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Deterministic inverse design of Tamm plasmon
thermal emitters with multi-resonant control

Mingze He®'%4, J, Ryan Nolen?%, Josh Nordlander?, Angela Cleri3, Nathaniel S. Mcllwaine?,
Yucheng Tang? Guanyu Lu®', Thomas G. Folland'®, Bennett A. Landman#, Jon-Paul Maria® and
Joshua D. Caldwell ®"42

Wavelength-selective thermal emitters (WS-EMs) are of interest due to the lack of cost-effective, narrow-band sources in
the mid- to long-wave infrared. WS-EMs can be realized via Tamm plasmon polaritons (TPPs) supported by distributed Bragg
reflectors on metals. However, the design of multiple resonances is challenging as numerous structural parameters must be
optimized simultaneously. Here we use stochastic gradient descent to optimize TPP emitters (TPP-EMs) composed of an aperi-
odic distributed Bragg reflector deposited on doped cadmium oxide (CdO) film, where layer thicknesses and carrier density are
inversely designed. The combination of the aperiodic distributed Bragg reflector with the designable plasma frequency of CdO
enables multiple TPP-EM modes to be simultaneously designed with arbitrary spectral control not accessible with metal-based
TPPs. Using this approach, we experimentally demonstrated and numerically proposed TPP-EMs exhibiting single or multiple
emission bands with designable frequencies, line-widths and amplitudes. This thereby enables lithography-free, wafer-scale
WS-EMs that are complementary metal-oxide-semiconductor compatible for applications such as free-space communications

and gas sensing.

infrared is highly desired for numerous applications. These

range from free-space communications and infrared beacons
to bar-codes and could improve our ability to monitor environmen-
tal pollutants and toxins through molecular sensing metrologies,
such as non-dispersive infrared (NDIR) sensing'~. Thus, WS-EMs
are of particular interest due to the lack of cost-effective light
sources in the mid- to long-wave infrared (MWIR, LWIR)*. Most
proposed WS-EMs employ patterned nanostructures*"!, thereby
requiring high-cost, low-throughput lithographic methods, and are
therefore inappropriate for many applications. An alternative solu-
tion is TPP heterostructures'”. Such TPP structures consist of a dis-
tributed Bragg reflector (DBR) on a conductor (Fig. 1a), typically a
noble metal, where the DBR provides optical phase matching to the
metal surface, resulting in an absorptive resonance with a high qual-
ity factor (Q-factor; narrow line-width) at near-normal incident
angles'*™'. As only thin-film deposition is required for fabrication,
TPP-EMs can be grown at the wafer scale with relatively low-cost
and minimal fabrication steps, offering a promising candidate for
WS-EMs'*e,

Despite the broad potential of TPP-EMs, design of such struc-
tures is challenging, as most applications require simultaneous con-
trol over both emission frequencies and corresponding Q-factors,
and suppression of emission at other frequencies. Compared with
traditional TPP-EMs based on periodic DBRs", aperiodic struc-
tures provide additional spectral control, allowing for the suppres-
sion of spurious emission peaks'®, while simultaneously achieving
ultra-high Q-factors'*">. However, due to the large parameter space
associated with the design of aperiodic DBRs, forward-design meth-
odologies are not efficient and thus, inverse design protocols must

| he development of cheap and effective light sources in the

be used, with high-Q-factor TPP-EMs demonstrated at a single
desired wavelength via Bayesian optimization and a genetic algo-
rithm'® with high accuracy. However, such earlier works exhibited
poor optimization efficiencies, requiring upwards of 24-day-long
simulations per optimized structure'‘. More importantly, the design
of multiple emission peaks, where the frequency, amplitude and
line-width of each resonance can be controlled independently, has
not been realized. Using such a multi-peak TPP-EM, the sensing of
multiple gases of interest simultaneously as well as high-sensitivity
gas detection could both be achieved when the TPP-EM resonances
were matched to several vibrational modes of one or multiple chem-
icals. Furthermore, in experimental reports, only noble metals have
been used so far, which due to the plasma frequency falling in the
visible range thereby severely restricts the spectral control, while
also being incompatible with complementary metal-oxide-semi-
conductor (CMOS) processing.

