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Abstract 

Wavelength-selective thermal emitters (WS-EMs) are of high interest due to the lack of cost-effective, 

narrow-band light sources in the mid- to long-wave infrared. Cost-effective WS-EMs can be realized via 

Tamm plasmon polariton (TPP) structures supported by distributed Bragg reflectors (DBRs) on metal layers, 

however, optimizing TPP-WS-EMs is challenging because of the large number of parameters to optimize. 

To address this challenge, we use stochastic gradient descent (SGD) to optimize TPP-WS-EMs composed 

of an aperiodic DBR deposited on doped cadmium oxide (CdO) plasmonic films. While the SGD-optimized, 

aperiodic DBR offers extensive spectral control, the material choice, i.e., plasma-frequency-tunable doped 

CdO, enables the design capabilities not accessible with noble metals. Here, the individual layer thickness 

and carrier density of CdO are optimized by our SGD inverse design strategy. The resultant experimental 

designs demonstrate TPP-WS-EMs exhibiting isolated, high-Q (narrow bandwidth), and structures 

featuring multiple emission bands for applications such as free-space communications and gas sensing. 

Furthermore, we illustrate the deterministic design capability within the infrared, such as user-designated 

Q-factors (28 - 10,127) at a desired frequency, multi-band emitters with user-defined Q, and the ability to 

directly match arbitrary chemical absorption spectra. Thus, the combination of our SGD inverse design and 

the broadly tunable plasma frequency of CdO enables lithography-free, CMOS-compatible, and wafer-scale 

solutions for WS-EMs with unprecedented spectral control.  

mailto:josh.caldwell@vanderbilt.edu
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Introduction 

Wavelength-selective thermal emitters (WS-EMs) are of significant interest due to the lack of cost-effective, 

narrow-band light sources in the mid-infrared, with many applications hindered by the cost and challenging 

designs of state-of-the-art devices. The majority of proposed WS-EMs are patterned nanostructures1-9, 

typically requiring high-cost, low-throughput lithographic methods. One alternative solution is Tamm 

plasmon polariton (TPP) heterostructures10. Such TPPs consist of a distributed Bragg reflector (DBR) on a 

conductor, typically a noble metal, where the DBR provides phase-matching to the metal surface, leading 

to an absorptive resonance with high quality (Q)-factors at normal incident angle10-14. As only thin-film 

deposition is needed to fabricate these structures, TPP-WS-EMs offer a promising platform that can be 

grown at wafer-scale with relatively low cost, while providing predictable results12-14.  

Despite the advantages offered by TPP-WS-EMs, applications are hampered due to challenging designs 

and limitations imposed by the large magnitude of the negative permittivity of the metal employed. To this 

point, WS-EMs design methodologies have relied on parameter sweeps and physical intuitions. Such design 

protocols can be applied to periodic DBRs on noble metals, of which the parameter space is limited, and 

high-Q TPP-WS-EMs can therefore be realized in simple designs13,15. However, aperiodic DBRs provide 

additional spectral control for TPP-WS-EMs, offering the possibility to suppress spurious emission peaks16, 

and achieve ultra-high Q-factors13 that are demanding within periodic DBR counterparts. While the 

aperiodic-DBR TPP-WS-EMs open up more opportunities, this does come at the cost of more challenging 

designs due to the higher dimensional parameter space. For instance, a parameter sweep for a nine-layer-

aperiodic DBR infers at least nine-powers-of-ten simulations, which would cost 2,778 hours of processing 

time assuming 100 simulations per second, and this time grows exponentially with additional layers. Thus, 

inverse design protocols offer significant advantages, with high-Q TPP-WS-EMs demonstrated at desired 

wavelengths via Bayesian optimizations12,17 and genetic algorithms16. However, the optimization efficiency 

is poor, requiring 24-day simulations on a cluster to optimize one structure12, while also restricting design 

flexibility. Additionally, structures targeting multiple frequencies suitable for multi-gas sensing have not 

been reported. Furthermore, in experimental reports, only noble metals have been used in TPP-WS-EMs, 

with plasma frequencies in the visible range, thereby severely restricting the spectral control and making 

the fabrication not CMOS-compatible. 

