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Different types of electrochromic devices for thermal emittance modulation were developed in the
spectral region from mid- to far-infrare@—40 xm). In all devices polycrystalline and amorphous
tungsten oxide have been used as electrochromic and ion storage layer, respectively. Two types of
all-solid-state devices were designed, one with a metal grid for the top and bottom electrode
deposited on a highly emissive glass substrate, and another with a top metal grid electrode and a
highly reflecting bottom metal electrode layer. Tantalum oxide is used as an ion conductor in both
device types. The third device type consists of a polymeric ion conductor. All solid-state constituent
layers were grown by either reactive or nonreactive dc or rf magnetron sputtering in a high vacuum
environment. Modulation of the emittance is accomplished by reversible insertion of Li ions into
polycrystalline WQ by applying and switching a small voltage across the structure. Spectrally
dependent measured reflectance modulation of the device has been used to determine the device
emissivity modulation with respect to the blackbody emissivity spectra at 300 K. Best device
performance was found in both solid-state devices showing an emissivity modulation of about 20%.
© 2000 American Institute of Physids50021-897@0)01623-9

I. INTRODUCTION terized by a blackbody spectrum &t 300 K which has its
intensity maximum near 12Qm, if the satellite temperature is
Electrochrochromic materials have the peculiarity toaimed at room temperature. The EMD should have the high-
change reversibly the optical propertigefractive indexn, est dynamic modulation in this spectral region.
extinction coefficientk) upon insertion and extraction of Polycrystalline tungsten oxide can be used as an electro-
small ions after application of small voltages. Many materi-chromic layer for infrared EMDs. According to Goldner
als are known to show electrochromic behavior, and tungsteg; al, and Cogaret al®8 the emittance modulation occurs
trioxide is the most extensively studied electrochromic ma,y yarying the concentration of free electrons during element
terial. This electrochromic behavior can be used for manyigation and reduction upon ion insertion and extraction,
applications. In recent years electrochromic devi@®8D)  yegpectively. Therefore the change in the emittance is con-
have been primarily investigated for use in the visible specyqjieq by reflectance modulation. Amorphous tungsten oxide
tral region. Applications include transmittance modulation of .o pe used as an ion storage layer in EMDs. The amorphous
sunlight control window glazings for buildingsmart win-  gjectrochromic material is usually transparent in a wide IR
dows, optical displays, and reflectance modulating automoypecira| region, regardless of the inserted ion concentrétion.
bile rear-view m|r.ror§. _ EMDs are multilayered, and structured as follows:
Electrochromic devices can also be used for surfacqpsirate/transparent  electrodefion  storage  layer/ion

emissivity control[emissivity modulation device(EMD)].  onguctor/electrochromic layer/transparent electrode. In our
Surface emissivity characteristics are represented by th§ayices small iondtypically H* or alkali iong are intro-

blackbody spectra at a defined temperature. EMDs are espg,ceq into the device structure via an electrochemical pro-
cially of interest for thermal control in satellités! Thermal  .oss The ions are able to move from the electrochromic into
control of satellites is accomplished by balancing the energynq ion storage layer and back again, driven by a voltage
dissipated by satellite electrical components against the eng,jieq petween the electrodes. Electrochromic and ion stor-
ergy emitted as IR radiatiohSatellite emittance is charac- age layers can be of complementary electrochromic behav-
ior, but the ion storage layer should be at least optically

dElectronic mail: franke@engrs.unl.edu stable upon ion insertion/extraction. Electrochromism is
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complementary: The electrochromic layer is in its coloredTABLE I. Growth parameters used for electrochromic device constituents
(bleachedl state, and the ion storage layer is in its bleached!ePosition
(colored state after ion insertiofextraction). Here, bleached Thin

t f f d
and colored refer to the high and low optical transmission  fjjm Deposition (mTporr) °C) (scﬁ'm (sccézm (nm)
state of the material, respectively. The material quality of the
) . . ITO 45 W (do) 5 25 20 40
ion conduc_:tor plays an important role for device perf_or- Al 40 W (do) 5 o5 20 40
mance. This layer should be a good conductor for small ions ¢-wo, 35 W (do) 15 375 35 45 160
and a barrier for electrons. Electrochromic devices which a-wo, 35 W (do) 15 25 35 45 160
operate in the visible to near-infrared spectral regioms— Ta0s 100 W(rf) 13 3520 7 350

