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a b s t r a c t 

Thermal diode, which allows heat transfer between two terminals in one direction but blocks it in the 

opposite direction, has attracted extensive attention in recent years because of its potential applications 

in thermal management, energy systems, information processing and so on. Compared to the conduc- 

tive thermal diode, the photon-based radiative thermal diode can break the performance limitations and 

achieve better thermal rectification effect. In this study, a temporally-adjustable radiative thermal diode 

consisting of vanadium dioxide (VO 2 ) and blackbody is proposed. Based on the metal-insulator phase 

change of vanadium dioxide, the thermal rectification could be modulated with time, thus enabling time- 

dependent heat flow control. The influence of shape factors on the thermal rectification is specifically 

investigated, revealing that the thermal rectification effect is positively correlated with the ratios of in- 

ner and outer radius of cylindrical and spherical radiative thermal diodes, and the thermal rectification 

effect of planar diode is stronger than that of cylindrical or spherical diode under the same settings. 

The temporally-adjustable photon-based thermal diode is demonstrated to be more powerful with large 

thermal rectification ratio, precise control of heat, and configuration adjustability. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

As one of the earliest semiconductor devices, electrical diode 

as become the cornerstone of modern electronic industry, which 

an be combined with other components to achieve rectification, 

ignal modulation, voltage regulation and multiple other function- 

lities [1] . Inspired by the nature of electrical diode to regulate 

lectric current, the manipulation of heat flow has also aroused 

idespread attention of researchers in the field of thermal sci- 

nce. In the past few years, the concept of thermal diode has been 

emonstrated both theoretically and experimentally [2–17] , and its 

orking mode can be interpreted as allowing heat flow between 

wo terminals in a specific direction but blocking it in the opposite 

irection when the temperatures of the two terminals are reversed. 

hanks to the unique property of heat flow control, this kind of 

nconventional thermal functional device has shown broad appli- 

ation prospects in thermal management [ 12 , 18 ], nanoscale heat 

ransport [19–21] , heat engine [22] , thermal logic circuit [ 23 , 24 ],

nd information processing [25] , etc. 

Thermal diodes can be traced to phonon-based devices, where 

he thermal rectification mechanisms can be attributed to asym- 

etric nanostructures [26–29] , nonlinear array structures [30] , 
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onlinear lattice vibration [ 21 , 31 , 32 ], and the thermal deforma-

ion of contact interface [33] , etc. However, limited by the phonon 

peed, nonlinear phonon-phonon interactions, and the existence of 

apitza resistances, the performances of these phonon-based ther- 

al rectifiers are restricted [ 34 , 35 ]. For example, by deposition 

f boron nitride nanotubes, a conductive thermal diode was ob- 

ained by Chang et al., which has a low thermal rectification fac- 

or of 0.02 ∼0.07 [36] . Tian et al. utilized reduced graphene oxide 

rGO) with triangular shape to achieve asymmetric structure, and 

he conductive thermal diode obtained exhibited a thermal recti- 

cation factor of 0.26 [37] , which is still not satisfactory enough. 

lternatively, since the photon-mediated energy transport remains 

nchanged when approaching or away from the equilibrium, ther- 

al diodes based on radiation can break the performance limita- 

ions of conductive devices and achieve more ideal thermal rec- 

ification effect [34] . In the last decade, radiative thermal diodes 

ave been proposed in both near-field and far-field regimes. For 

xample, in 2010, Otey et al. [5] proposed a planar near-field ra- 

iative thermal diode composed of SiC-3C and SiC-6H. Due to the 

ifferent tem perature dependence of the two media in the electro- 

agnetic resonance, they demonstrated the radiative thermal rec- 

ification effect for the first time and obtained a maximum ther- 

al rectification factor of 0.41. Lizuka et al. [38] investigated the 

ffect of a dielectric coating on the performance of a planar near- 

eld radiative thermal diode composed of SiC, and obtained a ther- 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122443
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Nomenclature 

d distance between two terminals [m] 

λW 

characteristic radiation wavelength [m] 

T 1 temperature of hot terminal [K] 

T 2 temperature of cold terminal [K] 

T 0 mean temperature of the phase transition tempera- 

ture of VO 2 [K] 

q F forward radiative heat flux [W m 

− 2 ] 

q R reverse radiative heat flux [W m 

− 2 ] 

t normalized time 

σ Stefan-Boltzmann constant [W m 

− 2 K 

− 4 ] 

A 1 radiant surface area of blackbody [m 

2 ] 

A 2 radiant surface area of VO 2 [m 

2 ] 