Here we address all of these challenges, as we develop an inverse design algorithm to efficiently optimize 

TPP-WS-EMs composed of an aperiodic DBR on an n-doped cadmium oxide (CdO) film. The inverse 

design protocol is based on stochastic gradient descent (SGD) that allows for the individual layer 

thicknesses of the DBR, as well as the carrier density (thus the dielectric function) of CdO to be optimized 

efficiently (minutes on a consumer-grade desktop) with deterministic design capabilities. Experimentally, 
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we realize several such inversely designed TPP-WS-EMs targeting narrow-band thermal emission at single- 

or dual-frequencies for various applications, including filterless nondispersive infrared sensing (NDIR3,18,19) 

and high-Q emitters in the long- and mid-wave infrared (LWIR, MWIR), with all structures exhibiting 

excellent agreement between experiments and simulations. Furthermore, we illustrate precise spectral 

control of CdO-based TPP-WS-EMs by matching frequencies, lineshapes and amplitudes of arbitrarily 

shaped spectra across the entire spectral range from the LWIR to telecommunication bands (1550 nm), 

including the ability to individually define the frequency and Q-factors (27 - 10,127). In addition, we 

demonstrate that this approach is capable of matching multiple resonant peaks, for instance, to match 

absorption spectra of more complex chemicals. Finally, we stress that such functionality is not possible 

within noble-metal-based TPPs, but instead is enabled by the broadly tunable plasma frequency offered by 

CdO20-23, which in turn dramatically expands the applicability of WS-EMs. The combination of our efficient 

inverse-design algorithm and material advancements facilitates the realization of cost-effective, wafer-scale, 

CMOS-compatible, and lithography-free TPP-WS-EMs for numerous applications, including NDIR, 

environmental, atmospheric and chemical sensing, free-space communications and IR beacons.  

Inverse design protocol 

Our TPP-WS-EMs are comprised of aperiodic DBRs (here, Ge and AlOx alternating layers) on thin (~500 

nm) CdO films grown on sapphire substrates. The individual layer thicknesses and carrier density (thus the 

dielectric function20) of CdO are designable parameters, written as a vector (𝑡).  This work employs an 

SGD-based inverse design technique to determine 𝑡, so that the difference between the absorption spectrum 

of designed structure (DS) and the target spectrum (TS) is minimized. The design process is initiated by 

assigning the preferred maximum number of layers for the DBR, with 𝑡  being randomly initialized. 

Through the transfer matrix method (TMM), DS of the corresponding structure 𝑡  is calculated and 

compared to TS, therefore resulting in a scalar 𝑒𝑟𝑟𝑜𝑟. The 𝑒𝑟𝑟𝑜𝑟 is written as a combination of mean-

squared error (MSE, the first term) and mean absolute error (MAE, the second term): 

𝑒𝑟𝑟𝑜𝑟 = 𝑚𝑒𝑎𝑛 {𝑟𝑎𝑡𝑖𝑜1 ∙ (𝐷𝑆⃗⃗⃗⃗⃗⃗ − 𝑇𝑆⃗⃗ ⃗⃗ ⃗)2 + 𝑟𝑎𝑡𝑖𝑜2 ∙ |(𝐷𝑆⃗⃗⃗⃗⃗⃗ − 𝑇𝑆⃗⃗ ⃗⃗ ⃗)|}                 Eq. (1) 

where 𝑟𝑎𝑡𝑖𝑜1 and 𝑟𝑎𝑡𝑖𝑜2 are hyperparameters that can be customized for different purposes (SI, section 

9). Note this combination of error is commonly employed in the deep-learning field, and related techniques 

are powerful for TPP-WS-EM design, such as weighted sampling approaches (SI, section 9). This 𝑒𝑟𝑟𝑜𝑟 

is then back-propagated to find the gradient over 𝑡 via SGD. Upon each iteration, the gradient is used to 

update 𝑡:  
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𝑡𝑛⃗⃗ ⃗⃗ =  𝑡𝑛−1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ − 𝑠𝑡𝑒𝑝 𝜕𝑒𝑟𝑟𝑜𝑟𝑛−1𝜕𝑡𝑛−1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗                                     Eq. (2) 

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-WS-EM will be optimized to a point where the 𝑒𝑟𝑟𝑜𝑟 

between the TS and DS is minimized. 