2.4 um) are already commercially available.
So far electrochromic devices for the infrar@éR) espe-

cially for spectral regions at higher wavelength than the suny4tions were performed prior to device manufacturing as

thermal emittance spectra have been much less investigategh . ssed in Refs. 2 and 16. The reflectance modulation was
than electrochromics for the visible spectral regionaasured in the spectral region from 2 to 4.

applications'®'* This may be due to special requirements 1o spectrally dependent emittance modulatio of

needed for devices operating in the IR. For instance electrodg o Jevice was obtained from the experimentally measured
materials transparent to visible lighindium tin oxide(ITO)] yefiectance modulation. The emittance of a nontransmitting
are highly reflective in the IR spectral region. This is directly yovice is defineE=1—R (R=reflectanck The emissivity
related to the free carrier concentration of the material. Typi ot the device in its different statébleached, coloradela-

cally electrodes for the IR consist of highly conducting metaliye to the blackbody spectra &t=300K is given by:
grids having at least 90% transmittance. Two different types

of emittance modulation devices have been suggested. One f;i[l—R(?\)]Mb(k,T)d)\
type proposed by Baucket all? uses a highly reflecting €= oM T)d
bottom electrode and a highly transmitting top metal grid AP

electrode. Here the emittance modulation is related to th@vhereR()\) is the measured reflectance avg(\,T) is the
reflectance ’EOdma“O” of the device. Topattal.® and  pjackbody spectral emittance. In this calculation the tem-
Trimble gt al™” reported on modified QeV|ces of this general perature was fixed at 300 K, and and\, were 2 and 40
type, using polymers as ion conducting materials. um, respectively. There are two important values character-

Coganet al.'® designed an emittance modulation devicejzing the performance of an electrochromic device for ther-
using two IR transparent electrode grids as bottom and tog5| control. The device emissivity modulatieRogyiaionand
electrodes. The bottom electrode was deposited on a highlye ratioe,;, are given by the difference and the quotient of
emissive substrate and a polymer was used as an ion conduge emissivity in the devices high and low emittance state.
tor. For practical applications a low modulating device with a

In this article we report on the structural design of threenigh ratio could be used as well as a high modulation device
different EMD types, two all-solid state devices, and oneyjith a low ratio. Although for thermal emittance control a
polymer based device, as follows: larger area of the object needs to be coated with an electro-

(1) An all-solid-state device with metal grids as bottom chromic active layer stack having a smaller modulation and a
and top electrode materials on a highly emissive glass sulhigher ratio than for a high modulation layer ensemble.
strate.

(2) An all-solid-state device with a highly reerctmg_ bot- Il EXPERIMENT
tom metal electrode and a transparent top metal grid elec-
trode. The thin film all-solid state device constituent layers

(3) A polymer ion conductor based device using awere deposited by dc or rf magnetron sputtering in a high-
AMPS/DMA copolymer saturated with LICIQ The poly- vacuum(HV) deposition chamber with a typical background
mer devices also contained diamondlike cartiBhC) as  pressure of X 10 © Torr. Glass slides were used as the sub-
antireflecting coatings on top of the slightly doped siliconstrate material. Table | gives deposition conditions of the
electrode. various films used to manufacture the devidessitu ellip-

For all devices, polycrystallingc) Li,W;_,O3 and sometry was used to monitor the layer growth, and to obtain
amorphouda) Li,W;_,0O; (or NiO) were used as the elec- growth rates. Polymer devices were manufactured by pro-
trochromic and an ion storage layer, respectively. Tantalungducing half-devices, which contained either the electrochro-
oxide is used as an ion conductor in all-solid state deviceanic, or the ion storage layer. The half devices were sand-
All constituent layers were deposited as single films on sili-wiched together using the polymer layer.
con or glass substrates and characterized by x-ray diffraction Electrochemical Li intercalation was performed in a
and variable angle spectroscopic ellipsometry to obtain crysi.0 molar solution of LiCIQ in propylene carbonate using a
tal structure and optical properties. The operational properpotentiostat. The electrochemical cell contained a platinum
ties were investigated for emittance modulation in the specfoil as a counter electrode and a saturated calomel reference
tral region from 2 to 40um. The devices were based on electrode. The potentiostat controls the voltage at the work-
reflectivity/emissivity modulation. We show results of simu- ing electrode(sample by varying the counter electrode po-
lated optical modulation for specific device structures. Cal4ential. The electrochemical Liinsertion for the all-solid-

, @
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state devices was introduced into the finished device
structures through the top metal grid. In the polymer device
both half devices were ['iintercalated before sticking them
together.