Here we present an inverse design algorithm to efficiently opti-
mize TPP-EMs composed of an aperiodic DBR grown on an n-type,
In-doped cadmium oxide (CdO) film, offering individual control of
multi-peak WS-EMs. The inverse design protocol is based on sto-
chastic gradient descent (SGD) that allows for the individual layer
thicknesses, as well as the carrier density (and thus the dielectric
function) of CdO (ref. *°) to be optimized efficiently (minutes on a
consumer-grade desktop). We experimentally validate our design
approach and realize single-, dual- and triple-band TPP-EMs over
a broad spectral range, with all structures exhibiting excellent
agreement between experiments and simulations. Importantly, we
numerically verify the advantages of multi-peak TPP-EMs for NDIR
applications, such as enabling simultaneous detection of multiple
gases with high sensitivity. Furthermore, we illustrate the design
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Fig. 1| Flowchart of the design process. a, Left: the designable parameters of the TPP-EM structure (thickness and carrier concentration), t, are
randomly initialized (green box); then it is evaluated by the TMM, resulting in the DS. The DS is compared with the TS, leading to a scalar error. In the

current iteration (n-1), the gradient of scalar error over t,,_, that is, m

derrorp_q

,is calculated by SGD and used to update t,_;to tn by equation (2). The

updated t, will then be evaluated by TMM, getting a new DS, comparingn;vith TS and updating to a new version; and the process will repeat until a given
number of iterations are reached. Right: the optimized structure. b, One exemplary optimizing process; the TS are plotted in dashed lines, and the DS are
plotted as solid lines with different colours each pertaining to a different point along the iteration path. One photo of the wafer-scale sample is shown in

Supplementary Fig. 4.

capabilities of CdO-based TPP-EMs by demonstrating the ability to
match the resonant frequencies, line shapes and amplitudes of arbi-
trarily shaped spectra extending from the LWIR to telecommunica-
tion bands, including the ability to define Q-factors over a broad
range of values at any given frequency (for example, 27-10,117
was demonstrated at 2,360 cm™). Finally, we stress that such func-
tionality is not possible within noble-metal-based TPP-EMs but
instead is enabled by the broadly tunable plasma frequency of CdO
(refs. ***). The combination of our efficient inverse design algo-
rithm with these material advancements facilitates the realization of
cost-effective, wafer-scale, CMOS-compatible and lithography-free
TPP-EMs for numerous applications, including multi-gas NDIR;
environmental, atmospheric and chemical sensing; free-space com-
munications; and infrared beacons.

SGD-based inverse design protocol

The TPP-EMs discussed here are composed of aperiodic DBRs con-
sisting of Ge and AlO, alternating layers grown on thin (~500nm)
CdO films on sapphire substrates (Fig. 1a). The individual layer
thicknesses and CdO carrier density (thus the dielectric func-
tion") are all included as design parameters, written as a vector (t).
We employ a SGD-based inverse design technique to determine
t, so that the difference between the absorption spectrum of the
designed structure (the designed spectrum, DS) and the target spec-
trum (TS) is minimized. The design process is initiated by assigning
the user-preferred maximum number of layers for the DBR, with
t being randomly initialized. Through the transfer matrix method
(TMM), the DS of the corresponding structure t is calculated and
compared to the TS, resulting in a scalar error. The error is written

as a combination of mean-squared error (the first term) and mean
absolute error (the second term):

Error = Mean (ratiol (DS — TS)? + ratio2 |(DS — TS)|) (1)

where ratiol and ratio2 are hyperparameters customized for differ-
ent purposes, and DS and TS are vectors with each element standing
for the absorptance at corresponding wavelength. Note this combi-
nation of error is commonly employed in the deep-learning field,
and related techniques are powerful for optimizing TPP-EM design,
such as weighted sampling approaches (Supplementary Section 1).
This error is then back-propagated to find the gradient over t via
SGD. Upon each iteration, the gradient is used to update t:

derror,_
th =th—1 — steanI (2)
n—1

After each successive iteration, the error is decreased, and the
iterations will continue until a predefined maximum number. As
such, the structure of the TPP-EM will be optimized to a point
where the error between the TS and DS is minimized.

