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Abstract 11 

We report on the in situ thermal measurement of a carbon nanofiber (CNF) modified by 12 

focused ion beam (FIB) irradiation. The FIB irradiation led to local amorphization of the 13 

crystalline structure of the CNF. The in situ measurement was improved by correcting for the 14 

effect of the scattered ions on the sensor. The low effective thermal conductivity of the 15 

pristine CNF (~39 W/mK) resulted from the anisotropic structure made of many individual 16 

graphitic fibers. The first FIB irradiation decreased the thermal conductivity by 17 



2 
 

approximately 3.2%. This relatively small decrease is attributed to the structure of the CNF 18 

consisting of many individual fibers, with some fibers remaining pristine even after the FIB 19 

irradiation. Analysis using a thermal-circuit model suggested that the thermal transport in the 20 

CNF could include a ballistic feature of phonons in the micrometer range. Our proposed in 21 

situ thermal measurement method can be extended to the study of thermal transport in various 22 

structurally modified nanomaterials. 23 

_____________________________ 24 

* Corresponding author. Tel: +81-92-802-3015. E-mail: takahashi@aero.kyushu-u.ac.jp (Koji 25 

Takahashi) 26 

 27 

1. Introduction 28 

Graphene-based nanocarbon materials such as carbon nanotubes (CNTs) and graphene have 29 

received considerable attention because of their high thermal conductivity [1–6], which is 30 

useful for thermal management [7–9]. The high thermal conductivity results from the light 31 

carbon atoms and strong sp2 bonding between atoms. Manipulation of the thermal transport in 32 

graphene-based nanocarbon materials has also been achieved by modifying the structures 33 

using focused ion beam (FIB) irradiation [10,11], electron beam (EB) irradiation [12], 34 

EB-induced deposition [13], fullerene encapsulation [14] and chemical functionalization 35 
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[15,16]. These studies highlighted the potential applications of graphene-based nanocarbon 36 

materials such as for thermal rectification [13] and thermal conversion [14] and provided 37 

estimates of the effects of defects [10,11] and impurities [15,16] on the thermal transport. 38 

Nevertheless, experimental studies on the effects of structural modification on thermal 39 

transport remain limited as it is difficult to combine thermal measurements and structural 40 

modification techniques at the nanoscale. With the acceleration of theoretical studies on 41 

phonon engineering, more rigorous experimental methods should also be developed. 42 

Raman spectroscopes or metallic thin-film sensors have conventionally been used for 43 

thermal measurement of nanocarbon materials[1,2,5,15,17,18]. Although Raman 44 

thermometry requires a relatively brief sample fabrication process, this technique may 45 

introduce unexpected error in the measurement results because of the use of laser absorptivity. 46 

The preparation of metallic thin-film sensors requires more complicated 47 

microelectromechanical system (MEMS) techniques but can result in higher temperature 48 

sensitivity because much smaller temperature differences can be detected using the electrical 49 

resistances instead of the peak shifts of Raman spectra. The higher temperature sensitivity is 50 

important to precisely investigate the effects of structural modification on thermal transport. 51 

In situ thermal measurement of nanomaterials modified by FIB or EB irradiation can be 52 

used to study nanomaterials with local structural modification. By using only one sample, this 53 
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method eliminates the problem of individual differences among samples, which can lead to 54 

undesirable deviations in the measured results. FIB irradiation is a better choice than EB 55 

irradiation to modify multi-walled carbon nanotubes (MWCNTs) or carbon nanofibers 56 

(CNFs), which contain more atoms and are thicker than single-walled carbon nanotubes 57 