The IR transmissive top and bottom electrode aluminum | bleached WO, (tetragonal)
metal grids are made by photolithography. Two different sets I ’
of grid masks were used. The mask for gridfibe grid had _)
a linewidth of 5um and a period of 10Qum, whereas the
mask for grid 2(coarse griglwas made for 1Qum linewidths
and a 500um line period. The transmission was calculated
to be 95% and 90% for grids 1 and 2, respectively.

Prior to assembling the devices, the constituent layers
were deposited as single films orf@01] silicon substrates. (110)

Glancing-angle-of incidence x-ray diffractometry)xRD) [ 200) (210) (211)
o B (111) (210)
was used to study the phase content and crystallinity of the
17,18 -

(100)
colored WO, (cubic)

intensity [a.U.]

thin films.

The optical properties of all device constituents were R ' o
investigated by spectroscopic ellipsometry in the spectral re- I as-deposited WO, (monoclinic)
gion from 0.03 to 8.5 eM0.15-40um, vacuum ultraviolet L. A
to deep infrared’’~1°In addition, the ellipsometry data were 20 30 40 50 60
used to determine the spectrally dependent optical dielectric
function as well as the thin-film microporosity. The optical (20) angle [°]

rgsponse was also measured on “half'd?\/ices’” ConSiSting QLG. 1. Glancing-angle-of-incidence x-ray diffraction spectra taken from
either substrate/electrode/electrochromic layer or substrat@é-deposited, colored and bleachegO,_, single films on[001] Si.
electrode/ion storage lay&t.With this assembly, we deter-
mined the change in the dielectric function of the electro-
chromic and ion storage layers after *Linsertion and
extraction. The results from these optical investigations wer . . .
. ; : ) . There is a crossover ig, near 25um. A phonon absorption
used to build a virtual device structure, and the device emis- . . .
o . . . was found inc-WO; near 14um. The amplitude for this
sivity modulation performanc@mittance integrated over the S . . .
X . .~ absorption is much higher in the colored than in bleached
blackbody spectruinwas simulated. In this way the device “WO
structure was optimized prior to experimental manufacture of s
the device'®

the colored film is higher than that of the bleached film.

To study the reflectance modulation the finished real de-
vices were electrically cycled betweehn2 V and —2 V.
Reflectance spectra were measured in the spectral range from 60F [\ = ====-- bleached
colored

2 to 40 um using a Michelson FTIR spectrometer. Reflec-
tance data were taken at an 11° angle of incidence.

IIl. MATERIALS

Polycrystalline WQ as-deposited films possess a mono-
clinic crystal structurgFig. 1). An irreversible phase trans-
formation occurred after L' insertion, resulting in a cubic
structure LiW(; )O3 (tungsten bronzewhich changed to a
tetragonal LiW(, ,)O; modification after LT extraction
(Fig. 1). It has been shown elsewhéfahat the crystal struc-
ture of tungsten bronze is a function of Li concentration.
According to the explanation given in Ref. 20 the irrevers-
ibility of the phase transformation is caused by a certain
amount of Li*, which remains in the WQafter ion extrac-
tion. The optical properties of bleached and colored poly-
crystalline tungsten oxide were analyzed using infrared ellip-
sometry. Single films of tungsten oxide were deposited onto
[001] silicon wafers and measured after coloring and bleach-
ing. The optical properties of colored and bleached polycrys-
talline tungsten oxide thin films are given in Fig. 2 in terms

of th_e real €,) and imagingry &) part Of_the dielectric  Fig. 2. IR dielectric function modulation of bleached/colored polycrystal-
function e. In almost the entire spectral regien ande, of  line electrochromic LIWO;_, layer after ion extraction/insertion.

wavelength [um]
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FIG. 4. IR dielectric function of the T&®, ion conductor.
FIG. 3. IR dielectric function modulation of bleached/colored amorphous

ion storage LiWO,_, layer after ion extraction/insertion.
IV. RESULTS AND DISCUSSION

Prior to device manufacture we simulated the emittance
modulation for devices with different layer structures. A pos-
Amorphous tungsten oxidei{WOj) thin films were de-  sible structure for an all-solid state device is shown in Fig. 5.
posited at room temperature, also[@d1] silicon substrates. |n this case the bottom electrode can be a coalescent alumi-
Their amorphous structure was verified by XRD measurenum metal layer(single-grid devicgor an aluminum metal
ments. Two phonon absorptions were found in the bleachegrid (double-grid device The two device types function in
a-WO; near 15um and near 3Qqum (Fig. 3). The phonon different ways. Whereas the single-grid device operates on
absorptions became much weaker uponh intercalation and
moved in spectral position to 13 and 20m, respectively.

