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still limited by the Stefan–Boltzmann law. Electromagnetic 
metamaterials are engineered composites that can potentially 
overcome the T 4  dependence of the SB law, since the optical 
properties are obtained from the geometry of the constituent 
components, rather than directly from their chemical compo-
sition. Therefore, the temperature dependent spectral emis-
sivity of metamaterial surfaces may be tailored and controlled 
via the geometry of the structures. Although tunable metama-
terials have made signifi cant progress in achieving real-time 
control of electromagnetic waves, in optical, [ 7,8 ]  infrared, [ 9–11 ]  
THz, [ 12–15 ]  and lower frequencies, [ 16,17 ]  there has yet to emerge a 
viable solution to directly control the temperature dependence 
of surface radiation. Here we propose and demonstrate an arti-
fi cial thermochromic material, fashioned from a metamaterial 
emitter [ 18 ]  combined with bimaterial MEMS, ( Figure    1  ), which 
is capable of achieving certain desired thermally dependent sur-
face emission.  

 The metamaterial consists of a metallic ground plane, a 
di electric layer, and a top patterned metallic layer, (see Figure  1 ), 
and has been shown to yield wavelength dependent spectral 
emissivity, with peak values approaching the ideal blackbody 
maximum. [ 18 ]  The high absorption and emission values arise 
from the confl uence of magnetic and electric resonances, each 
similar to a Lorentz oscillator. Thus, if either of the resonances 
is changed in amplitude, center frequency, or scattering fre-
quency, the coupling between these two resonances may deviate 
from optimal, thus realizing values decreasing from unity. We 
have designed our MEMS metamaterial (see the Experimental 
Section) to attain relatively low emissivities at room tempera-
ture. In this confi guration, the top metamaterial pattern is sus-
pended above the ground plane (Figure  1 a) and designed to have 
non-optimal coupling to the absorptive resonance. Bi material 
arms, fashioned from gold and silicon nitride, support the top 
metamaterial layer and – when heat is applied – expand and 
bend down due to the difference between the thermal expansion 
coeffi cients. As a result, the distance between the suspended 
metamaterial layer and the ground plane is reduced. When 
the top metamaterial layer comes in contact with the ground 
plane (Figure  1 b) a state of high infrared emission is achieved 
(see Section 2 of the Supporting Information for more 
detail). Our artifi cial thermochromic material thus follows a 
super Stefan–Boltzmann curve and realizes a monotonically 
increasing temperature dependent spectral emissivity. In con-
trast, most materials realize only modest wavelength dependent 
emissivities and, more importantly, little or no temperature 
dependent emissivity – only varying as the fourth power of tem-
perature as described by the SB law. 

 The experimental wavelength dependent spectral emissivity 
is shown in  Figure    2  a for a number of different geometrical 
confi gurations of our metamaterial, as determined by tem-
perature. The metamaterial layer is suspended in the room 
temperature (nonoptimized) state and achieves a peak spectral 

  The ability to control energy emitted from the surface of a 
material underpins many energy harvesting and thermal con-
trol applications ranging from thermophotovoltaics and low-E 
glass to spacecraft design and solar cells. However, there is 
little room for variability, since the total energy radiated from 
a blackbody is inexorably tied to its temperature – varying as 
the fourth power – as prescribed by the Stefan–Boltzmann (SB) 
law. [ 1 ]  Here, we demonstrate an artifi cial thermochromic mate-
rial based on metamaterial micro-electro-mechanical systems 
(MEMS) which realize strong temperature dependent emission 
far exceeding the SB law over a band in the thermal infrared. 
Our device is fashioned to control its own temperature pas-
sively, i.e., at room temperature it exhibits low emissivities, but 
at a designed critical temperature, its emitted power density 
increases by over two orders of magnitude, thus cooling itself 
down. This “smart material” demonstrates a new direction for 
the realization of engineered thermal surfaces. 

