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Abstract: Laser-induced graphene (LIG) has attracted considerable attention as an electrode and

sensor in flexible and stretchable devices. For instance, resistive temperature sensors have been

developed using a LIG conductor as an active component. However, despite the evidence that

LIG can be used as a temperature sensor, fundamental analyses confirming LIG as a temperature

sensor material are still required. Therefore, this study investigates the temperature coefficient of

resistance (TCR) of a transferred LIG in stretchable elastomers. To remove the effect of thermal

expansion of elastomers, elastomers with different coefficient of thermal expansion (CTE) values

are used, and the temperature responses of LIG in these elastomers are measured. Furthermore,

to calibrate the resistance change caused by thermal expansion-induced strain, strain effects are

characterized by stretching the films. Combining the results reveal that the TCR of the transferred



LIG was ca. —0.44%/°C and the sensitivity depended on LIG depth location.

INTRODUCTION

Laser-induced graphene (LIG) can be used as an electrode and sensor in flexible and stretchable
electronics owing to its simple fabrication process; it is highly scalable for macroscale electronics.
LIG is formed via laser scanning on a polyimide (PI) film', which is converted into a randomly
formed graphene layer with a porous structure under the action of heat induced by the laser
exposure”. This unique and highly conductive structure of graphene allows its application to
functional materials such as those used in sensors®!'. Another advantage of LIG is that it can be
easily transferred onto solution-based elastomers by coating a precursor of the elastomer on a
LIG/PI film, followed by curing and delaminating it from the PI film. Because the solution-based
elastomer can penetrate into the porous LIG structure, LIG is embedded and readily transferred
in the elastomer after curing. Using these LIG-embedded films, a strain sensor was developed,
which operates on the basis of changes in the density of LIG under strain, resulting in a change
in the LIG resistance as a function of strain'*'°. The application of LIG as a temperature sensor
has also been demonstrated>® 'S, Owing to the temperature coefficient of resistance (TCR) of LIG
and the thermal expansion of film substrates, changes in temperature cause a resistance change.

However, the origin of the TCR of LIG remains unveiled because flexible films often have a large



coefficient of thermal expansion (CTE), and a systematic study on the fundamental temperature

property of LIG is required. To this aim, this study investigates the TCR of transferred LIG

(TCRuig) by measuring the temperature characteristics and strain dependence while removing the

CTE effect of the film using different stretchable films. The results on TCR confirmed that the

resistance change depends on the location of LIG on the PI film because the density of LIG

changes upon laser exposure. By assuming that TCRyig is constant and only CTE changes

depending on the elastomer, the thermal expansion effect can be removed to systematically study

TCRyig (Figure 1a).

RESULTS AND DISCUSSION

The fabrication process is briefly explained in Figure 1b. First, a PI film was prepared (Figure

1b(1)) and subjected to laser scanning to form LIG (Figure 1b(2)) '*'". Then, elastomer precursors

were poured over the LIG/PI film and cured to form the elastomers (Figure 1b(3)). Details of the

elastomers and process conditions are given in the Methods section. Next, the elastomer film with

LIG was delaminated from the PI film. After the transferring process, almost all LIG was

transferred into the elastomers. In order to use the same quality of LIG for the characterizations,

it was confirmed that all LIGs on the PI films formed by the same laser condition were fully

transferred in the elastomer films, and there is virtually no residue left on the PI film. To ensure

the stability of the electrical measurements to determine the temperature and strain effects on the



LIG film, GalnSn liquid metal was printed over silver (Ag) to prepare interconnected electrodes.

Owing to its low resistance (~1.5 Q) compared to LIG (~70 Q to 1.1 kQ depending on the

substrate) and liquid state, GalnSn can be used as the electrode without affecting the output

resistance change even under stretching. As stretchable elastomer films, we selected a

thermoplastic polyurethane (TPU) 90A, Ecoflex, and a polydimethylsiloxane (PDMS) with CTE

values of 190, 284.2, and 300 ppm/°C, respectively (Figure 1c). The cross-sectional scanning

electron microscopy (SEM) shown in Figure 1d reveals that ~200-um-thick LIG is embedded in

each stretchable elastomer. To confirm the quality of LIG before and after the transfer into the

elastomer, Raman spectroscopy was conducted. All transferred LIGs in the stretchable elastomers

exhibit amorphous-like nanocarbon structures having broad D and G peaks and no 2D peak,

whereas the Raman spectrum of LIG before transfer shows clear 2D, G, and D peaks (Figure 1e).

These results are in accord with previous reports'* !”. The reason for these changes in the Raman

spectra after the transfer process remains unknown and should be the subject of future studies;

however, it is beyond the scope of this study, which aims to determine the TCR of LIG. Although

the mechanism of this crystallinity change is still unknown, it reveals that all transferred LIGs are

similar crystal quality to discuss TCR.