However even though there was a change in the optical prop- Al |'| |'| |'| |'| I'I |'| ﬂ
erties ofa-WQO; upon Li* insertion and extraction, the, B i

and e, modulation is much weaker foa-WO; than for

c-WOs. The coloration effect after [iinsertion intoa-WOj4 c-WO3 ca. 160 nm

was also studied by Burdist al?* using FTIR spectroscopy.

The tantalum oxide thin films were amorphous when de-
posited in our typical deposition regime. However the depo-
sition process was optimized with respect to microporosity a-Ta.0O
of the thin films. There are especially high quality require- HYs
ments for the ion conductor layer material, because pinholes
in this layer can cause unwanted electrical conductivity be-
tween the electrochromic and ion storage layers resulting in a 2-WO
failure in device operation. Tantalum oxide thin films depos- 3
ited at temperatures higher than 200 °C and oxygen flux rates
apove 7 _ ssccm sh_owed a _considerably sm_aller Al layer or grid ca. 40 nm
microporosity!® The optical properties of tantalum oxide
thin films are given in Fig. 4. glass substrate

ITO or aluminum(Al) was used as the electrode mate-
rial. Electrically conducting materials have Drude-like opti-
cal behavior(free carrier effectsat long wavelengths. Thin FIG. 5. Layer structure of the all-solid-state electrochromic devices for ther-
. . . . mal emittance modulation in the spectral region from 2 to.38. The
film O_ptlcal properties of ITO and Al were also determined potom electrode consists of either a continuous Al metal layer or an Al
by ellipsometry. metal grid.

I+
L N

ca. 350 nm

ca. 160 nm
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FIG. 6. Emittance modulation simulation in the spectral region from 2 to 35FIG. 8. Emittance modulation of the single-grid electrochromic device for
um for a single-grid electrochromic device with layer structure shown inthermal emissivity modulation for wavelength from 2 to Afh.

Fig. 5.

reflectance modulation based single-grid device the bleached

the basis of reflectance modulation, the double-grid deviCiate refers to the low emittance condition, and the colored
works by modulation of the substrate emission. The result§aie 1o the high emittance condition. The integrated emissiv-
of the device performance simulations in terms of emlttancq.-ty e [Eq. (1)] of the colored and bleached device states
modulation are given in Fig. 6 for the single-grid device, and¢; ;nd from integration over the blackbody spectrum at 300

in Fig. 7 for the double-grid all-solid state device.

------- bleached
0.90 | a ,'\‘ colored
07sF Y
Q \ ,: \\\
Q “ i \‘
g ‘\ " ‘
£ 0.0 N
0.45
0.30 L " 1 " L 1 2 L 1
10 15 20 25 30 35

wavelength [um]

FIG. 7. Emittance modulation simulation in the spectral region from 2 to 35

In the K are 0.45 and 0.88, respectively. This corresponds to a total

emissivity modulation of 43% and an emissivity ratio of
1.94.

The double-grid device operates in the opposite way to
the single-grid device. Here, the bleached state refers to the
high emittance state, and the colored state represents the low
emittance state. The integrated emissivity is calculated to be
0.28 and 0.56 for the colored and bleached state, respec-
tively. The total emissivity modulation is 28% and therefore
smaller than the emissivity modulation for the single-grid
device. The emissivity ratio obtained was 1.98.

