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Abstract 
 

With the development of micro and mesoscale electronics, photonics, and optoelectronics, heat management on such small 
scales is becoming important. In several emergent areas such as quantum computing and communication, satellite controlling, 
and sensing, the overall refrigeration or cooling rate is having a priority over energy consumption efficiency. Beyond the 
passive heat draining, active solid-state refrigeration and cooling based on the Peltier effect have been attractive. We are 
here to suggest the materials system of carbon nanotubes. By incorporating the energy sensitivity of transport into the 
thermopower investigation, we have found that the active refrigeration and cooling rates are better than or at least similar 
to the thermal conductivity of commonly used functional metals, especially at and above room temperature. The 
performance is also robust against the fluctuation of the band gap introduced during the batch synthesis of carbon nanotubes. 
Furthermore, the p- and n-type regions have similar performance in thermoelectric refrigeration and cooling, which is 
providing convenience for the ultimate device design and manufacturing. 
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1. Introduction 

The development of molecular science and nanotechnology 

has made it feasible to realize electronics[1,2] and 

optoelectronics[3-5] based on micro and mesoscale materials. 

The refrigeration,[6,7] cooling[8,9] and heat management[10,11] for 

such small-scale systems are becoming an urgent issue. 

Besides passive thermal conduction,[12-14] the solid-state active 

refrigeration and cooling technology based on the Peltier[15-18] 

or the Nernst[19-21] effects have been attractive. Traditionally, 

the figure of merit (ZT = TσS2/κ)[22-24] is used to characterize 

the energy consumption efficiency of such thermoelectric 

devices, where σ is the electrical conductivity, T is the 

temperature, S is the thermopower, and κ is the thermal 

conductivity.  

Carbon nanotubes are promising for building micro and 

mesoscale heat management systems, due to their high 

achievable thermal conductivity[25-27] and thermopower[28,29] 

The carbon nanotubes have typical diameters[30,31] that are 

small enough to be embedded with most nanoelectronic 

components, and lengths[32-34] that are large enough for heat 

conduction over wide temperature gradient. Carbon nanotubes  

with different chiralities may fall into metallic,[35,36] semi-

metallic[37,38] or semiconducting[39-41] phases. Furthermore, 

their noticeable mechanical strength and flexibility[42-44] are 

also promising for building robust facilities. 

Unfortunately, the potential of carbon nanotubes for micro 

and mesoscale refrigeration and cooling is not been fully 

explored. With the development of high-k dielectric 

materials[45-47] and the technology of carrier injection,[48-50] the 

tuning of Fermi level and carrier concentration of carbon 

nanotubes with nanoscale diameters can be realized to 

traditional unreachable ranges, which may promise higher 

power density and active rate of refrigeration and cooling. As 

pointed out by Zebarjadi et al.,[51] in many important 

application environments including satellites and space 

stations,[52-56] as well as quantum computing and quantum 

communications,[57-60] the actual rate for refrigeration and 

cooling is of a much higher priority compared to the efficiency 

and the cost. However, traditional research has only focused 

on enhancing the figure of merit, without adequately 

emphasizing the active refrigeration and cooling rate.[51,61] It is 

also challenging to study the thermoelectric parameters of 

single carbon nanotubes at different Fermi levels. Some 

researchers have used Mott's relation to obtain the 

thermopower,[62,63] and some are estimating the electrical 
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conductivity and thermopower by using a constant relaxation 

time approximation or by only considering the acoustic 

phonon scattering,[64-66] despite the significant deviation from 

the real values. A more accurate method has been developed 

recently by Tang et al.,[67,68] by using the energy sensitivity of 

carrier transport and transport rate coefficient extracted from 

the experimental measurement.   

In this paper, we will mainly study the potential of single-wall 

carbon nanotubes for micro and mesoscale refrigeration and 

cooling. The highest achievable active refrigeration and the 

cooling rate at both the room temperature of 300 K and the 

cryogenic temperature of 150 K are calculated for carbon 

nanotubes with chirality of (5,5), (6,3) and (8,0), which are 

metallic,[35,36] semi-metallic[37,38] and semiconducting,[39-41] 

respectively.  

 

2. Method 

The widely adopted Mott's relation[62,63,67] is useful in 

estimating the thermopower in a deep-band conducting regime, 

but cannot help us obtain the value of Sm, by essentially using 

a linear function of carrier energy to approximate the 

hyperbolic tangent function,[67] which is especially inaccurate 

around the extreme points.  