 

Fig. 1. Flowchart of the design process. The designable parameters of the TPP-WS-EM structure (thickness and 

carrier concentration), 𝑡, are randomly initialized (green box), then it is evaluated by transfer matrix method (TMM), 

resulting in the designed spectrum (DS). DS is compared with the target spectrum (TS), leading to a scalar 𝑒𝑟𝑟𝑜𝑟. In 

the current iteration (n-1), the gradient of scalar 𝑒𝑟𝑟𝑜𝑟 over 𝑡𝑛−1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗, i.e., 
𝜕𝑒𝑟𝑟𝑜𝑟𝑛−1𝜕𝑡𝑛−1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ , is calculated by SGD and used to 

update  𝑡𝑛−1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ to 𝑡𝑛⃗⃗⃗⃗  by Eq. (2). The updated 𝑡𝑛⃗⃗⃗⃗  will then be evaluated by TMM, getting a new DS, comparing with TS, 

updating to a new version, and the process will repeat until a given number of iterations are reached. One exemplary 

optimizing process is shown in (a), and the optimized structure is shown in panel (b). 

While such optimization processes can take many forms, one example is presented in Fig. 1a. Initially, the 

absorption spectrum of the randomly initialized structure (red solid line) differs significantly from TS. After 

several iterations, the DS converges towards the TS as the structure is optimized (solid red → blue →green → purple lines in Fig. 1a). Unlike canonical gradient descent calculations used in commercial 
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software and previous publications24,25, the SGD approach employed here reduces the possibility of getting 

trapped at poor local minimums and improves the optimization performance26-29 (SI, section 4). The 

exemplary code used in this work is published on our group website30.  

Experimental demonstration of inversely designed TPP-WS-EMs 

Based on the inverse design algorithm, several TPP-WS-EM structures were designed and fabricated that 

exhibited a wide range of unique spectral features. The CdO carrier densities and the designed and as-grown 

layer thicknesses of these TPP-WS-EMs are provided in SI, section 2, and the growth process is discussed 

in the Methods. In order to demonstrate the power of inversely designed TPP-WS-EMs, we first provide 

an experimental device featuring a single, high-Q emission peak. For this effort, we set the TS within one 

of the atmospheric windows31 (2000 – 3300 cm-1) appropriate for MWIR applications. We model the TS as 

a flat line with a single, sharp absorption peak centered at 2650 cm-1 and employ the SGD approach to 

match the DS to the narrowest possible TS (Fig. 2a). Following this optimization, the spectrum of the 

designed structure exhibits a single peak centered at 2650 cm-1 with a Q-factor of 145. The experimentally 

measured emission from the realized structure exhibits a similarly high Q-factor (𝑄 = 128), albeit with a 

resonance that is spectrally shifted to 2721 cm-1. This difference between the DS and the measured spectrum 

is due to discrepancies between the designed and as-grown DBR layer thicknesses. However, the 

experimental spectrum agrees exceptionally well with subsequent TMM calculations based on actual, as-

grown structure thickness parameters (Fig. 2a. red dashed line). Thus, the spectral offset is the result of 

the inability to exactly realize the design targets within our deposition chamber, something which would be 

easily overcome within commercial systems. The experimental Q-factor is on par with the best-reported 

values using lower loss surface phonon polariton resonators (~100-400)7,32-35 and plasmonic Fano 

resonances (~100-400)36. However, we would like to stress that this value is not a fundamental limitation 

of the TPP-WS-EM design process, but is instead simply a result of the number of DBR layers we used (7 

total layers), as well as the material loss of the evaporated AlOx (SI, section 1). Later in this work, it is 

demonstrated that Q-factors over 10,000 are in principle achievable by exchanging AlOx for materials with 

lower losses (such as ZnSe) and/or increasing the number of dielectric layers, thereby becoming competitive 

with 2D photonic crystals, but in a simple, planar multilayer structure. 

