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35 Abstract Laser-induced graphene (LIG) is a multifunctional graphene foam that is commonly
direct-written with an infrared laser into a carbon-based precursor material. Here, a visible 405 nm
40 laser is used to directly convert polyimide into LIG. This enabled the formation of LIG with a
42 spatial resolution of ~ 12 um and a thickness of < 5 um. The spatial resolution enabled by the
relatively smaller focused spot size of the 405 nm laser represents a > 60% reduction in LIG feature
47 sizes reported in prior publications. This process occurs in situ in an SEM chamber, thus allowing
49 direct observation of LIG formation. The reduced size of the LIG features enables the direct-write
formation of flexible electronics which are not visible to the unaided eye. A humidity sensor is
54 demonstrated which could detect human breath with a response time of 250 ms. With the growing

56 interest in LIG for flexible electronics and sensors, finer features can greatly expand its utility.
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Introduction

Graphene, which is composed of 2-dimensional sp?-hybridized carbon, has received much
attention because of its exceptional physical, chemical, mechanical, and electrical properties.!=
Advances in graphene and graphene oxide synthesis techniques have enabled bulk synthesis® as
well as the growth of large area graphene films.!%-!2 Typically, chemical vapor deposition (CVD)
methods are used to synthesize large area films of graphene and other 2D materials, which can
subsequently be lithographically patterned to form electronic devices and sensors.!3

Recently, lasers have been used to photothermally convert and pattern carbon precursors
directly into graphene.!4-1¢ This material is called laser-induced graphene (LIG). LIG is composed
of a percolating network of porous multi-layer graphene. LIG is distinct from simple laser
carbonation of carbon precursors.!” LIG can be formed by laser irradiating various carbon
precursors including polyimide, polyethersulfone, wood, food, clothing, and paper,'®!° to name a
few. LIG is typically formed by an infrared laser scribing system (10.6 pm CO; laser) commonly
found in machine shops. The IR laser couples to C-C bonds present in the carbon precursor and
provides efficient photothermal heating. The rastering capabilities of these laser systems enables
LIG to be readily patterned into desired geometries. This has enabled the direct-write formation
and devices such as microsupercapacitors,’®23 wearable sensors,?**  triboelectric
nanogenerators,?®?’ gas sensors,”® and battery cathodes.?® Typically, LIG patterned with an IR
laser system is limited to the spatial resolution of the focused IR laser, and due to the beam optics

and diffraction limitations, a 10.6 um CO, laser typically produces 60 — 100 um linewidths. This

prevents the formation of discrete LIG features that are invisible to the unaided eye. Due to the

2
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smaller wavelengths, visible and ultraviolet (UV) lasers can be focused to much smaller spot sizes
than IR lasers. Recent work has demonstrated that LIG can also be formed using an UV laser.*°
Additionally, visible 405 nm lasers have been demonstrated to form LIG from various carbon
sources.’'32 However, improved LIG resolution has yet to be demonstrated and the smallest LIG
features formed directly from lasing are on the order of ~ 30-40 pm. 3233

In this work, LIG is formed by irradiating a polyimide (PI) substrate with a visible fiber-
coupled 405 nm laser with a 1 e radius of ~3 um. The fiber-coupled 405 nm laser was mounted
on an SEM chamber, which allowed in sifu observation of the formation of LIG by secondary
electron imaging. The LIG formation is localized to the top 5 um of the substrate and a lateral
resolution of ~12 um is achieved. To the best of our knowledge, this represents > 60% reduction
in previously published direct-write LIG feature size. With the rapidly growing interest in LIG
patterns for flexible electronics and other applications,!>1¢ finer feature sizes that are invisible to
the eye could greatly expand the utility. The LIG exhibits a resistivity comparable to LIG formed
by an IR-laser, the most common synthesis method. The high-resolution LIG is used to direct-
write humidity sensors on a PI substrate, which has features invisible to the unaided eye. This

represents an advancement in the application of LIG for discrete sensors or circuitry.