 More than a hundred years before Planck placed blackbody 
radiation on fi rm theoretical ground with the dawn of quantum 
mechanics, Thomas Wedgwood – relative to Charles Darwin – 
noticed that all objects in an oven, regardless of their chemical 
nature, size, or shape, became red at the same temperature. [ 2 ]  
In time, the SB law would indeed verify Thomas’ observation, 
thus unveiling a common property, and fundamental limita-
tion, of most natural materials, i.e., their emission is solely 
determined by their temperature. There is, however, a class of 
materials which are capable of breaking the T 4  dependence of 
the Stefan–Boltzmann law, known as thermochromic materials. 
More generally, chromogenics are a type of material that exhibit 
a change in optical properties – scattering, absorptivity, refl ec-
tivity, or transmissivity – as a result of an external stimulus. 
Some common examples are photochromic and electrochromic 
materials, where the external stimulus is light and electric fi eld, 
respectively. [ 3 ]  Thermochromism, on the other hand, describes 
a material that changes its optical properties as a function of 
heat. [ 4 ]  Naturally occurring thermochromic materials have long 
been known [ 5 ]  and have been used for a handful of eccentric 
applications – mood rings and baby thermometers being well-
known examples. Within the last decade, however, alternative 
approaches involving composite materials have had a resur-
gence in study, due to design strategies involving the creation 
of thermochromic properties through the chemical or physical 
interaction of nonthermochromic components. [ 6 ]  

 Although some progress has been made utilizing the above 
described thermochromic materials, many applications are 
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emissivity of just over 50% (solid blue curve). As temperature 
is elevated, the metamaterial approaches the surface and the 
spectral emissivity monotonically increases (gray curves). At 
the maximum temperature characterized (623 K), the peak 
spectral emissivity achieves a value of 81% at a wavelength 
of 5.2 µm – red curve in Figure  2 a (see Section 2 of the Sup-
porting Information). We plot the differential emissivity ( DE ), 
defi ned as  DE ( λ , T ) =  E ( λ , T ) −  E ( λ ,293 K), and peak differential 
emissivity in Figure  2 c,d, respectively, for various temperatures. 
It can be observed that there is a marked increase in the rate 
of emission from the metamaterial, beginning at a temperature 
of ≈473 K, whereupon the metamaterial makes contact with 
the ground plane. We perform fi nite difference time domain 
(FDTD) simulations of the thermochromic metamaterial and 
fi nd relatively good agreement with experiment, see Figure  2 b, 
thus confi rming our experimental observations.  

 In order to understand the particular temperature depend-
ence of the spectral emissivity, we perform hyperspectral 
imaging over the surface of our thermochromic metamaterial. 
In  Figure    3  a,b, we show false color plots of the emissivity of 
the metamaterial at 293 and 623 K, as well as the differential 
emissivity in Figure  3 c. Figure  3 a demonstrates that the meta-
material achieves an emissivity of approximately 50% at room 
temperature, and Figure  3 b at 623 K values of 80% are reached. 
It can be observed, however, that there is some nonuniformity 
in the spectral emissivity of the metamaterial – most likely the 
result of a slight stress-induced curvature of the metamaterial 

surface, [ 19 ]  and this nonuniformity may also be responsible for 
the form of the temperature dependence emissivity shown in 
Figure  2 d.  

 We next perform a calculation in order to determine the 
temperature dependent radiative properties of our thermo-
chromic metamaterial. The spectral radiance of our device 
can be derived from the spectral emissivity by multiplying 
with the appropriate blackbody radiation spectrum for a given 
temperature. [ 20 ]   Figure    4  a shows the spectral radiant power 
density of our sample for a number of different temperatures 
ranging from 293 to 623 K. In order to compare the temper-
ature dependence of our metamaterial to that of a blackbody, 
we integrate the spectral radiant power density of both our 
sample and that of a blackbody from 3 to 8 µm, i.e., the meas-
ured spectral range (see Section 4 of the Supporting Informa-
tion). In Figure  4 b, we plot the temperature dependence of the 
integrated radiant power densities (normalized with respect 
to room temperature) of both a blackbody (open black circles) 
and our sample (open red circles). As can be observed from 
Figure  4 b – left axis – the integrated radiative power density of 
the thermochromic metamaterial at 623 K is 215 times greater 
than that at room temperature, while the blackbody only 
increases by a factor of 90.  