Besides the previously mentioned transmission window spanning from 2000 – 3300 cm-1, there is another 

located within the LWIR (800 - 1250 cm-1). To demonstrate the broad spectral tunability of CdO-based 

TMM-WS-EMs, we also inversely designed a TPP-WS-EM with the emission line centered at 1250 cm-1 

using the same strategy mentioned above (Q-factor = 16). The target, experimentally measured spectrum, 

and calculations based on designed and as-grown thickness show extraordinary agreements, with all four 

resonance lines almost overlapped (Fig. 2b). Note that the discrepancy in the spectra is minimal despite 
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some differences between the as-grown and designed thicknesses, indicating that some robustness against 

fabrication error is present.  

 

Fig. 2. Experimental demonstration of TPP-WS-EMs. The inverse-design algorithm was employed to realize TMM-

EM structures featuring (a) High Q-factor emission in the MWIR, (b) single emission mode in the LWIR, and resonant 

emission designed for NDIR sensing of c) CO2 and d) CO2 and SO2 dual-gas sensing. The target and designed spectra 

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 calculated absorption spectra of as-grown structures. A photo of the 2-

inch wafer-scale sample is shown in Fig. S12. 

In addition to emitters for line-of-sight applications in these atmospheric windows, the MWIR also contains 

a large number of unique molecular absorption features, making it of interest for chemical sensing. Thus, 
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one application of WS-EMs is filterless NDIR gas sensing3,18,19 composed of (1) a WS-EM, (2) a gas cell, 

and (3) a broadband detector, as shown in SI, section 6. The emission frequency of the WS-EM is centered 

at the absorption frequency of the gas of interest with a sufficiently high Q-factor to eliminate false-positives 

resulting from the absorption of other present gases, such as water vapor. To demonstrate the potential of 

our inversely designed TPP-WS-EMs for NDIR applications, we designed a heterostructure that supports a 

single emissivity peak that spectrally overlaps with one of the anti-symmetric stretching modes of CO2 

(2349 cm-1), while restricting dielectric layer number to three to reduce fabrication complexity. Again, 

excellent agreement between the TS, DS and experimental structures for the designed TPP-WS-EM is 

observed, with the measured (target) emission peak centered at 2360 cm-1 (2350 cm-1) with a Q-factor of 

21 (40), as shown in Fig. 2c. 

So far, we have demonstrated TPP-WS-EM designs with an isolated, tunable peak in emissivity, making 

these devices suitable for single gas detection in filterless NDIR setups. However, for sensing of multiple 

gases simultaneously, WS-EMs must possess multiple emission peaks centered at the vibrational absorption 

resonances of each of those gases, so that different gas concentrations can be evaluated using one device at 

different temperatures (see derivations in SI, section 11). Yet due to the significant complexity, to the best 

of our knowledge, WS-EMs with independent design control for each of the distinct emission peaks have 

not been demonstrated previously. Benefitting from the flexibility of our inverse design protocol, we are 

able to use an envelope spectrum, which covers both the vibrational modes of SO2 and CO2 as the TS to 

inversely design a TPP-WS-EM, with the rationale for the TS choice provided in SI, section 10. Here, five 

dielectric layers were used in order to improve the achievable Q-factors, yielding a DS with two absorption 

peaks centered at 1367 and 2339 cm-1 (Fig. 2d) that closely matched the amplitudes, peak positions, and 

full-width-half-maximums (FWHMs) of the TS. The experimental data also agrees well with some minor 

exceptions, while the center frequencies are closely matched (1358 and 2360 cm-1), some degradation in 

the Q-factors and emissivity amplitudes are observed. Nonetheless, this represents the first WS-EM 

working at designated, disparate frequencies simultaneously. More importantly, with this single TPP-WS-

EM, the individual concentrations of CO2 and SO2 can be determined simultaneously by linear regression, 

with more discussions in SI, section 10 that will be the topic of future efforts. 

Exploring the potential of inversely designed TPP-WS-EMs  

Despite the limited precision of individual layer thicknesses during film deposition and the additional 

material losses associated with AlOx, our experimental results reveal the power and potential of inversely 

designed TPP-WS-EMs, making them suitable for various applications. For advanced WS-EM applications, 

such as spectral barcoding and multi-gas sensing, user-defined FWHMs and amplitudes at single or multiple 

frequencies must be realized. Yet, to the best of our knowledge, no designs have been proposed to 
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accomplish these tasks. To address these challenges and demonstrate further the potential of the inversely 

designed TPP-WS-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 SI, section 8). The bottom CdO layer is constrained 

to possess the highest achievable carrier concentration to ensure no transmission. 