Results and Discussion

A fiber-coupled 405 nm visible laser was mounted in a high-angle port of a SEM chamber
and focused on the stage to enable simultaneous laser exposure of PI and SEM imaging. In situ
SEM videos for LIG formation can be found in the Supporting Information. Conveniently, PI
strongly absorbs 405 nm photons (Figure S1), therefore making 405 nm lasers attractive for

photothermally converting PI to LIG. Figure 1a shows a schematic of the experimental setup. The
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laser system enables precise control of laser irradiance, pulse width, and frequency, and is
discussed in more detail in previous publications®*33 and the Methods section. In order to
determine the critical fluence necessary for LIG formation with a 405 nm laser, a constant laser
irradiance (834 kW cm?) was applied with varying laser pulse width. The relatively high laser
irradiance is achieved with just a ~161 mW laser due to the small laser spot size (1 e radius of ~3
um). This low power laser is attractive for the ultimate commercialization of LIG. Figure 1b shows
an optical image of PI exposed with varying pulse width. The heat affected zone (HAZ) of the
laser scales with pulse width until saturation at pulse widths greater than ~1 ms, indicating
saturation in photothermal heating. Figure 1c shows the Raman spectra for laser-irradiated spots
as a function of pulse width. Below 100 us pulse width, there is no obvious 2D Raman peak, thus
indicating the photothermal heating was not sufficient to drive graphitization/LIG formation of the
PI carbon source. Raman spectra for all pulse widths (2 us — 100 ms) can be found in Figure S2.
For pulse widths > 100 ps, the D, G, and 2D Raman peaks emerge, indicating the formation of
LIG from the visible laser. The presence of a distinct 2D peak indicates that formation of
graphitized carbon, and the single Lorentzian fit of the peak indicates the formation of graphene.
The D-band and D + D’ likely result from the bent graphene sheets in the LIG foam.3¢ A threshold
fluence (irradiance x pulse width) of 83.4 J cm™ is required to form LIG from a single pulse laser
exposure. The Raman background is reduced with increasing pulse width, which indicates that the
LIG thickness is increasing and reducing the photoluminescent background from the PI substrate.
For clarity, Figure 1d shows a rescaled Raman spectrum for LIG formed with a 1 ms pulse width.
The influence of laser irradiance was also studied at a constant pulse width of 1 ms (Figure le).
LIG is formed at irradiances > 186 kW cm. Again, the decreasing Raman background suggests

that the LIG thickness is increasing until it saturates above 480 kW cm.
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Figure 1. Laser condition studies. (a) Schematic of experimental setup that uses a 405 nm laser
mounted on high-angle port of SEM. LIG is formed in situ in the SEM chamber. (b) Optical images
of LIG formed from the 405 nm laser with pulse width varying from 2 ps to 100 ms. (c) Raman
spectra of LIG formed at 834 kW cm irradiance with pulse width greater than 100 ps. (d) Re-
scaled Raman spectra of LIG formed with 1 ms pulse width. (¢) Raman spectra of LIG formed at

varying laser irradiance with a constant pulse width of 100 ps.

It is desirable to irradiate distinct patterns using a rastering technique in order to form
functional devices from LIG. Typically, LIG is formed by an IR laser scribing system found in
most machine shops. In these systems, a laser head with 2-dimensions of motion rasters as the
laser is pulsed to generate a LIG pattern. For this work, the 405 nm pulsed laser position was fixed,

and the SEM stage was moved to generate a raster pattern, and an approximate pixel overlap of
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50% parallel and perpendicular to the major scanning direction was employed. The stage
movement was synchronized with the laser pulses, such that the laser pulses after each stage
movement. Figure 2a reports Raman spectra for LIG patterns made by the rastering technique with
the 405 nm laser at varying laser irradiance with a constant 100 ps pulse width. Raster patterns
irradiated with laser irradiance of > 480 kW cm exhibited pronounced G, D, and 2D peaks,
indicating the formation of LIG. The threshold for LIG formation for the raster patterns is 48 J
cm2. This is lower than the threshold for a single laser pulse (83.4 J cm?) and indicates that overlap
in the raster pattern reduces necessary fluence required for LIG formation. The effect of
overlapping spots has been previously described in detail.'® Figure 2b shows an SEM image of a
LIG raster pattern generated with a laser pulse width of 100 us and irradiance of 710 kW cm2. At
lower laser irradiances, the LIG has a smoother morphology (Figure S3). With increasing laser
irradiance (>480 kW cm), LIG film roughness increases due to ablation at the center of the laser
Gaussian peak. Figure 2¢ shows a high-resolution SEM image of the raster pattern, in which
ablation of a smooth outer shell of residual PI can be seen where the peak of the laser Gaussian
was irradiated. Inset arrows denote ablated regions. Supporting Information Figure S4 shows a
high-resolution SEM suggesting that the LIG might be coated in a residual layer of PI, as made
evident by the distinct surface texture. Overlay of a Raman map of the 2D/G ratio with the SEM
image in Figure 2b, shows peaks in the 2D/G ratio that correspond to areas in which the outer PI
shell was ablated away. Figures 2d-f report more 15 pm % 15 um Raman maps of the 2D, G, and
2D/G ratio, respectively, for a LIG raster pattern generated with 710 kW c¢cm irradiance. Notably,
the G peak is uniform, but the 2D peak is inhomogeneous and is the highest along the axis of the
raster pattern where ablation of the surface PI layer occurs. This suggest that when lased with the