(SWCNTs) and single-layer graphene (SLG). It is easier to modify these structures using FIB 58 

irradiation because the ions are larger than electrons, leading to much faster collapse of the 59 

crystalline structures. One concern about using FIB irradiation is the need to account for the 60 

effect of the widely scattered ions on the delicate sensors [19–21]. 61 

In this work, we performed in situ measurements of the thermal resistance of a 62 

graphene-based one-dimensional nanocarbon material, which is a CNF, modified by FIB 63 

irradiation using a platinum thin-film sensor. The CNF sample was irradiated with a FIB to 64 

adjust the characteristic length of phonon transport down to 1 μm. The thermal conductivity 65 

of the pristine CNF was approximately 39 W/mK and decreased by approximately 3.2% after 66 

the first FIB irradiation. This low intrinsic thermal conductivity resulted from the anisotropic 67 

structure consisting of many individual graphitic fibers. The relatively small decrease is 68 

attributed to the structure being composed of many individual graphene-based fibers, with 69 

some fibers retaining their crystalline structure even after the FIB irradiation. Analysis using 70 

a thermal-circuit model suggested that ballistic phonon transport occurs in the CNF, which 71 

can be attributed to the highly graphitized structure of the CNF. This work is useful for 72 
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understanding ballistic phonon transport and provides knowledge for tailoring the heat flow 73 

in nanocarbon materials.  74 

2. Experimental 75 

This investigation involved the preparation of a CNF sample and sensor for measurement, 76 

observation of the structure of the CNF using transmission electron microscopy (TEM), 77 

characterization of the structure using Raman spectroscopy, measurement of the thermal 78 

conductivity of a Pt hot film affected by scattered ions (supplementary material), and in situ 79 

measurement of the thermal resistance of the CNF under FIB irradiation. 80 

2.1. Sample and sensor preparation 81 

CNF was produced from polyacrylonitrile (PAN) nanofiber as follows. Firstly, PAN 82 

nanofiber was prepared by electrospinning method with 8 wt.% PAN/dimethylformamide 83 

solution at room temperature using a commercial electrospinning apparatus (NANON, 84 

MECC, Co. Ltd., Japan) at 30 kV of applied voltage. Next, to conserve the fibrous structure, 85 

the PAN nanofiber was stabilized under air atmosphere from room temperature to 270 ℃ at 86 

0.5 ℃/min of heating rate. The stabilized PAN nanofiber was then carbonized at 600 ℃ for 1 87 

h in Ar gas flow (heating rate: 5 ℃/min). Finally, the carbonized PAN nanofiber was 88 

heat-treated at 2800 ℃ for 10 min to obtain graphitized CNF. The average diameter was 266 89 

nm. The CNF was then ultrasonically dispersed in ethanol solution to isolate the fibers. A 90 
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MEMS technique was used to fabricate the Pt thin-film sensors. EB lithography was used to 91 

pattern an EB resist layer on a SiO2/Si substrate. An 8-nm-thick Ti and a 40-nm-thick Pt layer 92 

were deposited on the substrate using physical vapor deposition (PVD). After the subsequent 93 

lift-off process and wet etching using buffered hydrofluoric solution, the sensor fabrication 94 

was completed. The sensor consisted of two Pt electrodes and heat sinks, a Pt hot film 95 

suspended between them, and another Pt heat sink. The hot film, which served as a resistance 96 

thermometer, was approximately 9.6-μm long, 500-nm wide, and 40-nm thick. After 97 

calibration of the Pt hot film, a CNF dispersed on a TEM grid was picked up by a sharpened 98 

tungsten probe and bridged between the hot film and heat sink of the sensor. To minimize the 99 

thermal contact resistance between the Pt hot film and sample, amorphous carbon was 100 

deposited on both ends of the sample [1,2,18,22,23]. Fig. 1 presents a scanning electron 101 

microscopy (SEM) image of the sensor and CNF. The slight curvature on the sensor would 102 

not affect the measurement because the slight curvature does not break any crystalline 103 

structures. 104 

 105 
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 106 

Fig. 1 SEM image of Pt thin-film sensor and CNF bridged between the hot film and heat sink. 107 

The Pt hot film and CNF were completely suspended above the SiO2/Si substrate. 108 

 109 

2.2. TEM observation 110 

The CNF used for the measurement was examined using TEM (JEM-3200FSK, JEOL Ltd., 111 