 The Stephan–Boltzmann law dictates that the total power 
per unit area emitted at all frequencies – termed the radiant 
exitance ( M ) – by a surface is proportional to the fourth power 
of its absolute temperature and may be expressed as 
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 Figure 1.    Geometrical design and images of the thermochromic metamaterial. a,b) Schematic of the device and the unit cell dimensions (insets 
in plot a and b) when operated in the suspended (a) and down (b) states.  a  = 1.8 µm,  g  = 1.6 µm,  w  = 0.33 µm,  l  = 0.64 µm. c) Optical picture of 
the fabricated metamaterial. d) scanning electron microscope (SEM) picture of the metamaterial at a viewing angle of 60° from the surface normal. 
e) SEM image of the suspended metamaterial layer.
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    ( ) 4M T Tεσ=   (1)   

 where  σ  = 5.67e −8  (W m −2  K −4 ) is the Stefan–Boltzmann con-
stant and  ε  is the emissivity ( ε  = 1 for a blackbody). In order 
to explore and compare  M(T)  for our thermochromic meta-
material to that of an idealized blackbody, we must extend our 
data over all wavelengths. We thus fi t the experimental spectral 
emissivity with Lorentz model and calculate the temperature 
dependent radiant exitance using (see Section 4 of the Sup-
porting Information for more detail) 

    
( ) ( , )
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 The open gray squares shown in Figure  4 b reveal the tem-
perature dependence of  M  m  (T )  from Equation  ( 2)  . In order to 
directly compare the temperature dependence of our metama-
terial to that of a blackbody, we fi t with a power law equation 
expressed as ( )mM T aT b= , where  a  and  b  are constants. Strik-
ingly, we fi nd a best fi t exponent value of b = 6.2, thus indi-
cating that our thermochromic metamaterial provides a higher 
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 Figure 2.    Simulated and measured thermochromic metamaterial emission. a) Experimental characterization of the wavelength dependence of the 
emissivity shown for various temperatures. The blue and red curves are for temperatures of 293 and 623 K, respectively. b) Simulated room temperature 
and 623 K emissivity. c) Wavelength dependent differential emissivity as defi ned in the text. d) Maximum differential emissivity as a function of tempera-
ture. Dashed vertical line separates regions when the metamaterial layer is suspended compared to when it begins to contact the bottom ground plane.

 Figure 3.    Measured spatial dependence of the emissivity and differential emissivity across the surface of the thermochromic metamaterial. a) Color 
map of the absorption at room temperature and b) 623 K (shown over an optical image of the fabricated metamaterial MEMS), both at a wavelength 
of 5.2 µm. c) Isometric view of the spatial dependence of the differential emission at a wavelength of 5.2 µm (defi ned in the text) with the colormap 
shown to the right.
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power law relation than that possible with natural materials 
which follow Equation  ( 1)  . 

 We have demonstrated that metamaterials may function as 
artifi cial thermochromic materials providing emissive proper-
ties that exceed what is possible with other systems which typi-
cally follow the Stephen–Boltzmann law. Although there have 
been a few demonstrations of dynamic control of thermal radia-
tion using natural thermochromic materials, [ 21,22 ]  this type of 
thermal tuning relies on a phase transition and is therefore dif-
fi cult or impossible to extend to different temperatures and/or 
alternative bands of the electromagnetic spectrum. In contrast, 
through judicious geometrical design metamaterials permit an 
independent tuning of the resonance wavelength and transition 
temperature. Thus the working temperature and operational 
band of our artifi cial thermochromic device can potentially 
cover a signifi cant portion of the wavelength–temperature 
phase space. 