405 nm laser, LIG is formed in the near surface region, but may be encapsulated by a surface layer
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of PI. This is further suggested by SEM images in Figure S5, in which charging patterns show

that the LIG pattern is more conductive in regions where the top PI film was ablated.
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Figure 2. Raster patterns and Raman characterization. (a) Representative Raman spectra for
LIG raster patterns of varying laser irradiance with 100 us pulse width. (b) LIG raster pattern lased
and 710 kW cm irradiance with overlaid 2D/G Raman map. (c) High-resolution SEM image of
LIG raster pattern showing (arrows) ablation of the PI shell at the peak of the laser Gaussian.
Raman maps showing (d) 2D, (e) G, and (f) 2D/G peak intensity ratios. Maps are 15 pm X 15 pm
in dimension. Variations in 2D/G ratio correspond with raster pattern pixels where ablation

occurred.

Figures 3a-d show SEM images of lased PI patterns that were cross-sectioned with a
focused Ga' ion beam. Raman spectra collected from the raster patterns are shown in Figures 3a,b
and reveal signatures of amorphous carbon (Figure 2a), such as a broad D and G peak. Raman

spectra of LIG patterns from Figure 3c,d exhibit a strong 2D peak indicative of LIG. Figure 3e is
7
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a plot of the thickness of the HAZ as a function of laser irradiance. Notably, the minimum LIG
thickness demonstrated was ~ 4.3 um. LIG formed from IR laser sources is commonly ~25 — 50
pum in thickness. The visible 405 nm laser enables the more near-surface formation of LIG, which
is comparable to LIG formed from a UV laser (~ 5 um).3® The near-surface conversion of carbon
precursors to LIG is critical for the formation of discrete sensors and electronics without causing

excessive damage to the substrate that compromises structural integrity.
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Figure 3. Thickness of LIG raster patterns. (a-d) Cross-sections of LIG raster patterns lased
with varying laser irradiance with 50% pixel overlap. (e) Thickness of LIG raster patterns as a
function of laser irradiance. Error bars denote standard deviation for the thickness measured at 5

points across the raster pattern.

The spatial resolution and electronic properties of LIG raster patterns formed from a visible
laser were explored in Figure 4. Figure 4a shows optical images recorded for a LIG line pattern.
Notably, the LIG pattern is invisible to the unaided eye (silver paste contacts are visible). The SEM
image in Figure 4b shows that LIG lines with widths of ~13 um and are formed using a 1-pixel-
wide raster pattern. Additional lasing parameters can be found in the Methods section. The LIG
resolution with the 405 nm laser represents a ~80 % improvement in LIG resolution reported to
date. Figure 4c reports the width of LIG raster patterns that are 1 and 3 pixels wide as a function
of laser irradiance, illustrating line width increases with irradiance. The sheet resistances of the
LIG line patterns are reported in Figure 4d. The resistance decreases with increasing irradiance
and saturates for irradiances beyond 480 kW cm. This suggests that additional irradiance does
little to improve the LIG quality. Sheet resistance as low as 108 Q sq! is realized for LIG line
patterns that are 3 pixels wide at an irradiance of 480 kW cm. LIG sheet resistances have been
reported as low as ~ 5 Q/sq,'® but the reduced thickness of the visible laser LIG is largely
responsible for the higher sheet resistance value. The LIG resistivity here (108 Q sq') is

comparable to typical LIG formed from an IR laser (60 — 100 Q sq!).'
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Figure 4. LIG line patterns and electrical characterization. (a) Optical images of LIG raster
patterns generated with 1 pixel width. The image above is the expanded image in the red lower
rectangle. (b) SEM image of LIG line pattern with 1 pixel width (~13 pm). (¢) Width of LIG line
patterns as a function of laser irradiance with 1 and 3 pixels raster width. Error bars represent

standard deviation of LIG raster pattern width. (d) Sheet resistance of LIG line patterns.

