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Thermal Deposition Method for p–n Patterning of Carbon 

Nanotube Sheets for Planar-type Thermoelectric Generator 

Ryohei Yamaguchi,a Taiki Ishii,a Masamichi Matsumoto,a Angana Borah,a Naoki Tanaka,ad Kaito 

Oda,b Motohiro Tomita,bc Takanobu Watanabe,bc and Tsuyohiko Fujigaya,*ade

Thermoelectric generators (TEGs) using flexible single-walled carbon nanotube (SWCNT) sheets have a high Seebeck 

coefficient, remarkable electrical conductivity, and good flexibility, making them promising for the realization of wearable 

electronics. TEGs with a planar structure are preferable to those with <8
��!�� structures, as the planar surface enables the 

device to be attached flat to a surface such as skin. To realize a planar configuration, sequentially repeating p- and n-type 

areas must be fabricated with high precision. However, there is considerable molecular diffusion in the lateral directions 

when using solution doping methods, which decreases the patterning resolution. Therefore, in this study, a dry patterning 

process is developed based on thermal vapor deposition using patterned masks. For the patterning, p-type SWCNT sheets 

are doped using 2-(2-methoxyphenyl)-1,3-dimethyl-1H-benzoimidazol-3-ium iodide as the n-type dopant. The ?�8@�8����+ 

SWCNT sheets are doped from the top to the bottom of the sheet with a lateral diffusion of only ~100 @�& Planar SWCNT-

based TEGs with four p–n units exhibit an efficient power generation of 60 nW cmD� (at �T = 25 °C), with scope for further 

optimization via simulation-based design. 

1. Introduction

Wearable flexible electronics with sensors and displays are key 

components for realizing the Internet of Things.1-6 

Thermoelectric generators (TEGs) are a promising technology 

for supplying power to these devices, as they produce electricity 

from a heat gradient, thereby limiting the need for recharging.7-

10 To obtain TEGs with a high conversion efficiency, a large 

power factor (PF; determined by PF = S2�, where S and � are the 

Seebeck coefficient and electrical conductivity, respectively) is 

preferable. Various TEG materials, particularly inorganic 

semiconductors such as Bi2Te3, have been extensively studied11-

16 because of their high PF of over 1.0 mW mD% KD� near room 

temperature.17-20 However, these inorganic materials often lack 

flexibility and processability. Thus, complex device 

configurations such as Origami structures have been 

developed.21 

Recently, single-walled carbon nanotubes (SWCNTs) have 

emerged as a candidate material for TEGs owing to their 

excellent electrical conductivity, mechanical strength, good 

flexibility, and processability.22, 23 However, their PF is limited to 

approximately 300 @1 mD% KD� when unsorted (mixture of 

semiconducting and metallic) SWCNTs are used;24-26 thus, the 

integration of multiple TEG units into a single device is required. 

Typically, integration is achieved with a <8��!� configuration 

(Fig. 1a), in which a number of p- and n-type SWCNT sheets or 

fibers are connected alternatively in a zigzag pattern.27-29 

However, because the hot side must be separated from the cool 

side to create the temperature gradient, the <8��!� 

configuration must be attached vertically to the hot surface, 

which is undesirable for producing compact wearable devices. 

To overcome this issue, we developed a novel planar 

configuration for silicon-based TEG materials,30 in which heat 

injection is spatially regulated by the placement of thermal 

conductors to generate a temperature gradient in the in-plane 

direction (Fig. 1b). In this configuration, the integration of 

multiple p–n sequences is possible in a single SWCNT sheet by 

alternate patterning of p- and n-type regions, with thermal 

conductors attached at alternate p–n junctions. This is expected 

to increase the power density while retaining a simple 

structure. In addition, in the planner-type structure, the TEG 

sheets can be attached on the surface of heat source without 

folding the sheets, while p-type structure needs to fold the 

sheets in zigzag shape and attach them on the heat source 

perpendicularly to make the other side of the sheet cooler. 

Therefore, planner-type TEG structure is much preferable for 

the wearable applications. Since SWCNT sheets generally have 

a p-type nature, the patterning of n-type regions on a p-type 

SWCNT sheet will enable the fabrication of such a structure. 
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values, which may be due to the contact resistance at the Au 

electrode. 

It should be emphasized that our device structure can be 

easily scaled without increasing the size of the TEG module by 

decreasing the pattern size. The good agreement between the 

simulated and experimental results demonstrates that the TEG 

design can be optimized through simulation, reducing the need 

for timely and costly experimentation. Such optimization is 

currently ongoing in our group. Ferguson et al.23 pointed out 

that the power factor over 1000 �W m-1 K-2 was obtained from 

the SWCNT sheets prepared without sonication mainly due to 

the remarkable electrical conductivity over 1000 S cm-1. 

Therefore, large improvement of the performance is expected 

when our method is applied for these sheets.