Japan) to confirm that there were no visible contaminants or defects. Fig. 2 presents a TEM 112 

image of an outer edge of the electrospun CNF. More TEM images of the pristine CNFs are 113 

in the supplementary material. The TEM images revealed many individual fibers were 114 

intertwined to create the CNFs and the fibers were made of the graphitic structure. The 115 

graphitic structures were roughly oriented in the axial direction of the CNF and continued 116 

essentially in the axial direction. Some fibers went beneath others and/or were twisted. Next, 117 

the effects of FIB irradiation on the CNF were verified using another CNF. The crystalline 118 

structure was transformed into an amorphous structure by the FIB irradiation. Fig. 3(a) 119 
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presents a schematic illustration of the FIB irradiation of the CNF. The acceleration voltage, 120 

diameter, irradiation area, beam current, and dose were 30 kV, 7.1 nm, 0.1×20 μm2, 1.6 pA, 121 

and 10 pC/μm2, respectively. Fig. 3(b) presents a TEM image of the FIB-irradiated CNF. We 122 

identified the defected parts in the CNF by finding the boundaries between the crystalline and 123 

amorphous regions (Fig. S6). The defected part in the CNF was approximately 222-nm long 124 

along the fiber axis and occupied approximately 54% of the original cross-section, which was 125 

estimated geometrically, as explained in the supplementary material. 126 

 127 

 128 

Fig. 2 TEM image of an outer edge of the electrospun CNF. The CNF exhibited a fibrous 129 

structure of many individual components of the graphitic structure. More TEM images of the 130 

pristine CNFs are in the supplementary material.  131 

 132 
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  133 

Fig. 3 (a) Schematic illustration of CNF on a TEM grid and FIB irradiation area. (b) TEM 134 

image of FIB-irradiated CNF (tilted by 56°). After FIB irradiation, the original structure of the 135 

CNF based on the graphitic structure collapsed. The dashed line represents the approximate 136 

boundary between the crystalline and amorphized part when the TEM grid was tilted by 56°. 137 

The white rectangle in (b) is the approximate area of the boundary between the crystalline and 138 

amorphized part shown in Fig. S6. 139 

2.3. Raman spectroscopy 140 

Fig. 4 shows a Raman spectrum of the CNF measured by a commercial Raman spectrometer 141 

(LabRAM HR-800, Horiba Ltd., Japan). The Raman spectrum shows the two characteristic 142 

peaks of graphitic materials. One is D peak (~1370 cm-1) which is associated with the 143 

disordered graphitic structure, and the other is G peak (~1590 cm-1) which is associated with 144 

sp2 bonding between carbon atoms in the graphitic structure. The ratio of the intensity of D 145 
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peak to intensity of G peak indicates how crystalline the graphitic samples are. The intensity 146 

ratio of our CNF is much smaller than the other CNFs in the reference [24]. In the reference, 147 

the ratio decreased with increase of the final carbonization temperature from 1400 to 2200 ℃, 148 

indicating more ordered graphitic structures are made. Since we heat-treated the CNF at 149 

2800 ℃, the Raman spectrum shows the further smaller ratio. Thus, the CNF used in this 150 

study is made of highly crystalline graphitic structure. 151 

 152 

Fig. 4 Raman spectrum of the CNF. 153 

 154 

2.4. Thermal measurement 155 

Thermal measurement using a T-type method was performed on a Peltier heating/cooling 156 

stage in the chamber of a scanning electron microscope (Versa 3D, FEI, OR, USA) equipped 157 

with a FIB system. The pressure in the chamber during the measurements was on the order of 158 