While optimization processes take a different form on each run,
one example is presented in Fig. 1b. Initially, the absorption spectrum
of the randomly initialized structure (red solid line) differs signifi-
cantly from the TS. After several iterations, the DS converges towards
the TS (see solid red — blue — green — purple lines in Fig. 1b).
Unlike the canonical gradient descent calculations used in com-
mercial software and previous publications***, the SGD approach
employed here reduces the possibility of getting trapped at poor
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local minimums and improves the optimization performance”*
(Supplementary Section 2). Although our method is still a local
optimization, the SGD methodology approaches that of global
optimization, offering high accuracy and efficiency compared with
other methods (Supplementary Table 1). The code is downloadable
from our group website (https://my.vanderbilt.edu/caldwellgroup/)
as well as Nature Materials.

Experimental demonstration of inversely designed TPP-EMs
Based on the inverse design algorithm, several TPP-EM structures
were designed and fabricated, exhibiting a wide range of unique
spectral features. The CdO carrier densities and the designed and
as-grown layer thicknesses of these structures are provided in
Supplementary Section 4, and the growth process is discussed in
the Methods. Note that more complicated spectra (higher Q-factors,
more peaks and so on) can be realized when a DBR featuring more
layers is utilized; yet, once a target can be realized with a certain
number of layers, adding additional layers does not provide any
additional advantage (Supplementary Section 6). Thus, in the
experimental demonstrations, we employ the least possible number
of layers to match the TS to simplify fabrication. To demonstrate the
power of inversely designed TPP-EMs, we first provide an experi-
mental device featuring a single emission peak in the LWIR (800-
1,250cm™") for free-space communications. We model the TS as a
flat line with a single, sharp absorption peak centred at 1,250 cm™
and employ the SGD method to match the DS to the narrowest
possible TS line-width (Fig. 2a). Following this optimization, the
spectrum of the designed structure exhibits a single peak centred at
1,250 cm™ with a Q-factor of 13, while the experimentally resultant
Q-factor is ~9. The target, experimentally measured and calculated
spectra based on the designed and as-grown thicknesses all show
excellent agreement, with all four exhibiting nearly overlapping
resonance lines (Fig. 2a).

In addition to emitters for communications, the LWIR and
MWIR contain molecular absorption features; thus, one application
of WS-EMs is filterless NDIR gas sensing'~*. A filterless NDIR sen-
sor is composed of a WS-EM, a gas cell and a broadband detector
(Supplementary Section 7). The emission frequency of the WS-EM
is centred at the absorption frequency of the gas of interest with a
sufficiently high Q-factor to eliminate false positives resulting from
absorption by other gases present. For such applications, we first
demonstrate a heterostructure supporting a single emissivity peak
at one absorption band of CO, (2,349 cm™). Again, excellent agree-
ment is observed, with the measured (target) emission peak centred
at 2,360cm™! (2,350cm™") with a Q-factor of 21 (40), as shown in
Fig. 2b. However, while these single-peak emitters can be efficiently
designed with our protocol, they can also be realized via other
approaches such as intuition-guided forward design'’, Bayesian
optimization'*** and genetic algorithms', albeit requiring substan-
tially more effort.