ε F forward effective emissivity 

ε R reverse effective emissivity 

R thermal rectification factor 

ε 1 emissivity of blackbody 

ε 2 emissivity of VO 2 

r 1 radius of inner cylinder/sphere [m] 

r 2 radius of outer hollow cylinder/spherical shell [m] 

r radius ratio = r 1 / r 2 

al rectification factor of 0.44 by optimizing the permittivity and 

he thickness of the coating when the temperatures of two termi- 

als were 500 K and 300 K, respectively. Wang et al. [15] investi- 

ated the near-field thermal rectification effect of intrinsic silicon 

nd several other materials at different temperatures and vacuum 

aps. The results showed that when the temperatures of the two 

erminals were 10 0 0 K and 300 K, the thermal rectification factor 

f thermal diode consisting of intrinsic silicon and doped silicon 

ith a vacuum gap of 5 nm can reach 0.73. Under the identical set- 

ings, the thermal diode made of intrinsic silicon and silicon diox- 

de (SiO 2 ) has a thermal rectification factor up to 0.91. Besides, the 

hermal diode composed of intrinsic silicon and gold can achieve 

 high thermal rectification factor of 0.85 in a wide vacuum gap 

f 10 0 ∼50 0 nm. Nefzaoui et al. [39] proposed a far-field radiative

hermal diode consisting of selective emitters, which were multi- 

ayer structures composed of Au/Si and HDSi/Si, respectively. They 

ound that the thermal rectification factor increased with the in- 

rease of temperature difference of two terminals, and a thermal 

ectification factor of 0.19 was obtained when the temperature dif- 

erence was 370 K. It can be observed that in order to achieve 

hermal rectification effect, the radiative thermal diodes mentioned 

bove require extremely small gaps between two terminals or large 

emperature differences, which is hard to achieve in practice so far. 

Vanadium dioxide (VO 2 ), as a typical kind of solid-solid phase 

hange materials, has garnered lots of interest in recent years due 

o its special characteristic of reversible metal-insulator transition 

MIT) around 340 K, which results in a temperature-dependent 

missivity regulation [40] . To be specific, when the temperature is 

ower than 340 K, vanadium dioxide in its insulating state corre- 

ponds to a high emissivity of 0.79, while when the temperature 

s higher than 340 K, it will experience a transition from insula- 

or to metal in a small temperature interval, resulting in a drop 

f emissivity to 0.22 [ 6 , 41 , 42 ]. This temperature-dependent change

n emissivity shows great potential in radiative thermal diodes. For 

xample, Abdallah et al. [43] proposed a planar radiative thermal 

iode composed of vanadium dioxide and silicon dioxide, and ob- 

ained a thermal rectification factor of more than 0.7 by taking 

dvantage of the metal-insulator transition property of vanadium 

ioxide. 

In this paper, we propose a temporally-adjustable radiative 

hermal diode, which consists of vanadium dioxide and blackbody. 
2 
ased on the metal-insulator phase change of vanadium dioxide, 

he thermal rectification effect can be modulated with time, re- 

ulting in time-dependent heat flow control. Moreover, the cor- 

esponding numerical expressions for different types of radiative 

hermal diodes, namely the planar diode, the cylindrical diode and 

he spherical diode are derived, and the influence of shape factors 

n the thermal rectification effect for these different radiative ther- 

al diodes are investigated. 

. Theoretical modeling 

As illustrated in Fig. 1 , the radiative thermal diode considered 

n this paper consists of two semi-infinite parallel plates, whose 

aterials are vanadium dioxide (VO 2 ) and blackbody, respectively. 

he distance d between the two plates is larger than the radia- 

ion wavelength λW 

(T) at the corresponding temperature, that is, 

e consider the thermal radiation in the far field condition. In the 

orward bias, the temperature of blackbody is T 1 , and the tem- 

erature of vanadium dioxide is T 2 , where T 1 remains 400 K and 

 2 is a temporally-adjustable temperature function expressed as 

 2 = T 0 + �T(t) . In this temperature function, T 0 is set as the

ean temperature of phase transition temperature during heating 

nd cooling process, and �T(t) is defined as �T(t) = 8sin(2 π t) . It is

orth mentioning that the amplitude of sinusoidal �T(t) should 

e large enough ( ≥ 8 K) to cover the thermal hysteresis loop of 

anadium dioxide after one period. Such temperature modulation 

an be experimentally achieved by electrical heating or cooling de- 

ices, but it is necessary to ensure that the period of heating or 

ooling is shorter than the thermalization time of vanadium diox- 

de. Under this circumstance, the net radiative heat transfer from 

lackbody to vanadium dioxide is defined as the forward heat flow 

 q F ). In the reverse bias, the temperature conditions of the two ter- 

inals exchange with each other, in which case the net radiative 

eat transfer from vanadium dioxide to blackbody is defined as the 

everse heat flow ( q R ). With the identical settings, cylindrical and 

pherical thermal diodes, as shown in Fig. 2 , are also considered 

or exploring the influence of shape factors on the thermal rectifi- 

ation effect. Note that r 1 is the radius of inner cylinder for cylin- 

rical diode or the radius of inner sphere for spherical diode, and 

 2 is the inside radius of outer hollow cylinder for cylindrical diode 

r the inside radius of outer spherical shell for spherical diode. 