10−4 Pa. Fig. 4 presents a schematic illustration of the T-type method. In this method, a hot 159 
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film is heated by a direct current, and the average temperature of the hot film is measured as 160 

the electrical resistance. If the hot film is bare, the temperature distribution along the hot film 161 

is similar to that indicated by the solid blue line. When a CNF is on the hot film, the 162 

temperature distribution is similar to that indicated by the dashed red line because some heat 163 

generated in the hot film can escape through the CNF to another heat sink. The difference 164 

between the two average temperatures corresponds to the thermal resistance of the CNF. In 165 

the experiment, the hot film was first calibrated; then, a CNF was placed on the sensor using 166 

a probe; and finally, the thermal resistance of the pristine CNF was measured. The suspended 167 

length of the CNF was 5.0 μm, and the diameter was 193 nm. The CNF was irradiated with 168 

the first FIB at a position 1-μm away from the hot film. For the following irradiations, the 169 

position of the FIB-irradiated area was shifted by 1 μm in the direction away from the hot 170 

film, as shown in Fig. 4. After every FIB irradiation, the thermal resistance of the CNF was 171 

measured. The effect of the scattered ions on the thermal conductivity of the Pt hot film was 172 

corrected to improve the in situ measurement, as explained in the supplementary material.  173 

 174 
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 175 

Fig. 4. Schematic illustration of thermal measurement using T-type method. 176 

3. Results and Discussion 177 

The thermal resistances of the CNF at 300 K after the nth FIB irradiation are shown in Fig. 178 

5. The thermal resistance of the CNF increased monotonically as the FIB was irradiated. This 179 

is attributed to the FIB irradiation collapsed the crystalline structure of the CNF, leading to 180 

scatter phonons and shorten the mean free paths. The thermal resistance was converted to the 181 

effective thermal conductivity by considering the length (5.0 μm) and diameter (193 nm). The 182 

effective thermal conductivity of the pristine CNF was 39 W/mK. The thermal conductivity 183 

after the first FIB irradiation decreased by 3.2% compared with the original thermal 184 

conductivity. 185 

The effective thermal conductivity of the CNF before the FIB irradiations is lower than the 186 

thermal conductivities of SWCNTs (600–10000 W/mK) [3,25–27] and MWCNTs (100–3000 187 
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W/mK) [1,2,4,26,28–30]. This lower effective thermal conductivity can be attributed to two 188 

anisotropies: the interlayers of the graphitic structures and the gaps between each fiber (Fig. 189 

S5). The two isotropies lead to thermal resistances respectively. Fujii et al. reported that the 190 

thermal conductivity of a MWCNT decreased with increasing diameter [2], and the same 191 

trend was also reported by Yang et al. [29]. Hayashi et al. showed that the thermal 192 

conductivity in the radial direction of a MWCNT is much lower than that in the axial 193 

direction because of the anisotropic structure of MWCNTs [31]. The inner layers of a 194 

MWCNT do not relatively contribute to the thermal conductivity of the axial direction, 195 

resulting in the lower effective thermal conductivities of thicker MWCNTs in previous 196 

studies [2,29,31]. The similar anisotropy could explain the relatively low thermal 197 

conductivity in this work, which is that each fiber in the CNF consists of the graphitic 198 

structure and the fibers are intertwined to form one CNF (Fig. 2). The CNF was bridged on 199 

the hot film and sensor, and amorphous carbon was deposited on the both contacts to 200 

minimize the thermal contact resistances. Heat was transported from the hot film into the 201 

CNF through the outer part of the CNF where the CNF is on the hot film and/or is connected 202 

to the hot film by covering with the amorphous carbon deposition. Because of the anisotropic 203 

structure of the CNF, heat is likely to be transported in the fiber-axis direction, resulting in 204 

that fibers and graphene layers closer to the bottom side and/or the outer surface contribute 205 

more largely to the thermal transport. The relatively low effective thermal conductivity was 206 
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calculated from the thermal resistance using the whole cross-sectional area. 207 

The decrease of the thermal conductivity after the first FIB irradiation is much smaller than 208 

that previously reported for graphene-based nanocarbon materials. For example, 209 

amorphization of a part of the MWCNT by FIB irradiation led to a 41% decrease in the 210 

thermal conductance of the MWCNT [10]. In addition, the introduction of nanohole defects 211 

by FIB irradiation led to a decrease of the thermal conductivity of SLG by 42% [11]. Some 212 

theoretical studies have also reported that the introduction of a small number of vacancy 213 

defects can largely decrease the thermal conductivities of SWCNTs [32] and SLG [12,33]. 214 