So far, we have demonstrated TPP-EM designs with an isolated,
tunable emissivity peak, making these devices suitable for applica-
tions such as single, simple gas detection. In addition to the appli-
cations enabled by such single-peak TPP-EMs, more advanced
functions can be realized via multi-frequency TPP-EMs, such as
infrared signature management and multi-channel NDIR. For
NDIR, additional emission channels can be used to either detect
more gases of interest or enhance the sensitivity to a specific gas by
aligning the emission to multiple vibrational modes. Yet, WS-EMs
with independent design control for multiple distinct emission
peaks have not been previously demonstrated, to our knowledge.
We first exemplify the functionality of our TPP-EMs by demon-
strating a device suitable for simultaneous SO, and CO, dual-gas
sensing, with the rationale for the TS provided in Supplementary
Section 8. Additionally, SO, and CO, concentrations can be inde-
pendently evaluated using this TPP-EM operating at different
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temperatures (Supplementary Section 9). Here, five dielectric lay-
ers were used, yielding a DS with two absorption peaks centred at
1,367 and 2,339 cm™' (Fig. 2¢), which closely match the amplitudes,
peak positions and full-width-half-maximums (FWHMs) of the
TS. The experimental data also agree well, albeit with some minor
exceptions. While the centre frequencies are closely matched (1,358
and 2,360cm™"), some degradation in the Q-factors and emissiv-
ity amplitudes are observed. Spectral discrepancies are minimal
despite differences between the as-grown and designed thicknesses,
indicating robustness against fabrication errors (Supplementary
Section 10). Notably, limited thickness error is expected in
foundry-level fabrication.

The functionality of the TPP-EM is not limited to dual-band
emission, and more bands at user-designed frequencies can be
realized. To exemplify this capability, we also modelled a TS fea-
turing three emission peaks centred at the absorption bands of CO
and formaldehyde (1,750 cm™, 2,150cm™ and 2,800 cm™), with
increasing FWHMs to compensate for the black-body emission
shape (20, 30 and 40cm™, respectively) imposed on the resultant
TPP-EM spectrum. Again, excellent agreement between the TS,
DS and experimental structures for the designed TPP-EM is real-
ized for each of the curves (Fig. 2d) with the peak analyses pro-
vided in Supplementary Table 3. Although the thickness difference
from fabrication shifts one resonance by 70 cm™, it remains within
the formaldehyde absorption band, thereby still allowing enhanced
sensitivity for NDIR applications.

The multi-resonance control we demonstrate above is critical
for numerous applications such as multi-frequency infrared bea-
cons for encryption purposes and advanced NDIR applications.
Here, we theoretically illustrate the implications of our experimen-
tal devices in filterless NDIR applications and compare them with
conventional NDIR devices enabled by black-body emitters and fil-
ters (Supplementary Tables 4 and 5). The advantages of multi-peak
TPP-EMs are (1) improved sensitivity when multiple absorption
bands are aligned; (2) the potential of multi-gas sensing within a
single compact package; and (3) reduced power consumption. Note
that the single-peak TPP-EMs provide identical sensitivity with
~5-10 times lower power consumption (Supplementary Fig. 11).
Importantly, the angular dispersions of TPP-EMs are inherently low
(Supplementary Fig. 12), eliminating issues from viewing angles as
well. Thus, the experimentally demonstrated ability to control the
emission frequencies with desired Q-factors provides substantial
advantages for such applications, including low false-positive rates
and high-sensitivity gas sensing of multiple gases simultaneously
within a single, compact NDIR package.

Potential for inversely designed TPP-EMs

For advanced WS-EM applications, such as spectral bar-coding and
multi-gas sensing, user-defined FWHMs and amplitudes at single
or multiple frequencies must be realized. Yet, no earlier design
approaches have been proposed to accomplish these tasks with the
necessary accuracy, to our knowledge. To address these challenges
and demonstrate further the potential of the inversely designed
TPP-EMs, we explore the design capabilities by utilizing a Ge/ZnSe
DBR with 29 layers on a bilayer of CdO (all designed structures are
included in Supplementary Section 14).