Tang et al.[67,68] have found that the highest achievable 

thermopower (Sm) of a materials system given an electronic 

band structure is determined by the sensitivity of transport rate 

to carrier energy, which is called the energy sensitivity of 

carrier transport (s). Therefore, if we are using the constant 

relaxation time approximation or only considering the acoustic 

phonon scattering, we would be presuming the energy 

sensitivity to be fixed at 0, which prohibits us to obtain the 

value of the highest achievable thermopower.  

The density of free charge carriers passing across a unit 

area per unit of time is characterized by the transport rate (θ), 

and the energy sensitivity of carrier transport (s) is represented 

as the relative change of transport rate per unit relative change 

of carrier energy (ε) counting from the corresponding band 

edge s = (dθ/θ)/(dε/ε). The value of such an energy sensitivity 

is determined by the specific materials system and the 

temperature and is measured to be around ~1.00 for electrons 

and holes in graphene and carbon nanotubes at 300 K[67,69,70] 

and around ~0.50 at 150 K.[67,68] The asymmetry ratio between 

the transport rates of holes and electrons is measured to be in 

the range of 1.50~2.00 at 150~300 K.[67,69,70] The electrical 

conductivity and the thermopower can be generally calculated 

as[67] 

𝜎 =  𝑒2 ∑ ∫ 𝑞𝜃 (−
𝜕𝑓

𝜕𝐸
) 𝑑𝐸𝐵𝑎𝑛𝑑𝑠              (1) 

and 

𝑆 =  −
𝑘𝐵

𝑒2

∑ ∫ 𝑞𝜃(−
𝜕𝑓

𝜕𝐸
)(

𝐸−𝐸𝑓

𝑘𝐵𝑇
)𝑑𝐸𝐵𝑎𝑛𝑑𝑠

∑ ∫ 𝑞𝜃(−
𝜕𝑓

𝜕𝐸
)𝑑𝐸𝐵𝑎𝑛𝑑𝑠

             (2) 

where kB is the Boltzmann constant, e is the elementary charge, 

q of either -e or +e corresponds to the charge of each electron 

or hole, f is the Fermi-Dirac distribution and Ef is the Fermi 

level. Fortunately, this method of thermopower calculation is 

valid for the elastic and inelastic diffusive transport,[71-74] the 

ballistic transport,[75-79] and the quantum transport.[80-83] Within 

each transport regime, the calculation of transport rate (θ) can 

be different. Commonly used methods include the Boltzmann 

equation,[84-87] Rode’s method,[88-93] and the quantum 

transmission matrices.[94-98] The active thermal conductivity is 

different than and imposed upon the passive thermal 

conductivity of κ that is contributed by both lattice and charge 

carriers. Zebarjadi et al.[51] have pointed out that though the 

energy efficiency of a thermoelectricity generator prefers an 

enhanced figure of merit, the solid-state thermoelectric 

refrigeration and cooling also prefers thermoelectric materials 

with large values of both thermal conductivity and/or power 

factor. For the application of refrigeration, the direction of 

active thermal conduction is opposite to natural heat flux, i.e. 

parallel to the temperature gradient, which can be as high 

as[51,61] 

𝑟𝑎,𝑟  =  
𝜎𝑆2𝑇𝑐

2∆𝑇
                  (3) 

where TC and TH are the cold-side and hot-side temperatures, 

respectively, and ΔT = TH - TC is the overall temperature drop. 

The values of σ and S are corresponding to the mid-point 

temperature Tmid = (TH + TC)/2. For the application of cooling, 

the direction of active thermal conduction is, instead, parallel 

to the natural heat flux, and the expression of its highest 

achievable value is slightly different as[51,61]  

𝑟𝑎,𝑐  =  
𝜎𝑆2𝑇𝐻

2∆𝑇
                 (4) 

The passive thermal conductivity and the active 

refrigeration/cooling rate for a single one-dimensional 

material such as a carbon nanotube can be measured by 

forming a nanoscale bridge structure according to previous 

reports.[28,99-101] 

 

3. Results and discussions 

We have studied the influence of band gap on the highest 

achievable active thermoelectric refrigeration and cooling rate 

of carbon nanotubes. To make the comparison as fair as 

possible, we have chosen three individual single-wall carbon 

nanotubes with similar diameters, but different electronic band 

gaps, whose chirality indices are (5,5), (6,3), and (8,0), 

respectively.[30,31,35-41]  

The (5,5)-carbon nanotube has a diameter of d = 6.78 Å, 

and a zero-valued band-gap, which exhibits a metallic 

transport behavior. The electrical conductivity and the 

thermopower as a function of the Fermi level at the room 

temperature of 300 K are calculated based on Equations (1) 

and (2) and shown in Fig. 1(a). The electrical conductivity has 

its minimum value when the Fermi level is aligned with the 

boundary between the conduction band and the valence band, 

which is still as high as 1.33×107 S/m. The highest achievable 

values of thermopower are 1.03 × 10-4 V/K for the p-type 

region and 0.73×10-4 V/K for the n-type region, respectively. 