For thermal radiation between the two terminals with config- 

rations shown in Fig. 1 and Fig. 2 , the forward and reverse heat 

ow can be identified by resorting to the Stefan-Boltzmann’s law: 

 F = σA 1 ε F 
(
T 1 

4 − T 2 
4 
)

(1) 

 R = σA 2 ε R 
(
T 1 

4 − T 2 
4 
)

(2) 

here σ is the Stefan-Boltzmann constant, A 1 and A 2 are areas 

f the radiant surfaces, ε F and ε R are the forward effective emis- 

ivity and the reverse effective emissivity respectively, T 1 and T 2 
re temperatures of the two terminals respectively. Here, we only 

onsider the heat transfer between the two terminals without tak- 

ng the interaction with environment into consideration, and thus 

q. (1) and (2) are the governing equations. 

In order to evaluate the thermal rectification effect of thermal 

iodes, the thermal rectification factor is defined as 

 = 

| q F − q R | 
max ( q F , q R ) 

(3) 

From Eq. (1) and Eq. (2) , the definition of thermal rectification 

actor can be further simplified as 

 = 

| A 1 ε F − A 2 ε R | 
max ( A 1 ε F , A 2 ε R ) 

(4) 
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Fig. 1. (a) Forward bias of the planar diode. (b) Reverse bias of the planar diode. 

Fig. 2. (a) Forward bias of the cylindrical/spherical diode. (b) Reverse bias of the cylindrical/spherical diode. 
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Through this definition, it can be observed that the rectification 

actor is between 0 and 1, which means a higher thermal recti- 

cation factor corresponds to a better thermal rectification effect. 

oreover, the thermal rectification factor depends on the effective 

missivities and radiant areas, which is affected by the shapes of 

he radiative thermal diodes. Therefore, we will further derive the 

etailed parameters of planar, cylindrical and spherical radiative 

hermal diodes in subsequent sections. 

.1. Planar diode 

For the purpose of simplicity, the planar radiative thermal diode 

onsidered here has the same radiant area at the both terminals, 

amely A 1 = A 2 . Therefore, the forward effective emissivity and the 

everse effective emissivity can be obtained as follows: 

 F = 

(
1 

ε 1 ( T 1 ) 
+ 

1 

ε 2 ( T 2 ) 
− 1 

)−1 

(5) 

 R = 

(
1 

ε 1 ( T 2 ) 
+ 

1 

ε 2 ( T 1 ) 
− 1 

)−1 

(6) 

here ε 1 (T ) and ε 2 (T ) represent the emissivities of blackbody 

nd vanadium dioxide at the corresponding temperature T , respec- 

ively. Since the emissivity of blackbody equals to unity and it 

s independent on temperature, namely ε 1 (T ) = 1 , the final form 

f forward and reverse effective emissivities can be written as 

 F = ε 2 ( T 2 ) and ε R = ε 2 ( T 1 ) , respectively. According to the deriva- 

ion mentioned above, the thermal rectification factor of the planar 

iode can be denoted as 

 = 

| ε F − ε R | 
max ( ε F , ε R ) 

(7) 

.2. Cylindrical diode 

As illustrated in Fig. 2 , the cylindrical radiative thermal diode is 

omposed of a cylinder and a concentric hollow cylinder, of which 

he inner cylinder is blackbody and the outer hollow cylinder is 
3 
anadium dioxide. The two cylinders are of the same length, thus 

he heat transfer between them is carried out through their pro- 

les. In this situation, the forward effective emissivity and the re- 

erse effective emissivity can be obtained as follows: 

 F = 

(
1 

ε 1 ( T 1 ) 
+ 

(
1 

ε 2 ( T 2 ) 
− 1 

)
r 

)−1 

(8) 

 R = 

(
1 

r ε 1 ( T 2 ) 
+ 

1 

ε 2 ( T 1 ) 
− 1 

)−1 

(9) 

Where r is the radius ratio of the two cylinders, defined as 

 = r 1 / r 2 . In the same way, the thermal rectification factor of the 

ylindrical diode can be expressed as 

 = 

| r ε F − ε R | 
max ( r ε F , ε R ) 