Temperature dependence studies were performed by measuring the resistance at different

temperatures ranging from 30°C to 90°C. The resistance change ratio (AR/Ro) was calculated



from the resistance difference (AR) at the measured temperature and the initial resistance (Ro) at

30°C. The measurements were conducted in an environmental control oven at a constant relative

humidity of 40% (Figure 2a—d). As a reference, LIG on the PI sample was also subjected to these

measurements (Figure 2a). Interestingly, using low-CTE films including the PI film, the resistance

decreased with increasing temperature, whereas the resistance increased with temperature, when

high-CTE films PDMS and Ecoflex were used. These different trends suggest that thermal

expansion cannot be ignored to determine the TCR of LIG or to design a flexible temperature

sensor. Figure 2e displays the resistance change ratio as a function of temperature, revealing

clearly different trends, i.e., negative and positive resistance changes, with increasing temperature

depending on the elastomer. Importantly, all resistance change ratio—temperature plots could be

linearly fitted, which allowed calculating the sensitivity corresponding to TCR using the linear

fitting. More than 10 samples were measured for each material (see Figure 1c for the specific

sample numbers). The results depicted in Figure 2f show no trend between TCR and CTE. To

ensure a consistent device structure and material quality (i.e. amorphous) for an accurate

comparison, the LIG/PI sample was excluded for subsequent analysis.

The temperature dependence results clearly reveal that TCR of LIG and thermal expansion of

the film affect the resistance change of LIG in elastomer films. To compensate the thermal

expansion of the film, which is related to strain, strain dependences were characterized by



stretching the film up to 20% tensile strain (Figure 3a—c). After measuring the resistance change

ratio as a function of strain for each elastomer film, the strain sensitivities were calculated from

the linear fitting of the resistance change ratio (AR/Ry), where Ry is the resistance before applying

strain and AR is the resistance change from Ro. (Figure 3d). LIG/PDMS and LIG/TPU 90A show

similar sensitivities, i.e., Suigpoms = 0.934 %/% and Suigreu = 1.128 %/%. In contrast, the

sensitivity of LIG/Ecoflex (Stic/Ecofiex ~ 2.015 %/%) is almost double than those of LIG/PDMS

and LIG/TPU 90A. Similar sensitivity from more than two samples for each material was

confirmed. Therefore, the strain sensitivity must be considered to determine the TCR of

transferred LIG. In this study, strain caused by thermal expansion could not be directly observed

due to small strain change under temperature change used. To understand the strain effect of LIG

in elastomer films caused by temperature change, a scanning electron microscopy or a

transmission electron microscopy with a heating function is required to observe the strain in LIG

caused by heating. This detail study should be conducted in the future to understand LIG, which

is beyond our scope of this study.

The TCR of transferred LIG without any thermal expansion effect was examined according

to the results of the temperature and strain dependences. Due to TCR of LIG and thermal

expansion of the elastomer film, temperature sensitivity S is expressed as:

Sl = a CTE + TCRLIG (1)



where a is proportional coefficient that depends on elastomer, CTE is CTE value of elastomer,

and TCR; ¢ is TCR value of LIG. Since a is the coefficient of strain caused by thermal expansion,

appMS, OTPU, and Oecoflex are related to the strain sensitivity extracted in Figure 3d, and the following

relation can be expected.

Appms: ATPU: XEcofiex = SLiG/PDMS: SLIG/TPU: SLIG/Ecoflex = 0.934:1.128:2.015  (2)

From equations (1) and (2), following equations were derived.

Sippms = @ppms CTEppys + TCRy¢ €))
1.128

Sippy = 0.934 ppmsCTErpy + TCRyg (4)
2.015

S1Ecoflex = 0,934 &PDMS CTEgcofiex + TCRyj6 (5)

CTEppus, CTErpu, and CTEEcos.. are CTE values of each elastomer film. To calculate TCR; ¢ from
these equations, combinatorial optimization to appms and TCR; ¢ was applied. Optimization was
performed by calculating S; values of each elastomer film using CTE values and arbitrary appwms
and TCR;c. For evaluation, Normalized Mean Squared Error (NMSE) was used according to the

following formula.

2
NMSE = ;Z(Sl - ) (6)

NXxo
N is the number of data, ¢ is the variance of Si, and y is temperature sensitivity calculated by

equation (3)-(5). The average of NMSE (NMSE yerage) Was calculated using the following formula

(7), and the combination with the smallest NMSEperqge value was selected as the optimal



combination.

