52 THz measured by imaging.

The transmittance of the diamond plate is more than 90% at 1.6 THz
and the maximum transmittance of Sample s-10 is about 80% (including
the influence of the substrate), which were measured by power meter.
For other gratings, the modulation depths decrease mainly due to the
increase of Iy, rather than the decrease of Iqy, although the fill factors
have an influence on the transmittances. Hence, the THz wave may
partly transmit in the irradiated region. Both the amplitude modulation
and the phase modulation contribute to the modulation depths.

It is needed to point out that the requirements are different between
to make micrometer electric wire and to make THz polarizer. The re-
sidual single crystal phase in the grating lines (acting as break points)
hinders the electrons freely flow through the whole wire, so that the
measurement of the electric conductivity will fail. However, the local
effective free electron densities in the irradiated region, which can
respond to electromagnetic wave, may be higher than the value simply
estimated by the conductivity calculated from the voltammetric curve. It
is why we can obtain THz polarizers.

The THz data indicates that the transmittance of THz wave can vary
in a large range by changing the fabrication conditions although the
mechanics of forming THz polarizer of those gratings is not explicit and
needs to be deep studied. There will be the interactions (couplings)
between layers when we fabricate THz wave modulation devices with
3D structures inside diamond plates. The results encourage us to expect
novel THz devices because a changeable electric conductivity provides a
new freedom of design.



B. Lin et al.

320 0.14
0.12
300
0.1
E 280 0.08
S
> 0.06
260
0.04
240 0.02
0

340 360 380 400 420
x (pixel)

(a) 0°

Infrared Physics and Technology 115 (2021) 103703

l 0.14

280
0.12
260 04
) - 0.08
o
= 240 4 0.06
- 0.04
220
0.02
200 0
320 340 360 380 400
X (pixel)
(b) 90°

Fig. 12. Terahertz imaging of Sample s-10 at 2.52 THz. The modulation depth is 40%.

5. Conclusion

As our results show, the results shows the electric properties of the
irradiated region are very sensitive to the degree of the phase transition.
The requirement of writing optical and THz elements are much looser
than writing the electric element. The results demonstrated that we can
fast fabricate optical gratings and THz polarizers on the surface or inside
of the normal grade single crystal diamond plates. Our experimental
results also show that we can use normal grade single diamond plates to
fabricate the electric elements or the electric circuit on the surface of
diamond. In brief, a high repetition fs laser is a powerful rapid pro-
cessing tool to fabricate electromagnetic wave elements made of dia-
mond material. The sensitivity of the optical and electric properties of
the irradiated region just makes novel electromagnetic wave devices
with complex 3D structures possible due to couplings between layers.
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