The difference between the previous and current results could arise from the difference in the 215 

structures. The CNT and graphene essentially consist of SLG, where the defects disturb 216 

phonon propagation in each graphene layer. In contrast, the CNF consists of many individual 217 

fibers made of multi-layer graphene. In this study, the fibers in the 46% of the cross-section 218 

were estimated to be crystalline after the FIB irradiation. Especially, the remaining crystalline 219 

fibers are in the roughly lower half of the CNF which largely contributed to the thermal 220 

transport in the CNF since the crystalline fibers are close to the hot film. It should be noted 221 

that there was still room for the thermal conductivity of the pristine CNF to decrease because 222 

it is higher than that of amorphous carbon [34] where the structure is disordered and whose 223 

thermal conductivity is the lower limit (Fig. S10). 224 
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The results in Fig. 5 were analyzed using a thermal-circuit model consisting of the thermal 225 

resistances of the CNF divided by the defected parts. The model is shown in Fig. 6. Rnth is the 226 

measured thermal resistance of the CNF after the nth FIB irradiation (n=0, 1, 2, 3, 4). Li, ki 227 

and Ri correspond to the length, thermal conductivity, and thermal resistance of the ith 228 

pristine part of the CNF (i=1, 2, 3, 4, 5). After the first FIB irradiation, a defected part was 229 

created in the CNF because of the local amorphization of the CNF, and the CNF was divided 230 

into three different-length parts of L1 (0.822 μm), Ld (0.222 μm), and L4 (3.956 μm). Ld is the 231 

length of the defected part. The total thermal resistance of the CNF can be expressed as 232 

R1st=R1+Rd+R4.                                                            (1) 233 

Similarly, after the nth FIB irradiation, n defected parts were created in the CNF, and the total 234 

thermal resistance of the CNF can be expressed as 235 

Rnth=n(R1+Rd)+R5−n.                                                        (2) 236 

All the Rd values were assumed to be identical. 237 

To solve the equations, we assumed two cases in which the length was longer than ~4 μm. 238 

In the first case, we used assumption (i) of diffusive phonon transport (k4=k5). If this 239 

assumption is valid, the thermal conductivities ki (i=1, 2, 3, 4, 5) should not change. Under 240 

assumption (i), R1+Rd was determined using equation (1), and R5−n was finally derived from 241 

equation (2). The k5−n values converted from R5−n are presented in Fig. 7 as a function of the 242 
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characteristic length L5−n as solid blue squares. However, the resultant thermal conductivity 243 

decreased with decreasing characteristic length, which implies that thermal transport in the 244 

CNF included the ballistic feature of phonons. Next, assumption (ii) of quasi-ballistic phonon 245 

transport (k4=αL4
β) was adopted. It has been theoretically predicted and experimentally 246 

demonstrated that the thermal conductivities of one-dimensional materials diverge as ~Lβ (β 247 

is between 0 and 1) [17,35,36]. For our assumption (ii), β was estimated to be 0.023 in 248 

accordance with ref. [17], where the thermal conductivity of a SWCNT was reported to 249 

diverge as ~Lβ (β=0.023, 3.0 μm<L<5.5 μm). α was determined to be 654 from the thermal 250 

conductivity k5 (k5=αL5
0.023). The resultant thermal conductivities are plotted as a function of 251 

characteristic length in Fig. 7 as open blue squares. In Fig. 7, both the thermal conductivities 252 

obtained using assumption (i) and (ii) respectively decreased as the characteristic length of 253 

the CNF decreased in the micrometer range. The thermal conductivity (assumption (i)) shows 254 

that the thermal transport in the CNF is not completely diffusive, and the thermal 255 

conductivity (assumption (ii)) suggests how it could depend on the characteristic length.  256 

This finding, that the thermal conductivity of the CNF could depend on the characteristic 257 

length in the micrometer range, is similar to the experimentally reported size effects for 258 