NMSEqperage = %(NMSEPDMS + NMSErpy + NMSEgcofiex) (7)
As a result of computational calculation, the optimal combination was found to be appms= 0.0017
and TCRric=—0.44. Despite the large deviation due to the variation of the results of PDMS and
Ecoflex, the TCR of the transferred LIG was determined to be ca. —0.44 %/°C. The fact that it is
a negative temperature coefficient (NTC) suggests that LIG exhibits semiconductor-like
characteristics in terms of the temperature response. The negative TCR value explains the trend
difference of resistance change, which resistance of LIG in a small CTE material such as TPU
90A decreases while those of LIG in PDMS and Ecoflex with relatively large CTEs increases by
increasing temperature as shown in Figure 2e.
To gain a deeper understanding of the temperature effect on LIG, LIG was sandwiched between
PI and PDMS without transfer, as described in Figure 4a. The cross-sectional SEM image shown
in Figure 4b reveals that LIG on PI has nonporous and porous regions. Furthermore, the porous
structure of LIG can be clearly observed in the top view of the SEM image (Figure 4c). After
producing LIG on the PI film, PDMS was formed over the resulting LIG/PI. Owing to the
presence of two layers of LIGs with different densities (porous and nonporous), the effect of strain
caused by thermal expansion on each layer was analyzed although the density difference cannot

be quantitatively determined. To this aim, the electrical resistance without delamination of the



PDMS layer from the PI film was measured. LIG/PI has a negative resistance change mainly

caused by TCR, whereas LIG/PDMS has a positive resistance change induced by thermal

expansion with increasing temperature (Figure 2a and d). Accordingly, measuring the resistance

change caused by thermal expansion of PI (ARp cte) and PDMS (ARppms cte) and the TCR of

LIG (ARviG 1cr) should reveal the main region undergoing the resistance change against strain

caused by the temperature change. As a result, the resistance change ratio decreases when the

temperature increases (Figure 4d and e). From the linear fitting of the resistance change ratio,

sensitivity was determined to be ca. —0.025%/°C. In accordance with the NTC characteristics,

this sensitivity is lower than that of PI/LIG without PDMS (ca. —0.046%/°C, Figure 2¢). Notably,

the TCR of LIG extracted from the calculation cannot be used for this comparison because PI/LIG

was excluded from TCR estimation owing to process and material differences. However, it can

be concluded that nonporous LIG exhibits a stronger strain response than porous LIG, although

there is a small influence of resistance change in the porous region.

CONCLUSIONS

In this study, the TCR of transferred LIG was investigated in the context of the design of a

temperature sensor. By characterizing the temperature and strain effects on LIG embedded in

different elastomer films, TCR was estimated to be ca. —0.44 %/°C without thermal expansion. It



is also revealed that selecting the elastomer material as a substrate is important to obtain negative

and positive temperature coefficients. Furthermore, the sensitivity was found to depend on the

depth location, which in turn is related to the LIG density. These fundamental studies on the LIG

characteristics will contribute to the design of temperature sensors in the near future.

MATERIALS AND METHODS

Material preparation: The elastomer films were prepared as follows. SILPOT 184 was used as

the PDMS precursors. PDMS base solution and a curing agent were mixed with a 10:1 wt.%

ratio, and the PDMS films were obtained after curing at 90°C for more than 2 h. For the Ecoflex

film, Ecoflex 00-30A with a 1:1 wt.% ratio (base and curing agent solutions) was used. The curing

process was performed at 90°C for more than 20 min. For TPU 90A, TPU 90A pallets were first

dissolved in dimethylformamide at a concentration of 200 mg/mL, and the film was prepared by

curing at room temperature in air for more than 10 h.

Device fabrication: A CO; laser (VLS2.30, UNIVERSAL Laser System) with a power of 10 W

(laser power:40%, laser speed:30% and the image density is 5) was used to form LIG on 125 pum-

thick PI film. Next, the LIG/PI film was fixed in a mold with a depth of 2 mm using a double-

side tape, and the elastic precursors were poured into the mold and cured to form elastomer films.

The thicknesses of cured PDMS and Ecoflex films were ~2 mm while that of TPU 90A was ~1.5

10



mm. After transferring LIG to the elastomer films, Ag electrodes (~1 ) were printed on the

contact region of LIG to make a stable electrical connection between the stretchable GalnSn liquid

metal and LIG. Subsequently, GalnSn electrodes as flexible and stretchable electrodes were

manually patterned using a syringe over the Ag electrodes. To monitor the resistance change using

a datalogger, electrical wires were attached to the GalnSn electrodes and connected to the

datalogger.
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Figure 1. (a) Schematic of the concept to determine the temperature coefficient of resistance
(TCR) of transferred laser-induced graphene (LIG) and thermal expansion of the films. (b)
Schematic of the fabrication of the LIG/elastomer structure. (c) Coefficient of thermal expansion
(CTE) and number of samples measured in this study for each elastomer film. (d) Cross-section

SEM images and (e) Raman spectroscopy of LIG in PDMS, Ecoflex, TPU 90A, and polyimide

(PI) films.
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Figure 2. Resistance change ratio at different temperatures of (a) LIG/PI, (b) LIG/TPU 90A, (c)

LIG/Ecoflex, and (d) LIG/PDMS. (e) Resistance change ratio as a function of temperature plotted

from the results in (a—d). Dashed lines are extracted by line fitting. (f) Sensitivity at different CTE

values. The sensitivity is calculated from the slopes of the line fitting results shown in (e).
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SEM image of LIG on PI. (c) Top view of SEM image of porous LIG on PI. (d) Resistance change
ratio at different temperatures from the structure described in (a). (¢) Resistance change ratio as a

function of temperature extracted from (d).
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