First, we demonstrate the outstanding control over the line-width
at a fixed frequency, presenting structures with Q-factors rang-
ing from 26 to 10,117 while maintaining near-unity emission for
all designs (Fig. 3a and Supplementary Fig. 13). Thus, we show the
potential not only to achieve ultra-high Q-factors for Tamm-based
structures (fitting in Supplementary Fig. 14), but also to match
the required Q-factor at a given frequency. Such a capability is
imperative as different applications have varied requirements for
signal-to-noise ratio. Building on this, we expand upon the poten-
tial for such multi-peak designs, providing a TS that exhibits three
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Fig. 2 | Experimental demonstration of TPP-EMs. a-d, The inverse design algorithm was employed to realize TPP-EM structures featuring a single
emission mode in the LWIR with a three-layer DBR (a) as well as resonant emission designed for NDIR sensing of CO, with a three-layer DBR (b), CO,
and SO, with a five-layer DBR (¢) and CO and formaldehyde dual-gas sensing with a seven-layer DBR (d). The TS and DS are plotted as blue dashed and
solid lines, respectively. The emissivity experimentally measured at 150 °C is plotted as red solid lines, and red dashed lines are the calculated absorption
spectra of as-grown structures. Green dashed curves are the combined absorption spectrum of the gases. A photo of the two-inch wafer-scale sample is

shown in Supplementary Fig. 4.

emission peaks with varying line-widths (Q-factors=25, 37 and
145). Such TPP-EM designs are suitable for spectral bar-coding
and sensing, yet have not been demonstrated or proposed, to our
knowledge, presumably due to the extensive design challenges in
matching such complex spectra. Despite this difficulty, the DS can
be matched to the TS exceptionally well, with only minor discrepan-
cies (Fig. 3b).

Empowered by the broadly tunable plasma frequency of CdO
(between ~1,200cm™ and 7,800cm™), TPP-EMs with absorption
peaks spanning from the short-wave infrared to the LWIR can
also be realized. To demonstrate such capabilities, we optimized
another TPP-EM structure featuring three spectrally distinct emis-
sion peaks, located in the LWIR (1,200cm™), MWIR (2,700 cm™)
and short-wave infrared (1.55um) simultaneously (Fig. 3c). Again,
the resultant DS matches the TS exceptionally well. We note that
additional modes are present in the spectral regions between these
desired emission resonances (Supplementary Fig. 1), which is a fun-
damental restriction of the multi-modal nature of DBRs. However,
the influence of these additional peaks can be mitigated by the
weighted sampling technique (Supplementary Sections 1 and 15).

Finally, we emphasize the potential of TPP-EMs in advanced
NDIR applications. Here, it is desirable to match the emitted power
to the chemical absorption spectra for two reasons: (1) the amount
of emitted power should be absorbed as much as possible—that

is, it should emit energy at all chemical absorption bands; and
(2) emitted power should only be absorbed by the gas of interest
to avoid false positives, meaning the FWHM of the TS cannot be
substantially broader than the gas spectra. As the emitted power
is temperature dependent, we generalize this concept by matching
the TPP-EM to the chemical absorption spectra. One example is
provided for nitrogen monoxide NDIR gas sensing in Fig. 3d. This
molecule features multiple arbitrarily distributed absorption bands
with varying FWHMs and amplitudes between 800 and 2,400cm™,
making forward-design approaches unrealistic. Yet, our inverse
design algorithm provides an optimized TPP-EM structure with
a DS closely matched to the spectral positions, amplitudes and
FWHMs of the TS peaks, with undesirable additional modes greatly
suppressed (Fig. 3d). The same approach is applied to NDIR sens-
ing of greenhouse gases such as CO, O,, NH; and CH,, as shown
in Supplementary Fig. 16. In addition, the shape of the black-body
emission can be deconvoluted in the design process so that the
emitted power, rather than the emissivity, can be matched to an
arbitrarily shaped TS, which is exemplified for N,O NDIR sensing
at 250 °C working temperature (Supplementary Fig. 17). We would
like to stress again that none of the designs in Fig. 3 have been previ-
ously proposed, to our knowledge, as the user-defined control of the
FWHMs and amplitudes at single/multiple frequencies is not realis-
tic within traditional forward-design approaches. Thus, the design
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Fig. 3 | Inversely designed TPP-EMs for various applications. a, Isolated emission with different Q-factors. The same figure is provided with a narrower
frequency range (Supplementary Fig. 13) to show near-unity emission for all of them. b, Multiple-peak TPP-EM. ¢, One TPP-EM featuring emissions at
LWIR, MWIR and the telecommunication range simultaneously. d, Matching the absorption spectrum of nitrogen monoxide (NO) gas for filterless NDIR.