To take advantage of the improved resolution, LIG line patterns were formed to generate a
humidity sensor. Figure Sa shows the sensor schematic. LIG electrodes were patterned by rastering
the 405 nm laser with an intentional micro-gap between the electrodes and a potential was applied
across the electrodes. Previous work has shown that the adsorption of moisture in PI can
significantly alter structural and electronic properties of the material >’ In this device depicted in

Figure Sa, the LIG electrodes are in close proximity (~7 um), which allows precise monitoring of

10
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the conductivity of the PI between the electrodes when exposed to moisture. Figure 5b shows an
optical image of the micro-gap between the LIG electrodes which has a width of 7 um, enabled by
the improved LIG resolution with the 405 nm laser. Importantly, these sensors can be patterned in
a high density on flexible substrates, such as PI (Figure 5c). The LIG patterns are invisible to the
unaided eye and enable direct-write formation of discrete sensors and circuitry from graphene.
When exposed to increased moisture content from human breath, the conductivity across the
micro-gap increases due to adsorption of moisture on the PI film. Increased moisture adsorption
results in a spike in the current between the electrodes under a constant bias (Figure 5d). A breath
frequency of ~ 6 breaths/min was applied to allow the response and recovery of the sensor to be
clearly observed. When exposed to human breath, the sensor has a response time of ~ 250 ms,
where the response time is defined by the amount of time that it takes the sensor to reach > 90%

of the peak current induced from exposure to moisture.

11
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Figure 5. Non-visible humidity sensor formed from LIG. (a) Schematic of LIG humidity sensor
with micro-gap channel. (b) Optical image of flexible humidity sensor on PI. (¢) Optical image of
micro-gap for LIG sensor. Visible particles on PI are silver epoxy contacts. (d) Response of LIG

sensor to human breath. Response time of < 250 ms is exhibited.

Conclusions
In summary, a 405 nm laser with a 1 e radius of ~ 3 pm was used to directly pattern PI into LIG.
The small laser spot size enabled the formation of LIG line patterns with a width of ~12 pm, which

12

ACS Paragon Plus Environment



Page 13 of 20

oNOYTULT D WN =

ACS Applied Materials & Interfaces

is a > 60% reduction in minimum LIG feature sizes reported formerly. The LIG exhibits sheets
resistances (108 Q sq!) comparable to LIG which is formed with the commonly used infrared laser.
The small LIG feature sizes enabled the formation of flexible humidity sensors directly fabricated
on PI, which were invisible to the unaided eye. The humidity sensors could sense human breath
with a response time of 250 ms. The formation of LIG from smaller spot size visible lasers also
enable lower power lasers (~161 mW) to be used which is attractive for ultimate commercialization
of LIG. Reduced LIG feature sizes also expands the utility of LIG for flexible electronics and

SENSOors.

Methods
Laser Delivery System:

The laser delivery system, developed by Waviks Inc., was mounted on a high-angle port
of an SEM (FEI Nova Nanolab 600). The 405 nm laser diode is fed into the SEM chamber by a
single-mode fiber. The laser was focused on the SEM substrate via miniature focusing lenses.
Since the laser was mounted at a 52° angle relative to the substrate, the laser exhibits an elliptical
shape. The 1 e radius of the 405 nm laser is ~ 2.2 um along the short axis and ~ 2.8 um along the
long axis. Therefore, the smallest diameter LIG spots formed with this laser system should be on
the order of ~6 um at optimal focus. Peak optical power output for the 405 nm laser diode is 161
mW, which corresponds to an average irradiance of 834 kW cm2. A detailed description of the
laser delivery system can be found elsewhere,>* and a photograph can be found in Figure S6. In
this work, the pulse width was tuned from 2 pus — 100 ms using a laser pulse generator. The 405
nm laser was used to lase commercial PI (McMaster-Carr) in order to form LIG.

Instruments:
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LIG patterns were characterized by Raman spectroscopy on a Renishaw InVia Raman
microscope. SEM images were collected of LIG patterns on a FEI Nova Nanolab 600 and FEI
Helios SEM. UV-vis spectra were performed on a Shimadzu UV-3600 Plus. Electrical
characterization of LIG was performed in a Desert Cryogenics model CPX-VF vacuum probe
station. Electrical measurements were conducted with an Agilent Semiconductor Parameter

Analyzer model B1500A

Supporting information
Video of'in situ LIG formation. Optical absorbance and transmittance of polyimide. Raman spectra
for LIG generated with various laser conditions. SEM images of Raman spectra of LIG raster

patterns. Photographs of experimental setup.
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