Such results are comparable to the values measured in metallic 

graphene samples at the same temperature of 0.93×10-4 V/K 

(p-type) and 0.60×10 -4 V/K (n-type). [ 67 , 69]  Fig. 1(b)  
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Fig. 1 The curves in (a), (b), and (c) are showing the calculated electrical conductivity and thermopower as a function of the Fermi 

level for the (5,5)-, (6,3)- and (8,0)-carbon nanotubes, which are metallic, semi-metallic and semiconducting in transport, respectively. 

The results are more accurate compared to the traditional relaxation time approximation methods of diffusive transport, due to our 

incorporation of the bijection between the thermopower and the sensitivity of the transport rate to the carrier energy. In (e), (f), and 

(g), the rates of active Peltier refrigeration and cooling are calculated, corresponding to (a), (b), and (c), respectively. 

 

corresponds to the (6,3)-carbon nanotube with a diameter of d 

= 6.22 Å, and a mini-band-gap of 0.057 eV, which is 

considered semi-metallic during the transport phenomenon at 

room temperature. Fig. 1(c) corresponds to the (8,0)-carbon 

nanotube with a diameter of d = 6.27 Å, and a considerable 

band-gap of 1.46 eV, which is obviously semiconducting. 

Such three single-wall carbon nanotubes have similar 

diameters in the order of ~6 Å, so their differences in transport 

are considered to be resulting from the electronic band 

structure. The transition from metallic, to semi-metallic and 

then the semiconducting phase is apparent in the electrical 

conductivity, where the value of minimum conductivity 

decreases from 1.33×107 to 1.49×106 and then to 2.59×106 

S/m, and the range of minimum conductivity widens up as the 

band gap increases. The thermopower, on the other hand, 

increases with the band gap, which reaches 1.98×10-4 for p-

type and 1.58×10-4 V/K for n-type in the (6,3)-carbon 

nanotube and then 2.43×10-3 for p-type and 2.38×10-3 V/K for 

n-type in the (8,0)-carbon nanotube, based on Equations (1) 

and (2). However, it is interesting to observe that the degree of 

asymmetry of the highest thermopower between the p-type 

and n-type regimes is decreasing with the band gap from 1.42 

to 1.25 and then to 1.02. The thermopower for the (8,0) carbon 

nanotube is almost symmetric between the holes and electrons, 
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despite its asymmetrical electrical conductivity.  

We then investigated the active rates of thermoelectric 

refrigeration and cooling, respectively, for the three carbon 

nanotubes at the room temperature of 300 K. To ensure a 

meaningful comparison, we assume all the refrigeration and 

cooling to be operating between TH = 325 K (hot side) and TC 

= 275 K (cold side), and the temperature drop is, therefore, ΔT 

= 50 K. The data are shown in Figs. 2(d), (e), and (f) 

correspond to the (5,5), (6,3), and (8,0)-carbon nanotube, 

respectively, for both the p-type and the n-type cases. As 

shown in the figures, the active rate for cooing is slightly 

higher than the refrigeration, but generally not noticeably 

different in all of the three carbon nanotubes. The active rates 

are also comparable with the thermal conductivity of 

commonly used thermal conducting metals at the same 

temperature, e.g. copper (386 W/mK), aluminum (239 W/mK), 

and gold (310 W/mK),[102] which implies a good materials 

system for heat management. The performance is expected to 

be even better when the temperature drop is smaller, which 

will be discussed later. Although the electrical conductivity 

and the thermopower differ significantly in the three metallic, 

semi-metallic, and semiconducting carbon nanotubes, the 

maximum rates of active thermoelectric refrigeration and 

cooling almost all fall into the range of 200 ~ 300 W/mK. This 

information is helpful for the large-scale synthesis of such 

thermal management devices since the insensitivity of the 

active rates to the carbon nanotube band-gap is ensuring the 

robustness of performance with respect to the unavoidable 

variation of chirality/band-gap distribution in batch 

manufacturing.  