The absorption spectrum of NO is normalized to be between 0 and 1.

capabilities highlighted here facilitate WS-EM-based applications
for free-space communications, spectral bar-coding, multi-band
chemical sensing with high signal-to-noise ratio for highly selective
NDIR or alternative gas-sensing metrologies.

CdO as the enabling component for our TPP-EMs

So far, we have demonstrated the exceptional design freedom
offered by our inverse design approach for dictating the emissivity
and/or spectrally emitted power of TPP-EM devices. The determin-
istic design capabilities benefit from two things: the SGD-optimized
aperiodic DBRs and the use of In-doped CdO with a designable
dielectric function. It is the aperiodic DBR that exploits the control
over the photonic band structure, yet, it is the designable dielectric
function of CdO that improves this spectral control to an unprec-
edented level, allowing for more advanced designs to be realized.
To illustrate this point, we employed our SGD-based algorithm
to design a CdO-based and a gold-based TPP-EM to match the
absorption spectrum of the nerve agent simulant dimethyl methyl
phosphonate for high-sensitivity gas detection. Related detailed
optimizations are discussed in Supplementary Section 18. Here, an
exceptional agreement between the TS and the CdO-based TPP-EM
DS is achieved (Fig. 4a,), including spectral positions, line shapes
and even amplitudes. However, for the gold-based structure, the
absorption spectrum cannot be matched well (Fig. 4a, blue line).
This increased spectral control is attributable to the designable
plasma frequency of CdO.
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To unfold the underlying advantages offered by CdO, we fab-
ricated multiple TPP-EMs composed of the same DBR grown
simultaneously on multiple CdO layers featuring different plasma
frequencies, that is, 2,700cm™" (red dashed curve) and 4,300 cm™
(red solid curve; Fig. 4b). Although both samples feature the same
DBR structures, the different dielectric functions (carrier concen-
trations) of CdO result in distinct impedance models for the two
systems (Supplementary Section 19). This leads to noticeable differ-
ences in the emission spectra, for example, frequencies and ampli-
tudes. Therefore, the adjustable carrier concentrations can tune the
TPP and non-TPP modes and thus allow more-arbitrarily-shaped
spectra to be matched than what can be achieved with a fixed car-
rier density. We further performed a series of comparisons among
inversely designed TPP-EMs with CdO featuring fixed carrier con-
centrations and/or mobility (Supplementary Section 20), validating
that the tunable dielectric function provides the spectral control
necessary for full user design of the emission spectrum ampli-
tudes, line-widths and resonant frequencies. Although the loss of
CdO (mobility) affects the TPP-EM* -, our code and platform can
mitigate the influence of this loss by modifying the correspond-
ing carrier density (Supplementary Section 20). As such, the wide
tunability of CdO plasma frequency increases the design capability
of TPP-EMs to an unprecedented level compared with traditional
noble-metal-based TPP-EMs. In addition to the spectral control,
replacing the noble metal with n-type In-doped CdO also makes
the fabrication process CMOS compatible, potentially permitting
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Fig. 4 | Functionality enabled by the tunability of CdO plasma frequency. a, TPP-EM designs targeting the dimethyl methyl phosphonate (DMMP)
spectrum with CdO and gold as conductive layers. b, The emissivity (red lines, experimental data) and reflectance (black lines, calculated by TMM) of the
same DBR on CdO layers of different carrier densities and on a sapphire substrate. The plasma frequency of CdO with a carrier density of 7x10"”cm=3 is
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notable differences from that of the higher-doped heterostructure. (1) The Tamm resonance frequency is lower and exhibits a higher absorption intensity
between 1,000 and 2,000 cm™; (2) there is a stronger absorption at the reflection dip of the DBR (~2,300 cm™), which is not a Tamm mode; and (3) Tamm

resonances are not supported above the plasma frequency (-3,500cm™).

integrated applications. Notably, our approach can also be applied
to other doped materials, such as III-V semiconductors and other
transparent conducting oxides™.