First, we demonstrate the outstanding control over the linewidth at a fixed frequency, presenting structures 

with Q-factors ranging from 26 to 10,127 with near-unity emission (Fig. 3a). Thus, we demonstrate not 

only the potential to achieve record-high Q-factors for Tamm-based structures (fitting in SI, Fig. S11), but 

also the extraordinary ability to match required Q-factors at a given frequency. Such a capability is 

imperative as different applications have varied requirements for signal-noise-ratio or for matching the 

absorption spectra to a given molecular vibrational mode. Building on this, we expand upon the potential 

for such multi-peak designs, providing a TS that exhibits three emission peaks with varying linewidths (Q-

factors=25, 37 and 145). Such TPP-WS-EM designs are suitable for spectral barcoding yet have not been 

demonstrated or proposed, presumably due to the significant design challenges in matching such arbitrary 

spectral. Despite this difficulty, the DS can be matched to the TS exceptionally well, with only minor 

discrepancies (Fig. 3b).  

Empowered by the widely tunable plasma frequency of CdO (between ~1200 cm-1 to 7800 cm-1), TPP-WS-

EMs with absorption peaks spanning from short-wave infrared (SWIR) to the LWIR can also be realized. 

To demonstrate such capabilities, we optimized another TPP-WS-EM structure featuring triple emission 

peaks, locating at the LWIR (1200 cm-1), MWIR (2700 cm-1) and SWIR (1.55 µm) simultaneously (Fig. 

3c). Again, the resultant DS matches the TS exceptionally well. We do note that additional modes are 

present in the spectral regions between these desired emission resonances (SI, Fig. S9), which is a 

fundamental restriction of the multi-modal nature of the DBR. However, the influence of these additional 

peaks can be mitigated by the weighted sampling technique (SI, section 9). This demonstration serves to 

clearly illustrate the unprecedented spectral control afforded by the tunable carrier density of CdO and the 

inverse design algorithm employed.  

Finally, we emphasize the potential of TPP-WS-EMs in more advanced NDIR applications. Here, it is 

desirable to match the emitted power of TPP-WS-EMs to the chemical absorption spectra for two reasons: 

(1) the emitted power should be maximized to suppress the influence of inevitable detector dark-noise, i.e., 

the TPP-WS-EM should emit energy at all chemical absorption bands; and (2) emitted power is only 

absorbed by the gas of interest to avoid false-positives, meaning FWHM of TS cannot be larger than the 

gas spectrum. As the emitted power is temperature dependent and the temperature can be dictated by the 

application, we generalize this concept by matching the TPP-WS-EM to the chemical absorption spectra. 

An example is provided for nitric oxide NDIR gas sensing in Fig. 3d. This molecule features multiple 
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absorption bands with varying FWHMs and amplitudes between 800-2400 cm-1, making forward-design 

approaches unrealistic. Yet, our inverse-design algorithm quickly provides an optimized TPP-WS-EM 

structure with a DS closely matched to the positions, amplitudes and FWHMs of those TS peaks, with 

undesirable additional modes greatly suppressed (Fig. 3d). The same approach is applied to NDIR 

greenhouse gas sensings, such as CO, O3, NH3, and CH4 shown in SI, section 3. Notably, the shape of the 

black body emission can be de-convoluted in the design process, so that the emitted power, rather than the 

emissivity of a TPP-WS-EM can be matched to an arbitrarily shaped target. For an exemplary working 

temperature (250 °C), we present such an inversely designed TPP-WS-EM of which the emitted power 

matches the absorption spectrum of N2O, shown in SI, section 7. We would like to stress again that none 

of the designs in Fig. 3 have been previously proposed, as the user-defined control of the FWHMs and 

amplitudes at single/multiple frequencies is not realistic within traditional forward-design approaches. Thus, 

the design capability highlighted here facilitates WS-EM-based applications for free-space communications, 

spectral barcoding, multi-chemical sensing with high signal-noise-ratio for highly selective NDIR or 

alternative gas-sensing metrologies. 
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Fig. 3. Inversely designed TPP-WS-EMs for various applications. (a) Isolated emission with different Q-factors. The 

inset shows near-unity emission for all of them. (b) multiple-peak TPP-WS-EM. (c) One TPP-WS-EM featuring 

absorption at LWIR, MWIR and telecommunication simultaneously. (d) Matching the absorption spectrum of NO gas 

