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Abstract: Laser-induced graphene (LIG) has gained considerable attention recently due to its unique
properties and potential applications. In this study, we investigate using LIG in polyimide (PI) as a
material for antenna applications. The LIG-PI composite material was prepared by a facile picosec-
ond laser (1064 nm) irradiation process, which resulted in a conductive graphene network within
the PI matrix. Furthermore, LIG formation was confirmed by Raman spectroscopy and sheet re-
sistance measurements. Finally, a patch antenna from LIG for 2.45 GHz microwaves was simulated,
produced and tested. These findings suggest that LIG-PI composites have great potential for use in
high-frequency electronic devices and can provide a new avenue for the development of flexible
and wearable electronics.
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1. Introduction

Laser-induced graphene (LIG) is a graphene material synthesized using lasers. Laser
irradiation heats and transforms the material into a three-dimensional carbon structure
during this process. Mainly being a one-step process, LIG formation gathered considera-
ble attention due to its unique properties, such as mechanical flexibility, biocompatibility
and large electrical conductivity. These properties make this material for various wearable
and flexible electronic device applications [1-7].

LIG can be produced when the graphene oxide (GO) reduction process induces the
removal of oxygen-containing groups from the GO matrix, resulting conductive multi-
layer graphene matrix[8-13]. Furthermore, LIG formation can be performed on organic
materials such as paper, wood, food products, and various polymers such as PDMS, pol-
yimide and PEI [5,6,14-20]. In addition, various groups have already applied LIG process
on various materials using different laser sources, such as pulsed 1064 nm, 532 nm and
355nm laser irradiation and CO: lasers[20-24]. When pulsed lasers and shorter wave-
lengths are applied, the photochemical effect is more dominant during the LIG formation
as the photons, which possess higher energy, directly excite the molecules of precursor
material. As a result, chemical bonds are broken when high photon energy is absorbed.
On the other hand, while 1064 nm of CO:z laser irradiation is applied, the photothermal
effect, resulting in thermal energy production, is more prominent. In this case, laser irra-
diation causes lattice vibrations, increasing thermal energy and breaking chemical
bonds[3,25].

Some research groups have shown that LIG structures can be used as anten-
nae[1,26,27]. LIG is lightweight and flexible. This flexibility allows for integrating LIG an-
tennas into curved surfaces or wearable electronics, expanding their potential applica-
tions. The lightweight nature of LIG also minimizes the overall weight of devices, which
is crucial for portable and lightweight electronics. This flexibility in LIG integration ena-
bles the development of innovative antenna designs and complex electronic systems.
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These benefits make LIG a promising material for advancing the performance and func-
tionality of antennas and electronic devices. Therefore, this research presents our initial
study of the LIG-PI application for a 2.45 GHz patch antenna working in the WiFi range.

2. Materials and Methods

2.1. Samples

Our experiments utilized Polyimide Kapton® films manufactured by DuPont, USA,
with a thickness measuring 127 pm.

2.1. LIG formation

Picosecond solid-state laser Atlantic (Ekspla, Lithuania), operating at 1064 nm wave-
length, was used for LIG formation experiments. The pulse duration was 10 ps, and the
pulse repetition rate was 100 kHz. A SCANgine (ScanLab, Germany) galvanometer scan-
ner with a telecentric F-theta objective of 160 mm focal length is used for laser beam posi-
tioning. The beam scanning speed was 200 mm/s. The laser irradiation dose was changed
through varying laser average power (4 and 5 W), defocusing and changing hatch dis-
tances 20 um and 30 pm. For initial tests for picking optimal parameters, the squares
(10x10 mm) of LIG were formed on PI surface.

2.1. Resistance measurement

Sheet resistance measurements were performed using the source meter (Keithley
2602A, Keithley, USA) with the measurement software (TSP® Express, Keithley, USA).
Messurements were performed using 4 probe method technique[28]. Four co-linear
electrical probes that are identically spaced form a four-point probe. To operate, a DC
current (I) is applied between the outer two probes, and the voltage drop between the
inner two probes is then measured. The following equation can then be used to get the
sheet resistance:

o AV 1)
STIn@) I

Rs is the sheet resistance, AV is the change in voltage measured between the inner
probes, and I is the current applied between the outer probes.

2.1. Raman measurements

The Raman spectrometer/microscope inVia (Renishaw, UK) was utilized for
conducting Raman spectroscopic measurements. Equipped with a thermoelectrically
cooled CCD detector at -70°C, the spectrometer excited the spectra through 532 nm laser
irradiation dispersed by 1800 grooves/mm grating. The measurements were performed
using a 50x/0.75NA objective lens, 100 s accumulation time, and the resulting spectral
peaks were processed using OriginPro 8.5 software from Microlab, USA.