Conclusion

In conclusion, the combination of the broadly tunable plasma fre-
quency of CdO and our efficient SGD-based inverse design enables
the deterministic design of TPP-EMs, which is numerically and
experimentally validated. Using SGD, the structure of TPP-EMs can
be efficiently optimized (minutes on a consumer-grade desktop)
for arbitrary TS. Equipped with this method, we experimentally
demonstrate single- and multi-band TPP-EMs broadly suitable for
different applications, including free-space communications, infra-
red beacons and single- and multi-gas filterless NDIR sensing, all
showing great agreement between experiments and simulations.
Importantly, the multi-peak demonstrations open up possibili-
ties for the sensing of multiple gases and single gases with multi-
ple vibrational bands that cannot be achieved with a single-filter,
compact NDIR black-body-based device. Further, we illustrate the
unprecedented ability of matching the TS, that is, the frequencies,
FWHMs and even amplitudes (emissivity or spectral irradiance),
by exemplifying several designs ranging from the LWIR to the tele-
communications band (1.55um), including isolated emission at a
desired frequency with user-defined Q-factor (from 28 to 10,117),
multi-peak emission for spectral bar-codes and NDIR for matching
complex gas absorption spectra. Finally, we stress that such broad
functionality is not inherent to TPP-EMs; instead, it is enabled by
the wide tunability of the CdO plasma frequency. Empowered by
our SGD algorithm and this tunability, the demonstrated spec-
tral control of TPP-EMs promises cost-effective, wafer-scale,
CMOS-compatible and lithography-free solutions for numerous
applications throughout the infrared.
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Methods

Device fabrication. In-doped CdO (n-type) was deposited on two-inch r-plane
(012) sapphire single-crystal substates at 400 °C by a reactive cosputtering process
employing high-power impulse magnetron sputtering and radio frequency
sputtering from two-inch-diameter metal cadmium and indium targets,
respectively. High-power impulse magnetron sputtering drive conditions were

800 Hz frequency and 80 pis pulse time, yielding a 1,250 ps period and 6.4% duty
cycle. Film growth occurs in a mixed argon (20 sccm) and oxygen (14.4 sccm)
environment at a total pressure of 10 mtorr. Post deposition, samples were annealed
in a static oxygen atmosphere at 635 °C for 30 min.

Dielectric stacks (Ge and AlO,) were deposited at ambient temperature using
electron beam evaporation from Ge (99.999%) and sapphire sources in vacuum.
Thickness was monitored throughout the deposition using a quartz crystal
microbalance. Post deposition, samples were cleaved and the layer thicknesses were
measured using cross-sectional scanning electron microscopy.

Thermal emission measurements. All the thermal emissions were measured at
normal incident angle. Thermal emission was measured using a Bruker VERTEX 70v
Fourier transform infrared (FTIR) spectrometer by placing our device on a vertically
oriented temperature controller located at the back port of the FTIR. The emission
from the sample was then guided and collected through a KBr window and into the
FTIR internal beam path. In this configuration the emitted signal passes through

the interferometer block, taking the place of the spectrometer’s internal broadband
source, which is turned off. An aperture was placed in the sample compartment

to limit the detected solid angle from the device and reduce the detected emission
from within the FTIR. The signal was measured using an IR Labs mercury-
cadmium-telluride detector. In order to calculate the emissivity, thermal emission
measurements were collected from our device at 150°C. These measurements were
then compared to the thermal emission measured from an emissivity standard at

the same temperature and angle of emission. We used 500-um-tall vertically aligned
carbon nanotubes grown on a Si substrate from an Fe-nanoparticle catalyst, grown
by Nanotechlabs, as an emissivity standard (€2 0.97). These vertically aligned carbon
nanotubes (VACNT) provide a high, consistent value for emissivity that is spectrally
flat throughout the infrared and stable with temperature. The signal collected by the
mercury-cadmium-telluride detector in these measurements contains the emission
from both the sample as well as the internal optics of the FTIR.