All-solid state electrochromic devices were manufac-
tured according to the device structures proposed in the emit-
tance modulation simulations. The emittance modulation of a
single-grid device is given in Fig. 8. The devices were cycled
between+2 V (bleachegland —2 V (colored several times,
reversibly reaching the low and high emissivity states. How-
ever devices exposed to atmosphere for more than two days

lead to device failure. We assume that thé keacted with
atmospheric nitrogen or oxygen and became immobile.
There were strong lattice absorptions in the device response
just above 1Qum. From IR optical data it is known that the
characteristic lattice absorptions of the metal oxides
(c-WO;, a-WO;, a-Ta,0s) are localized in this spectral re-
gion. These strong absorptions in the entire device are there-
fore due to a sum of lattice absorption contributions from

absorption broadening can be reduced by using smaller layer

um for a double-grid electrochromic device with layer structure shown in€aCh metal oxide layer. To improve device performance the

Fig. 5.
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thicknesses, or higher material perfection. There is additional 1.0

interference effects a thinner layer should be used. However,
devices with thinner T#s layer thickness usually failed be-
cause of electrical shorts between ion storage and electro-
chromic layers. Further attempts to improve the ion conduc-
tor structural properties should help solve this problem and ,
allow optimizing the TgOs layer thickness to limit interfer- 2
ence effects. §
The emissivity in the low- and the high-emittance state g
integrated over the 300 K blackbody spectra was calculated
from the reflectance spectra measured in the devices
bleached and colored states, and found to be 0.4 and 0.58
respectively. This results in emissivity modulation of 18%
and an emissivity ratio of 1.45. This is a much lower emis-
sivity modulation than expected from our simulations. One
reason might be a nonuniform Lidepth distribution. Thus a

reflectance modulation due to thickness interference effects &
in the spectral region from 15 to 4@m, which are mainly '-‘ colored
caused by tha-Ta,0s ion conductor layer. To remove these 09} Vo eeeeees bleached

Li* depth profile was measured by secondary neutral mass . ' 10 ’ 20 ‘ 30 40
spectroscopy(SNMS). The SNMS profile showed a high
concentration of Li captured at each interface between ad- wavelength [um]

jacent layers. It also showed a nonuniformity in the Li dis- , _ _ _ _
tribution which had a concentration maxima at the interface%j'G' 9. Em!ngnpe modulat!on of the double-grid electrochromic device for
o ” . . . ermal emissivity modulation for wavelength from 2 to ABn.

and minima in the middle of the layer. After device switch-
ing a certain amount of Li always remained in the layer
(electrochromic or ion storagevhich was supposed to be Li
free, or it was stacked in the tantalum oxide ion conducto ol |
layer. The nonideal Li distribution is likely the major differ- uniformly between layers.

ence between the idealized simulated device performance ,C',WO? has been exposed to at9m|c OXygen qnder v
and the real experiments. radiation in order to test the materials reliability in space

The modulation performance of the single-grid Oleviceenvironment. Investigations showed a degradation and a blue
also did not follow predictions from simulations. In the coloring of c-WOs. For that reason a simulation was made

simulation it was shown that the device bleached and coIore%}l0 test the electrochromic device performance with a protec-

. . o on layer on top of the top electrode metal grid. The same
states refer to the low and high emissive conditions, respec;_ . . X X
~device structure was used as for the single-grid device modu-

tlvel3t/. II|—|ovxr/]ever,t:]he smgle.t—grt:d r(]j ewce Kerforrr:ancte_: experll— ation simulations. Several materials have been tested in the
mentally shows the opposite behavior. An expianation Coulg,;, ation, whereas a 600 nm zZnS coating showed the most

be that a certain amount of Liions remain in the electro- romising optical switching result€ig. 10. According to
chromic layer aftgr lon extraction and th? device swﬂche_ he simulation the overcoat layer fulfills a twofold purpose;
only between a higher and a lower reflecting electrochromig; g it serves as a protection layer for the highly reactivé Li

top c-WO; layer. If this is the case incident light may not 5n4c.\Wo,, and second it improves the device performance
reach the bottom electrode where it should be reflected in thg, ihe spectral region of interest. For a ZnS overcoat the
devices bleached state according to our simulations. emjssivity integrated over the 300 K blackbody was calcu-
~ The performance of a double-grid electrochromic devicgated to be 0.61 and 0.13 in the devices colored and bleached
is given in Fig. 9. Again there was a strong absorption due tQtates, which results in an emissivity modulation of 48% and
phonon vibrations centered just above Af, and absorp-  an emissivity ratio of 4.56. Similar simulations have been
tions due to thickness interference effects. The integrategerformed using 900 nm thick MgFas a device cap layer,
emissivity of the device in its bleached and colored statesince there are some doubts about the stability of ZnS in
was calculated to be 0.8 and 0.64. This resulted in an emis_;pace_ Mgk is a material often used for optical coatings and
sivity modulation of 16% and an emissivity ratio of 1.26. easy to deposit. Simulated performance of a device with a
The double-grid device had a somewhat smaller performancRigF, overcoat is shown in Fig. 11. MgHs uniaxial, and
range than the single-grid device predicted by simulationshoth ordinary and extraordinary optical constant spectra were
However, in the case of the double-grid device the modulaisotropic averaged to simulate the optical response of a poly-
tion followed the same switching behavior as shown in thecrystalline layer with randomly oriented grains. The emissiv-
simulations, having the bleached and the colored states as titg modulation again integrated over the 300 K blackbody
high and low emissive conditions, respectively. The differ-was obtained to be 29% and the emissivity ratio was 2.82. As
ence in the dynamic modulation range between simulatioran be seen in Fig. 11 the modulation maximum for a MgF
and experiment can be explained in the same way as for theovered device is near gm therefore this kind of device is