2.2. Antenna measurement

The following parameters were measured to evaluate manufactured antennas: Re-
flection coefficient, operating frequency, maximum gain, half-power beam width and sur-
face conductivity. Gain and directivity parameters were measured in an anechoic cham-
ber. The measurement setup is explained in Fig 1. The antenna under investigation is
placed on a rotation stand that can be rotated 360° by a stepping motor. The excitation
port of an antenna is connected to a calibrated NRZP-Z24 (Rhode & Schwartz, Germany)
power meter. The power meter is connected to a PC via a USB cable. A broadband horn
antenna with known specifications is positioned 2 m away from the transmitting antenna
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(far-field). The horn antenna is connected to an E8257D (Agilent technologies, USA) pro-
grammable radio signal generator through a coaxial connection. The stand, power meter,

and signal generator are all controlled by a LabVIEW (NI, USA) program.
ANECHOIC CHAMBER

JAgilent Manufactured
technologies” Horn anttennat ond
E8257D antenna ro?y's an
N,

+Rhode & Schwartz"
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Fig. 1. Measurement setup in an anechoic chamber

The frequency response is measured by keeping the power of the signal fed to the
horn antenna constant (20 dBm) and changing frequency from 2 GHz to 3 GHz in 0.01
GHz increments. Gain dependence on an angle is measured by setting the power constant
(20 dBm), locking frequency at 2.45 GHz, and rotating the stand from 0° to 360° in 3° in-
crements. Then, using a formula (2) derived from Telegraph equations, the gain is calcu-
lated:

_ P(4-7r-R)2 (2)
B (PTR “Grg '/1)2

here P — measured power, R — the distance between antennas, Ptr — transmitted power,
Grr — transmitting antenna gain, A — wavelength.

For more straightforward data interpretation, we normalized the gain measurements
using the following formula:

Gy = 1010g< ); )

MAX

here Gmax — is the highest gain measured, G — is the measured gain at angle or frequency.

The antenna is also characterized by the frequency dependence of the reflection,
which describes the matching quality between the antenna and its excitation port (which
is 50 Q). For this purpose, a vector network analyzer is used.

3. Results and Discussion

3.1. Influence of laser process parameters on LIG sheet resistance and Raman spectra

Our initial tests showed that varying laser process parameters could control sheet
resistance. Therefore we picked 1064 nm picosecond laser irradiation as it showed a rela-
tively wide range of parameters, using which high-quality LIG can be formed. Further-
more, Chyan et al.[29] showed that LIG formation multiple lasing — repeating irradiation
— is crucial to achieving high-quality LIG material. In other words, specific fluence and
sufficient laser irradiation dose are required to form LIG.

During our laser tests, the laser scanning speed was kept at 200 mm/s, and the irra-
diation dose was varied by changing the average laser power (4 and 5 W), varying the
sample position according to the focal plane of the focusing objective: at the focus and 1
mm above, and finally by the number of scanning times (2 and 3). The radiation dose
assessment involved the multiplication of laser fluence with the total number of pulses
within the beam spot area. Fig 2 shows the dependence of sheet resistance from this accu-
mulated irradiation dose. It is worth noticing that when the irradiation dose is in the range
of 90-150 J/cm?*N, the sheet resistance is around 100 Q/sq and smaller with significantly
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smaller measured values distribution compared to the ones measured at irradiation dose
greater than 150-150 J/cm?*N. It is also worth noticing that all the lowest LIG sheet re-
sistance values were achieved while LIG was processed with a defocused beam (1 mm
above the focal plane of the focusing objective.

The I(D)/I(G) ratio is the intensity ratio between the D and G peaks in graphene
Raman spectra. The D peak represents defects or disorders in the graphene lattice, while
the G peak corresponds to the graphite-like lattice vibrations. Therefore, a higher I(D)/I(G)
ratio indicates a higher degree of defects or disorder in the graphene structure.

On the other hand, the I(2D)/I(G) ratio represents the intensity ratio between the 2D
peak and the G peak. The 2D peak is associated with the second-order Raman scattering
and is a characteristic feature of graphene. The I(2D)/I(G) ratio determines the number of
graphene layers. A higher 1(2D)/I(G) ratio suggests enhanced graphene quality: High-
quality graphene with a well-ordered lattice structure typically displays a higher
1(2D)/1(G)) ratio. Conversely, lower-quality graphene samples, such as those with a higher
degree of disorder, defects, or impurities, tend to have lower I(2D)/I(G) ratios. These ratios
provide insights into a sample's quality, structural integrity, and number of graphene lay-
ers. Fig. 1 presents the distribution of Raman spectra intensity ratios I(D)/I(G) and
I(2D)/I(G), and their values at different irradiation doses are plotted.
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Fig. 2. Dependence of LIG sheet resistance and 1(2D)/I(G) and I(2D)/I(G) intensity ratios of Raman
spectra band intensities from laser irradiation dose applied on PL

It is worth noticing that through the whole range of tested irradiation doses, we suc-
ceeded in successful high-quality LIG formation, which is confirmed by high 1(2D)/I(G)
ratio, higher than 0.5. However, the highest I(2D)/I(G) values representing high-quality
graphene structure together with the lowest I(2D)/I(G) values representing the lower
number of LIG structural defects were measured with LIG samples formed with low irra-
diation dose. As mentioned before, this particular processing regime included defocusing
the laser beam. Therefore, with a higher beam diameter, the multiple lasing effect was
more prominent, resulting in the formation of high-quality LIG—furthermore, a defo-
cused laser beam induced the lowest resistance due to lower laser beam intensity. There-
fore lower ablation rates and nonlinear effects like multiple photon absorptions occur
rarely during the process. The process thus affected more thermally, leading to graphene
formation.