Conclusions

In summary, the thermal deposition of o-MeO-DMBI-I with post 

heating resulted in the successful n-doping of a ?�8@�8����+ p-

type SWCNT sheet. Precise p–n patterning was achieved by 

using a slit mask. The lateral diffusion of dopant molecules was 

limited to ca. 100 @�  which is considerably smaller than that 

with solution-based doping processes (diffusion length of a few 

centimeters). Planar SWCNT-based TEG devices were fabricated 

via p–n patterning based on the thermal deposition method, 

with thermal conductors attached at alternate p–n junctions. A 

power density of 60 nW cmD� was achieved at a temperature 

difference of 25 °C was applied for the device with four 

integrated p–n units. The power density of devices with this 

planar structure can be increased further through simulation-

based design to optimize the pattern width, SWCNT sheet 

thickness, and so on. This optimization work is currently 

ongoing. 

Experimental

Materials. SWCNTs (Meijo-eDIPS) with a diameter of 1.5 ± 0.5 

nm were purchased from Meijo Nano Carbon. Ethanol and N-

methylpyrrolidone (NMP) were purchased from FUJIFILM Wako 

Pure Chemicals Corp (Tokyo, Japan). Methanol was purchased 

from Kanto Chemical (Tokyo, Japan). Silica aerogel (ENOVA, 

IC3110) and poly(vinyl alcohol) were purchased from Cabot 

Corp (Boston, USA) and MilliporeSigma (St. Louis, USA), 

respectively. 2-(2-Methoxyphenyl)-1,3-dimethyl-1H-

benzoimidazol-3-ium iodide (o-MeO-DMBI-I) was synthesized 

according to a modified method based on previous reports 

(Scheme S2).35

Characterization. X-ray photoelectron spectroscopy was 

conducted at room temperature using an AXIS-ULTRA 

spectrometer (Shimadzu, Kyoto Japan), in which indium was 

used as the substrate. Scanning electron microscopy (SEM) was 

carried out using an SU-9000 microscope (Hitachi High 

Technologies, Tokyo Japan) with an accelerating voltage of 5.0 

kV. Optical absorption measurements were performed using a 

V-670 spectrophotometer (JASCO, Tokyo Japan). The in-plane 

electrical conductivity and in-plane Seebeck coefficient were 

measured using a ZEM-3 measurement system (ADVANCE RIKO, 

Yokohama Japan) under a helium atmosphere at ~0.01 MPa 

from 30 to 100 °C. Through-plane mapping of the Seebeck 

coefficient and thermal conductivity were conducted via 

scanning thermal probe microimaging (STPM-1000, ADVANCE 

RIKO, Yokohama Japan), where the 10 × 10 mm area was 

scanned in 0.2 × 0.2 mm pitch (50 × 50 spots; 2500 

measurement spots in total). The temperature of the SWCNT 

sheet was monitored using an InfReC R450 thermal imaging 

camera (NIPPPON AVIONICS CO., LTD. Yokohama Japan). 

Electrospray ionization mass spectroscopy was conducted using 

an AccuTOF LC-plus 4G system (JEOL, Tokyo Japan).

Fabrication of SWCNT sheets. SWCNTs (65.0 mg) were dispersed 

in NMP (650 mL) using a bath-type sonicator (Branson 5010) for 

2 h. Further NMP (325 mL) was then added, followed by 

sonication for 1 h. The dispersion was filtered through a 

polytetrafluoroethylene membrane (pore diameter: 1.0 @�6& 

The obtained sheet was removed from the membrane and 

washed by dipping it in methanol to remove residual NMP, 

followed by vacuum-drying at 80 °C for 8 h. The thickness of the 

sheets was 50 @�& The free-standing SWCNT sheets were cut by 

scissors to the specified size.

Fabrication of SWCNT-coated quartz substrate. SWCNTs (1.0 mg) 

were suspended in ethanol (20 mL) by sonication in a bath-type 

sonicator for 1 h. The SWCNT suspension was dropped on a 

quartz substrate (70 × 8.0 mm).

Doping of SWCNTs by o-MeO-DMBI-I based on thermal deposition 

method. The non-doped SWCNT sheet attached on the sample 

holder was covered by a patterned slit mask (stainless sheet: 1 

mm thick) and placed in a vacuum chamber (VPC-260, ULVAC, 

Tokyo Japan). o-MeO-DMBI-I was placed in a tungsten boat and 

heated at 180 °C under vacuum (10D' Pa). The temperature of 

the boat was measured using a K-type thermocouple. After the 

thermal vapor deposition of o-MeO-DMBI-I, the SWCNT sheet 

was post heated at 80 °C under vacuum for 90 min. After the 

post-heating, the doped sheet was taken from the chamber and 

used for the measurements.

Fabrication of planar SWCNT-based TEGs. Cu wire (diameter: 1.0 

mm) was attached at the boundary between the p- and n-doped 

regions on one side of the SWCNT sheet. The other areas of the 

sheet surface were passivated using a silica aerogel/poly(vinyl 

alcohol) composite insulator.54 Au wire was connected to both 

ends of the SWCNT sheet using Ag paste. The I–V performance 

was measured using a Keithley 2401 source meter (Tektronix, 

Tokyo Japan).
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