single-grid device, namely that ions possibly do not move
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DLC
10} . — Si wafer
colored
I B 0 U LT bleached
c-WO, ca. 230 nm
08}
+ @

0.6 .
3 AMPS/DMA ca. 25 pm
g
s
E 04f
O

NiO ca. 120 nm
02
| ITO ca. 60 nm
oob T ] glass substrate
s [l N | 1
10 20 30 FIG. 12. Layer structure of the polymer electrochromic device for thermal
emittance modulation in the spectral region from 2 to.@6. A DLC anti-
wavelength [um] reflecting coating is deposited on top of the slightly doped silicon substrate

to improve the emissivity modulation.
FIG. 10. Simulated device performance for a single-grid electrochromic
device with a ZnS protection coating on top of the Al metal grid.

A third structure for an emissivity modulating electro-
just right for high temperature applications. Emissivity chromic device is shown in Fig. 12. Here a highly absorbing/

modulation and ratio calculated by integration over the 60(§m|sswe AMPS/DMA polymer ion conductor was used. A

and 900 K blackbody spectra were obtained to be 52% an LC coating was deposited on top of the low-doped silicon
4.88, and 50% and 5.2. Space stability of Mol be in- Substrate to improve device performance. For this device

vestigated in the future by sample exposure to atomic oxyge@ﬁfj\en tgeinegn'tsisg'tyromgﬂ?elzt'gp tr\g&\‘/?/ OC il:)se?a %?IySi?];éethe
and UV radiation in a special plasma chamber. 9 P prop 5top fayer,

1.0 1.0

------ bleached

0.8 colored

0.6 o
S ! Q
5 : E
= ! k=
E 04 ' g
B Y ’ 83
0.2
colored
----------- bleached
0.0 N 1 " 1 N 1 " N L " i N 1 " 1
10 20 30 40 10 20 30 40
wavelength [um] wavelength [um]

FIG. 11. Simulated device performance for a single-grid electrochromicFIG. 13. Emittance modulation of the polymer electrochromic device for
device with a Mgk protection coating on top of the Al metal grid. thermal emissivity modulation for wavelength from 2 to 4.
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TABLE II. Calculated and experimentally measured device performance foffor the spectral region from 2 to 40m. The simulated and

the single and double-grid all-solid state devices and the polymer de"iceéxperimentally measured reflectance spectra in the spectral
€pleached@Nd Ecoioreg @re the calculated emissivity values of the device in its . i
bleached and colored states integrated over the 300 K blackbody spectrg,eglon fr.om 2 t0 4Qum \_Ner? used to calculate the emissivity
€:atio AN Emouiationdive the ratio and the difference between the high and theModulation of the device integrated over the 300 K black-
low emissivity states of the device. body emissivity spectra. Simulations and experiment showed

the best device performance for the single-grid device, al-

Device type ColeachedEcalored  Emoduiaton( %) €mio  thaygh simulations predict an opposite switching behavior
Single-grid simulation 0.45 0.88 43 1.94  than found experimentally. The double-grid device emissiv-
device . ity modulation was mostly limited by the strong phonon ab-
D%“ettgsr'd simulation 0.56 028 28 198 sorption near 1Qum, which is unfortunately just above the
Single-grid experimental 0.58 0.4 18 145 Peak maximum of the 300 K blackbody spectra. All devices
device introduced in this work were switched for several cycles,
Double-grid experimental 0.8 0.64 16 126 reaching the low and high emissive state reversibly.
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