(10) 

.3. Spherical diode 

Similar to the structure of the cylindrical diode mentioned 

bove, the spherical diode considered here consists of concentric 

tructures composed of a sphere and a spherical shell, of which 

he inner sphere is blackbody and the outer spherical shell is vana- 

ium dioxide. In this case, the radiative heat transfer is achieved 

hrough the outer surface of the sphere and the inner surface of 

he sphere shell. Thus, the forward effective emissivity and the re- 

erse effective emissivity can be given by 

 F = 

(
1 

ε 1 ( T 1 ) 
+ 

(
1 

ε 2 ( T 2 ) 
− 1 

)
r 2 

)−1 

(11) 

 R = 

(
1 

r 2 ε 1 ( T 2 ) 
+ 

1 

ε 2 ( T 1 ) 
− 1 

)−1 

(12) 

Where r is the radius ratio of the sphere and the spherical shell, 

efined as r = r 1 / r 2 . Similarly, the thermal rectification factor of 

he spherical diode can be denoted as 

 = 

∣∣r 2 ε F − ε R 
∣∣

(13) 

max ( r ε F , ε R ) 
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Fig. 3. (a) Temperature variation curves with time of two terminals of the planar diode. (b) The forward and reverse effective emissivities variation curves with time of the 

planar diode. (c) The forward and reverse heat flow curves with time of the planar diode. (d) The thermal rectification factor curves with time of the planar diode. 
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. Results and discussions 

According to our setup, the temperature T 1 at the hot end 

s fixed at 400 K, and the temperature T 2 at the cold end is

he initial temperature T 0 plus a sinusoidal temperature function 

T(t) = 8sin(2 π t) . Fig. 3 (a) shows the temperature variation curves 

ith time of the two terminals of the planar diode. When vana- 

ium dioxide is heated or cooled near the phase transition tem- 

erature, a reversible metal-insulator transition will occur, which 

eads to the change of its emissivity, and further results in the 

hange of forward and reverse effective emissivities. For planar 

iode, the forward and reverse effective emissivities can be written 

s ε F = ε 2 ( T 2 ) and ε R = ε 2 ( T 1 ) , as derivations described above. As

an be seen from the final form of the forward effective emissivity 

 F , it depends on the emissivity change of the vanadium dioxide 

ith temperature T 2 . In the first quarter period, the forward effec- 

ive emissivity drops significantly, which can be interpreted as the 

missivity decreases due to the transition from insulator to metal 

ith the increase of T 2 . When the phase transition is completed, 

he forward effective emissivity remains constant ( ε F = 0 . 22 ) for 

ome time with the decrease of T 2 , which can be explained as the

hermal hysteresis effect of vanadium dioxide keeps it in a metal- 

ic state. As T 2 further decreases to the cooling phase transition 

emperature, vanadium dioxide transforms from metal to insulator, 

eading to an increase in its emissivity. In the fourth quarter pe- 

iod, T 2 rises and the forward effective emissivity remains constant 

 ε F = 0 . 79 ), which can also be attributed to the existence of ther-

al hysteresis. Since T 1 is fixed at 400 K, in which case the vana-

ium dioxide is in a metallic state, so the reverse effective emis- 

ivity ε R is a constant value independent of time, as illustrated in 

ig. 3 (b). 

From Eq. (1) and Eq. (2) , the curves of forward and reverse heat

ow with time can be calculated, as shown in Fig. 3 (c). It can be
4 
bserved that on account of the large variation range of forward 

ffective emissivity, the forward heat flow shows a great variation 

ith time, which exhibits approximately the same trend as that of 

he forward effective emissivity. However, since the reverse effec- 

ive emissivity is a constant, the reverse heat flow depends on the 

ifference between T 1 and T 2 to the fourth power. Due to the char- 

cteristics of forward and reverse heat flow with time, the thermal 

ectification effect occurs when there is a difference between them, 

nd the larger the difference, the better the thermal rectification 

ffect, which is manifested as the larger the thermal rectification 

actor, as illustrated in Fig. 3 (d). Note that in the middle stage of 

 period, the magnitude of the forward and reverse flow is equal, 

esulting in a thermal rectification factor of zero. 