SWCNTs, SLG, and MWCNTs. The thermal conductivities of SWCNTs were observed to 259 

saturate to finite values at a characteristic length of ~10 μm [17]. In addition, the thermal 260 

conductivity of SLG has been shown to logarithmically increase in the length range from 300 261 
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nm to 9 μm [37]. For MWCNTs, Chang et al. reported the violation of Fourier’s law in the 262 

length range of 3.7–5.4 μm [38]. In addition, Hayashi and co-authors reported that the 263 

thermal conductivity of MWCNTs monotonically increase in the length range of 0.3–4.8 μm 264 

[10]. These length dependences of the thermal conductivities exist over a longer regime than 265 

the roughly estimated phonon mean free paths of SWCNTs (250–750 nm) [29], SLG (240–266 

775 nm) [6,37], and MWCNTs (4–50 nm) [4,27] near room temperature. However, these 267 

phonon mean free paths were determined using a simple kinetic theory that ignored phonon 268 

dispersion. In fact, there are phonons with various mean free paths, and the phonons with 269 

long mean free paths could largely contribute to thermal transport [10,39]. The phonons with 270 

long mean free paths produced by graphene-based structures in SWCNTs, SLG, and 271 

MWCNTs contribute largely to their thermal transport, leading to the remaining feature of 272 

ballistic phonon transport and length-dependent thermal conductivity in the micrometer range. 273 

Here, the length-dependent thermal conductivity of the CNF can be attributed to the fibers 274 

made of the graphitic structure which can continue for a long distance. It was observed that 275 

the graphitic structures were oriented with respect to the axis of the CNF to some extent and 276 

continued essentially in the axial direction of the CNF. As far as we observed, there was no 277 

cuts of the fibers while some fibers could not be observed due to going beneath others and/or 278 

being twisted. The graphitization at 2800 ℃ contributed to creating the long-continuing 279 

structure and helped the ballistic feature of the phonons to remain in the micrometer range, 280 
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leading to this anomalous characteristic of the CNF such as for CNTs and graphene. Previous 281 

studies have also reported that such graphene-based structures lead to ballistic phonon 282 

transport even for effective thermal conductivities of 10–100 W/mK [18,23,40]. 283 

 284 

 285 

Fig. 5. Thermal resistance of CNF after nth irradiation. 286 

 287 

 288 

Fig. 6. Schematic illustration of thermal-circuit model of CNF. (a) Before FIB irradiation, the 289 
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total thermal resistance of the CNF was R0th. (b) After the first FIB irradiation, the CNF was 290 

divided into three different-lengths parts L1, Ld, and L4. The total thermal resistance of the CNF 291 

can be expressed as R1st=R1+Rd+R4. (c) Similarly, after the nth FIB irradiation, the total thermal 292 

resistance of the CNF can be expressed as Rnth=n(R1+Rd)+R5−n. 293 

 294 

 295 

 296 

Fig. 7. Thermal conductivities of CNF obtained under assumption (i) (solid blue squares) of 297 

diffusive phonon transport and assumption (ii) (open blue squares) of quasi-ballistic phonon 298 

transport as a function of characteristic length. The dashed lines were drawn to guide the eyes. 299 

4. Conclusions 300 

 We investigated thermal transport in a CNF using a T-type thermal merereurement method 301 

with a Pt hot-film sensor and FIB nanofabrication. TEM analysis revealed that the FIB 302 



20 
 

irradiations on the CNF amorphized the crystalline structure. In addition, correction of the 303 

effect of scattered ions on the Pt hot film led to more precise in situ measurements. The 304 

relatively low thermal conductivity resulted from the anisotropic fibrous structure. The 305 

measured thermal resistance of the CNF increased with increasing irradiation time. Compared 306 

with the results of previous studies, the decrease in the thermal conductivity was small after 307 

the first FIB irradiation as some fibers remained pristine even after the FIB irradiation. 308 

Analysis using a thermal-circuit model suggests that there could be a length-dependent 309 

thermal conductivity of the CNF with a characteristic length ranging from ~1 to ~5 μm. Our 310 

proposed experimental approach can also be applied to in situ thermal and/or electrical 311 

measurements of other nanomaterials while modifying their structure. 312 
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