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

CdO: The enabling component for our TPP-WS-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-WS-EM devices. The deterministic design 

capabilities benefit from two things: the SGD-optimized aperiodic DBRs and the use of doped CdO with a 

designable dielectric function. The aperiodic DBR exploits the control over the photonic band structure, 

with the parameter space being limited only by the number of DBR layers. Further, for the structures here, 
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the designable dielectric function of CdO improves this spectral control to an unprecedented level. This 

additional tuning knob allows for more advanced TPP-WS-EM designs to be realized, such as matching to 

even more complex absorption spectra. To illustrate this point, we used our SGD-based algorithm to design 

a CdO-based and a gold-based TPP-WS-EM in an effort to match the absorption spectrum of the nerve 

agent simulant dimethyl methyl phosphonate (DMMP). Detailed optimizations of the two systems for this 

purpose are discussed in SI, section 5. Here, an exceptional agreement between the TS and CdO-based 

TPP-WS-EM design is achieved (Fig. 4a, black and red curves, respectively), including spectral positions, 

lineshapes and even amplitudes. However, for the gold-based TPP-WS-EM, matching the complex 

vibrational spectra of DMMP is severely restricted with the same number of dielectric DBR layers (Fig. 4a, 

blue line). Since the only difference between the two systems is the conductive layer employed (CdO vs. 

gold), we attribute the significantly improved spectral control to the tunability of CdO dielectric functions 

by varying the dopant concentration20-23. Note that our inverse design process is fully capable of taking full 

advantage of this tunability, as it optimizes the carrier concentration as a design parameter without the need 

for any physical intuition.  

To unfold the underlying advantages offered by CdO, we fabricated multiple TPP-WS-EMs composed of 

the same DBR grown simultaneously on multiple CdO layers featuring different plasma frequencies, i.e., 

2700 cm-1 (red dashed curve) and 4300 cm-1 (red solid curve) (Fig. 4b). The emissivity of the low-doped 

CdO has several notable differences from that of the higher doped heterostructure. (1) The Tamm resonance 

frequency is lower and exhibits a higher absorption intensity between 1000 and 2000 cm-1; (2) there is a 

stronger absorption at the reflection dip of the DBR (~2300 cm-1), which we stress is not a Tamm mode; 

and (3) no Tamm resonances are supported above the plasma frequency (~3500 cm-1). Thus, the carrier 

concentration tunability enables additional adjustments of both the frequency and amplitude of the Tamm 

and non-Tamm absorption modes within these structures. Such an intuitional explanation agrees with the 

differences observed in Fig. 4a, where the gold-supported structure matches several center frequencies, but 

not amplitudes and FWHMs. As such, enabled by the combination of the wide tunability of CdO plasma 

frequency and our inverse design protocol, the design capability of TPP-WS-EMs is increased to an 

unprecedented level compared with traditional TPP structures using noble metals. In addition to the spectral 

control offered by CdO, replacing the noble metal with n:CdO also makes the fabrication process CMOS 

compatible, potentially permitting integrated applications. Notably, our approach can also be applied to 

other doped materials, such as doped III-V semiconductors37 and other transparent conducting oxides38. 
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Fig. 4. Functionality enabled by the tunability of CdO plasma frequency. a) TPP-WS-EM designs targeting at 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 of different carrier densities and sapphire substrate. The 

plasma frequency of CdO with a carrier density of 7𝑥1019 𝑐𝑚−3 is displayed by the vertical dashed line, while the 

plasma frequency of the other CdO is above 4000 cm-1.  