 In conclusion, we have proposed, fabricated and character-
ized a new artifi cial thermochromic material which achieves 
outstanding thermal emission performance beyond what is 
predicted by the Stefan–Boltzmann law. The emissivity of our 
device is a monotonically increasing function of temperature 
and reaches a peak emissivity of 81% at 623 K. Our results 
verify the potential of metamaterials to function as smart 
materials, i.e., able to passively control their own temperature, 
which may be useful in many fi elds such as solar energy har-
vesting and space exploration. Our work is general and not 
limited to the case experimentally demonstrated, but our pro-
cedure may be replicated to achieve temperature dependent 
emissivity in other desired temperature and frequency 
regions. Metamaterials permit fabrication of advanced engi-
neered surfaces capable of independent control of the peak 
emission wavelength and the temperature dependence of the 
emissivity.  

  Experimental Section 
  Simulation : Simulations were performed using the FDTD solver in 

computer simulation technology (CST) 2014 microwave studio. 

  Sample Fabrication and Characterization : The sample fabrication 
started with a 120 nm gold fi lm deposition. Then, a 140 nm silicon nitride 
fi lm was deposited by plasma enhanced chemical vapor deposition 
(PECVD), followed by spin coating a 1.6 µm SU-8 sacrifi cial layer. A 
70 nm thick silicon nitride layer was coated by PECVD and 55 nm gold 
was patterned by standard E-beam lithography process. A 70 nm silicon 
nitride was deposited again and a 60 nm titanium mask, which has the 
same pattern as the gold layer, was coated by E-beam lithography with 
an alignment process. The silicon nitride was removed (patterned) by 
reactive ion etching (RIE), followed by removal of the titanium mask. 
Finally, the device was released by plasma etching the SU-8 sacrifi cial 
layer. Optical and SEM pictures of the fabricated sample are shown in 
Figure  1 c,d (The fabrication fl ow is shown in Figure S1 in the Supporting 
Information). 

 The artifi cial thermochromic material consists of fi ve sub-wavelength 
thick layers – schematic of a single unit cell is shown in the insets to 
Figure  1 a,b. Three of the layers form a suspended structure and consist 
of a silicon nitride – gold – silicon nitride sandwich. This symmetrical 
three-layered design was utilized to minimize undesirable bending 
during the application of heat, [ 7 ]  and was lithographically patterned 
into a Babinet metamaterial comprised of 60 × 60 unit cells. The other 
two layers consist of a silicon nitride layer lying above a gold ground 
plane. The suspended metamaterial layer is square and attached to the 
midpoints of bimaterial beams, lying around the perimeter, which were 
then connected to anchor blocks (blue colors) lying at each corner as 
shown in Figure  1 . 

 The sample was mounted on a thermal stage and characterized 
with an infrared microscope coupled to a Fourier transform infrared 
(FTIR) spectrometer. The wavelength dependent reflectivity ( R ) 
of the sample was measured from room temperature to just over 
620 K, as shown in Figure  2 a. The bimaterial beams supported the 
free-standing metamaterial absorber top layer and were fashioned 
to expand as a function of increasing temperature. The suspended 
metamaterial layer has a slight bend and thus at temperatures above 
473 K, the contact area expanded until the maximum temperature 
of 623 K was reached. With the increase in temperature, the 
reflectivity minimum decreased continuously from 47% to 20% (the 
measurement errors are within 4%), while the position, shifted from 
4.9 to 5.2 µm.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    Emitted power density of the thermochromic metamaterial. a) Power density per wavelength for different temperatures as indicated in the 
inset legend. b) Normalized power density (left vertical axis) as a function of temperature (defi ned in the Supporting Information) for both the meta-
material (open red circles) and blackbody (open black circles). The open gray squares show the radiant exitance (right vertical axis) determined by a 
Lorentz model fi t to the experimental spectral emissivity data (see Section 4 of the Supporting Information for more information). The solid gray curve 
is a power law fi t to the open gray squares.
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