Under the same conditions, the relevant results of cylindrical 

adiative thermal diode are shown in Fig. 4 . It can be observed 

hat the variation trend of parameters of the cylindrical diode with 

ime is roughly the same as that of the planar diode, as mentioned 

bove. In order to further explore the influence of the radius ratio 

f the inner and outer cylinders on the thermal rectification ef- 

ect, the results when radius ratio r is 0.8, 0.6, 0.4, and 0.2 are cal-

ulated. As illustrated in Fig. 4 (b), the larger the radius ratio, the 

maller the forward effective emissivity and the larger the reverse 

ffective emissivity, which corresponds to the results of Eq. (8) and 

q. (9) . Moreover, with the increase of radius ratio, the forward 

nd reverse heat flow also increase, which can be explained that 

he radiation is determined by both the emissivity and the radiant 

rea, that is, the radiant area under high radius ratio is larger, re- 

ulting in the larger radiative heat flow under the condition of a 

maller emissivity. Note that as the radius ratio increases, the dif- 

erence between the forward and reverse heat flow increases, lead- 

ng to the enhancement of the thermal rectification effect, which 

orresponds to a larger thermal rectification factor, as shown in 

ig. 4 (d). 
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Fig. 4. (a) Temperature variation curves with time of two terminals of the cylindrical diode. (b) The forward and reverse effective emissivities variation curves with time 

of the cylindrical diode under different radius ratios. (c) The forward and reverse heat flow curves with time of the cylindrical diode under different radius ratios. (d) The 

thermal rectification factor curves with time of the cylindrical diode under different radius ratios. 

Fig. 5. (a) Temperature variation curves with time of two terminals of the spherical diode. (b) The forward and reverse effective emissivities variation curves with time of 

the spherical diode under different radius ratios. (c) The forward and reverse heat flow curves with time of the spherical diode under different radius ratios. (d) The thermal 

rectification factor curves with time of the spherical diode under different radius ratios. 
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Fig. 6. Comparison of thermal rectification factors of planar, cylindrical and spher- 

ical diodes. 
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[  
The results of spherical radiative thermal diode are shown in 

ig. 5 . It can be found that the variation of parameters is consis- 

ent with that of planar and cylindrical diodes. To investigate the 

nfluence of radius ratio of the inner sphere and the outer spherical 

hell on the thermal rectification effect, the results when radius ra- 

io r is 0.8, 0.6, 0.4, and 0.2 are also calculated. As can be seen from

ig. 5 (b), with the increase of radius ratio, the forward effective 

missivity decreases and the reverse effective emissivity increases. 

oreover, at the same radius ratio, the forward effective emissiv- 

ty of spherical diode is lager and its reverse effective emissivity 

s smaller than that of the cylindrical diode, which corresponds to 

he Eq. (11) and Eq. (12) . The forward and reverse heat flow are

hown in Fig. 5 (c). It can be observed that when the radius ratio

s small, such as r = 0 . 2 , the curves of forward and reverse heat

ow are almost coincident, which indicates that the thermal rec- 

ification effect is weak in this situation. However, as the radius 

atio increases, the difference between forward and reverse heat 

ow increases gradually, resulting in a larger thermal rectification 

actor, as illustrated in Fig. 5 (d). 

As discussed above, for cylindrical and spherical radiative ther- 

al diodes, the higher radius ratio provides better thermal rectifi- 

ation effect. In order to explore the influence of shape factors on 

he thermal rectification effect, the com parison of thermal rectifi- 

ation factors of planar, cylindrical and spherical diodes is shown 

n Fig. 6 . It is observed that the planar diode can achieve the best

hermal rectification effect, whose maximum thermal rectification 

actor is 0.72, higher than the value of 0.68 of cylindrical diode and 

he value of 0.64 of spherical diode. The results mentioned above 

ave proven the temporally-adjustable characteristic of the radia- 

ive thermal diode and the optimization design of thermal rectifi- 

ation effect carried out by the shape factors. 

. Conclusion 

In conclusion, we propose a temporally-adjustable radiative 

hermal diode consisting of vanadium dioxide (VO 2 ) and black 

ody. Based on the metal-insulator phase transition of vanadium 

ioxide (VO 2 ), the thermal rectification effect with time regulat- 

ng property is achieved. To explore the influence of shape fac- 

ors on the thermal rectification effect, we derive the numerical 

xpressions of planar, cylindrical and spherical radiative thermal 

iodes and carry out the calculations. The obtained results indicate 

hat the thermal rectification effect is positively correlated with 

he ratios of inner and outer radius of cylindrical and spherical 

iodes, which means lager ratio of inner and outer radius leads 

o higher thermal rectification factor. Moreover, under the same 

ettings, it can be observed that the thermal rectification effect of 

lanar diode is stronger than that of cylindrical diode or spheri- 
6 
al diode. The results of this paper provide the possibility of time 

odulation of radiative thermal diode and are instructive to opti- 

ize the thermal rectification effect by shape factors. 
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