During the design of thermoelectric refrigeration or 

cooling devices, it is preferred that the p-leg and the n-leg have 

as similar performance as possible. However, as in the cases 

of most Peltier refrigeration and cooling materials systems, the 

performance of the p-type regime is different from the n-type 

region in carbon nanotubes as well. The hole-electron 

asymmetry ratio between the highest achievable active 

refrigeration/cooling rates are 2.30, 1.84, and 1.24 for the (5,5), 

(6,3), and (8,0)-carbon nanotubes at room temperature. Such 

asymmetry ratios are, however, smaller than the values in 

other commonly used large-ZT thermoelectric materials e.g. 

PbTe (8.79)[103] and BaSnO3 (5.32×103),[104] which further 

implies a promising potential for the ultimate manufacturing 

of Peltier refrigeration and cooling systems based on carbon 

nanotubes.  

Figs. 2 (a), (b), and (c) are illustrating our calculated results 

on how the temperature drop affects the best performance of 

active refrigeration and cooling, for the metallic, the semi-

metallic, and the semiconducting carbon nanotubes, 

respectively. It is seen that the smaller the temperature drop 

that the heat managing device is working over, the better the 

performance is expected to be. When the temperature drop is 

as small as 10 K, the active refrigeration and cooling rate can 

possibly achieve as high as ~2500 W/mK, which is ~6.5 times 

the thermal conductivity of copper.[102] When the temperature 

drop is widened, the active rate is generally declining. 

However, the refrigeration or cooling systems in practice are 

usually cascaded into different small-range temperature 

windows to ensure overall performance. For all these 

temperature windows shown in Fig. 2, the metallic carbon 

nanotube behaves slightly better than the semi-metallic and 

then the semiconducting carbon nanotubes. However, the 

difference is still not significant, which again ensures the 

stability of performance at a variety of temperature windows, 

against the fluctuation of the band gap during the batch 

synthesis of carbon nanotubes. 

 
Fig. 2 The highest achievable rates of active solid-state 

refrigeration and cooling out of the Peltier effect for the (5,5)-, 

(6,3)- and (8,0)-carbon nanotubes are calculated for both the p-

type and the n-type regimes, in (a), (b) and (c), respectively. The 

mid-point temperature for all the data points is set at Tmid = 300 

K. The temperature drop marks the difference between the hot 

side and the cold side, i.e. ΔT = TH-TC.  
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Fig. 3 Here we are considering the temperature influence on the 

refrigeration and cooling performance of carbon nanotubes. 

Compared to Fig 2, everything else is the same except that the 

mid-point temperature is now set to be Tmid = 150 K.  

 

Beyond the room temperature scenario, we have also 

studied the active rates for Peltier refrigeration and cooling at 

a cryogenic temperature of 150 K, as shown in Fig. 3. The heat 

management at this temperature is expected to be more 

difficult, as can be seen from Fig. 3, the active rates are 

significantly smaller than the values at the room temperature 

shown in Fig. 2. However, the highest achievable refrigeration 

and cooling rates are still in the same order of magnitude (~102 

W/mK) as many commonly used thermal conducting metals. 

When we compare the cases of the metallic, the semi-metallic, 

and semiconducting carbon nanotubes, we can see that the 

performance is still not sensitive to the variance of band-gap, 

which again is positive information for the industrialization of 

the device manufacturing.    

 

4. Conclusions  

In conclusion, we have studied the promising potential of 

carbon nanotubes in solid-state heat management for micro 

and mesoscale systems. The active rate for refrigeration and 

cooling at the room temperature of 300 K and the cryogenic 

temperature of 150 K is investigated. We have found that such 

active rates are as higher as, or better than, the commonly used 

thermal conducting metals. It is also interesting to see that the 

refrigeration and cooling performance are relatively robust 

against the fluctuation of the band gap in the batch producing 

of carbon nanotubes, which is useful for the design and 

possible industrialization of these small-scale systems. 

Furthermore, as the thermal conductivity of normal metals 

decreases with temperature, while the active refrigeration and 

cooling rate of carbon nanotubes are having an opposite trend, 

our suggested thermoelectric materials appear especially 

attractive for managing a heat dumping system at or above 

room temperature. The same methodology can also be used in 

other nanomaterials such as nanowires, nanoribbons, and 

nanorods, of SiGe, MoS2, and tellurium.   
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