Conclusion 

In conclusion, the combination of broadly tunable plasma frequency of CdO and our efficient SGD-based 

inverse design enables the deterministic design of TPP-WS-EMs, which is numerically and experimentally 

validated. Using SGD, the structure of TPP-WS-EMs can be efficiently designed (minutes on a consumer-

grade desktop) with a large degree of design freedom. Equipped with the optimization method, we 

experimentally demonstrate single- and dual-band TPP-WS-EMs for different applications, including free-

space communications, IR beacons and single- and multi-gas filterless NDIR sensing, all showing great 

agreement between experiments and simulations. Further, we illustrate the unprecedented ability of 

matching the target spectrum, i.e., the frequencies, FWHMs, and even amplitudes (emissivity or spectral 

irradiance), by exemplifying several designs ranging from the LWIR to telecommunication band (1.55 µm), 

including isolated emission with user-defined Q-factors (from 28 to 10,127) at a desired frequency, multi-

peak emission for spectral barcodes and NDIR for matching complex gas absorption spectra. Finally, we 

stress that such broad functionality is not inherent to TPP-WS-EMs; instead, it is enabled by the 

exceptionally wide tunability of CdO plasma frequency. Empowered by our SGD algorithm and this 

tunability, the demonstrated spectral control of TPP-WS-EMs promises cost-effective, wafer-scale, CMOS-

compatible and lithography-free solutions for numerous applications throughout the infrared.  

Methods 
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Device fabrication. In-doped CdO (n-type) was deposited on 2-inch r-plane (012) sapphire single crystal 

substates at 400°C by a reactive co-sputtering process employing high-power impulse magnetron sputtering 

(HiPIMS) and radio frequency (RF) sputtering from 2-inch diameter metal cadmium and indium targets, 

respectively. HiPIMS drive conditions were 800-Hz frequency and 80-μs pulse time, yielding a 1250-μs 

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 minutes.  

Dielectric stacks (Ge and AlOx) 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 (QCM). Post deposition, samples were cleaved and the layer 

thicknesses were measured using cross-sectional SEM. 

Thermal Emission Measurements. All the thermal emission were measured at normal incident angle. 

Thermal emission was measured using a Bruker Vertex 70v FTIR by placing our device on a vertically 

oriented temperature controller located at the backport 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 (MCT) 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 µm tall vertically aligned carbon nanotubes (VACNTs) grown on a Si 

substrate from an Fe-nanoparticle catalyst, grown by Nanotechlabs Inc., as an emissivity standard (𝜖~0.97). 

These VACNTs provide a high, consistent value for emissivity that is spectrally flat throughout the IR and 

stable with temperature. The signal collected by the MCT detector in these measurements contains the 

emission from both the sample as well as the internal optics of the FTIR. 𝑀(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆, 𝜃) = 𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)[𝑆(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃) + 𝐺(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)]  Eq. (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. Thus, in 

order 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 
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emission 𝐺. Once the sample, emissivity standard and background emission have been measured we can 

rearrange equation (3). 𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃) = 𝑀𝑠𝑎𝑚𝑝𝑙𝑒(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆, 𝜃) −𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝐺(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)     Eq. (4) 𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝑆𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃) = 𝑀𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆, 𝜃) −𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝐺(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)       Eq. (5) 

The response function can be normalized out by taking the ratio of equation (4) to (5) and the emissivity 

relative to the standard can be determined.  

𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝜆)𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝑇𝑠𝑎𝑚𝑝𝑙𝑒,𝜆,𝜃)𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝜆)𝑆𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑(𝑇𝑠𝑎𝑚𝑝𝑙𝑒,𝜆,𝜃) = 𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝑇𝑠𝑎𝑚𝑝𝑙𝑒,𝜆,𝜃)𝑆𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑(𝑇𝑠𝑎𝑚𝑝𝑙𝑒,𝜆,𝜃) = 𝜀(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃)  Eq. (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-WS-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 Ref. 39,40 for cross-validation purposes, and codes are offered by Dr. Nikolai Passler and Prof. Alex 

Paarmann. The dielectric functions of Ge and AlOx are fitted with ellipsometry measurements with WVase 

software from J.A. Woolam, Inc41, and temperature-dependent values are adjusted with reflectance data (SI, 

section 1). The dielectric function model of CdO with varying carrier concentration is from Ref. 20 from 

our groups, and a corresponding MATLAB code to generate CdO dielectric functions in the MWIR-LWIR 

is provided on our group website30. The outlook section treats the dielectric function of Ge42 and ZnSe43 as 

constants in the entire frequency range: 16+ 0i and 5.0625 +0i, respectively. 

Absorption data of various chemicals. All chemical absorption spectra are taken from the National 

Institute of Standards and Technology (NIST) website. 
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