Fig. 3 a) shows the Raman spectre of the LIG with the smallest resistance of 36.6 Q/sq.
This LIG structure was formed using a 148 J/cm?*N irradiation dose. The main peaks
prominent for the graphene Raman spectra are visible. I(2D)/I(G) is 0.61 and ID)/I(G) is
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0.48. However, the largest 1(2D)/I(G) ratio of 0.85 was achieved when PI was processed at
105 J/em?*N irradiation dose and possessed the sheet resistance of 105 Q/sq (Fig 3b). On
the other hand I(D)/I(G) ratio showing structural defect was slightly lower, with a value
of 0.52. Further investigations of LIG antenna were performed using the laser process pa-
rameters from Fig 3a with the lowest sheet resistance.
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Fig. 3. Raman spectre of LIG, formed using: a) 148 J/cm?**N irradiation dose and possessing the low-
est sheet resistance of 36.6 Q/sq; b) 105 J/cm?**N irradiation dose and possessing the lowest sheet
resistance of 105 Q/sq.

3.2. LIG antenna measurements
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Fig. 4. Proposed patch antenna with LIG graphene. Left — Patch antenna, right — antenna cross-sec-
tion.

In order to demonstrate the possibility of using laser-induced graphene for microwave
antenna application, we modelled a microwave patch antenna shown in Fig 4. The an-
tenna is made of FR-4 substrate (tand = 0.03) with a thickness of 1.45 mm and ¢ =4.2. One
side of the FR4 substrate is completely covered with a thin copper layer and forms the
ground plane of the antenna. The dimensions of the FR4 substrate are FR4x =110 mm and
FR4y =54 mm. The LIG on the polyimide is glued on the other side of the substrate. The
thickness of the polyimide is approximately 130 pm), and the LIG layer's thickness is
around 10 um). The dimensions of LIG patch are GRx = 20 mm and GRy = 29 mm. The
LIG patch is placed in the middle of the FR4 substrate. During antenna modelling, the best
patch size and the place of the SMA connector were found to have the smallest S11 and
highest antenna gain.
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Fig. 5. Antenna simulation and measurement results a) Reflection coefficient Su1, Solid lines repre-
sent simulation results, dashed lines — measurement results. b) Antenna directivity

Reflection and normalized directivity measurements were used to characterize a gra-
phene antenna, which are shown in Fig. 5. Looking at measured reflection dependence on
frequency, the antenna appears to have a reasonably broad operating frequency band. The
reflection coefficient is below -10 dB from 2.1 GHz and continues to decrease to -13 dB at
5 GHz. This does not match the typical patch antenna behaviour. LIG's low conductivity
might cause a mismatch compared to traditionally used copper. This phenomenon was
investigated by changing patch sheet resistance in the antenna model using antenna sim-
ulation software (Fig. 5 a). Simulation results show that when the LIG sheet resistance is
low, the antenna acts like a regular patch antenna and has a reflection minimum at in-
tended frequencies (2.45 GHz). When the sheet resistance of LIG layer increases, the res-
onance disappears and the reflections in the whole frequency range decrease. This could
be explained due to internal losses in the LIG layer. The simulation of the results coincides
best with the measured S11 when the sheet resistance is around 30 — 40 ()/sq. Similar sheet
resistance is obtained by performing four-probe measurements. Directivity measurement
showed that the radiation pattern resembles a traditional patch antenna. Antenna beam-
width is 63° in a vertical position and 80° in a horizontal position.

5. Conclusions

Successful LIG formation was performed in a wide range of laser irradiation doses
and was confirmed by Raman spectroscopy - 1(2D)/I(G) was higher than 0.5. Sheet re-
sistance was smallest at irradiation doses from 98 to 148 J/cm2*N when PI sample was
irradiated at the position 1 mm above the focal plane of the focusing objective. The mini-
mal sheet resistance of LIG was 36.6 Q/sq. Using optimal process parameters patch an-
tenna for 2.45 GHz (WiFi) was produced and investigated.

The results of patch antenna with LIG layer show promising results as one of the
alternative methods for green and sustainable solutions for manufacturing removable and
flexible antennas. Thou, additional investigations still need to be performed to reduce LIG
layer sheet resistance and increase antenna efficiency.
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