M (Tsamplez Tambient> 2 0) =R (Tambienv j') (S (Tsample> A 9) +G (Tambienv l)) (3)

Here M is the total measured signal, R is a response function for the internal
and external optics, S is the signal originating from the sample and G is the
‘background’ emission from the internal optics. 6 is the measured emission angle,
A is the corresponding wavelength, T, is the ambient temperature and T, is
the sample temperature. Thus, to isolate the signal from the sample, a background
measurement was taken by replacing the sample with a gold mirror. The resultant
spectrum is a product of the response function R with the background emission
G. Once the sample, emissivity standard and background emission have been
measured, we can rearrange equation (3).

R (Tambients 4) Ssample (Tsamples 4 0) =

4)
Msample (Tsample’ Tambient’ A 9) - R (Tambient’ A) G (Tambient) j')

R (Tambient) j') Sstandard (Tsample) A 9) =

5)
Mitandard (Tsample’ Tambienh A 9) —R (Tambienh ’1) G (Tambienp /1)

where M, 4.a a0d Sgnaqa are the total measured signal and the signal originating
from the standard blackbody (VACNT), respectively. The response function can
be normalized out by taking the ratio of equations (4) and (5), and the emissivity

relative to the standard can be determined.

R (Tambiemx l) Ssample (Tsample; A 0)
R (Tambienb A) Sslandard (Tsample> A 0)

Ssample (Tsamplv A 9)
- = ¢ (T LA, 0
Sstandard (Tsample, 2 g) ( sample )
(6)

Note that this technique is much quicker than the conventional approach
to measuring emissivity using FTIR and allows for multiple background
measurements to be taken throughout the day. Therefore, fluctuations in the
ambient temperature can be accounted for readily.

Numerical calculation of TPP-EMs. The TMM calculation employed in the
inverse design is from textbooks. As the materials are absorbing and dispersive,
TMM calculations performed in this paper are from refs. *>* for cross-validation
purposes, and codes are offered by N. Passler and A. Paarmann. The dielectric
functions of Ge and AlO, are fitted with ellipsometry measurements with WVase
software from J.A. Woollam”, and temperature-dependent values are adjusted
with reflectance data (Supplementary Section 5). The dielectric function model

of CdO with varying carrier concentration is from ref. '’ from our group, and a
corresponding MATLAB code to generate CdO dielectric functions in the MWIR-
LWIR is provided on our group website (https://my.vanderbilt.edu/caldwellgroup/).
The Outlook section treats the dielectric function of Ge (ref. **) and ZnSe (ref. *°) as
constants in the entire frequency range: 16 + 0i and 5.0625 + 0i, respectively.

Computation resources used for the algorithm. All the optimizations are
performed on a consumer-grade desktop equipped with an Intel 17-8700K CPU
(~US$400 when first launched in 2017) and 16 GB memory, and no GPU units

are used. The algorithm is written in Python 3.6 with TensorFlow 2.3.0. The
specific SGD version we use is adaptive momentum estimation (Adam), provided
by TensorFlow, and the optimization step is 0.005. All optimizations performed

in this paper took ~1-10 minutes. We would like to stress again that the code is
open-sourced on our group website (https://my.vanderbilt.edu/caldwellgroup/) and
the Nature Materials website and can be freely used for non-profit purposes.

Absorption data of various chemicals. All chemical absorption spectra are taken
from the National Institute of Standards and Technology website.
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