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ABSTRACT ARTICLE HISTORY
While anti-reflective properties of pyramid texture are widely used, their use Received 16 March 2021
for thermal radiation control has received relatively little attention and the Accepted 16 July 2021
understanding of geometric parameters for design optimization is not well KEYWORDS
established. Here we use finite-difference time-domain simulations in con-  ypermaloptical
junction with an algorithm to optimize thermal characteristics of micropyr- optimization;
amid-textured metallic, ceramic, and polymer materials. Our simulations micropyramids; selective
indicate that the pyramid height-to-base ratio is an effective parameter in absorber; passive cooling
developing an engineered thermal response. For nickel, the micropyramids

with 2-4 height-to-base ratios over 0.5-4 pm base spans provide near-

perfect absorption in 300-2500 nm wavelengths. The electric field analysis

shows the optical properties are driven by the effects of localized resonance

and field confinement. Our thermal cost function-based optimization has led

to micropyramid texture that can have a significant impact on heating or

cooling such as the solar absorption increase in nickel from 337 to 982 W/m?,

the thermal emission increase in alumina from 106 to 170 W/m?, and the

thermal emission increase in PDMS from 160 to 172 W/m?. This work not only

provides the understanding of micropyramid properties for thermal radiation

control but also presents an algorithmic process that could be used for

efficient optical-thermal optimization of geometries beyond micropyramids.

Introduction

An approach that has proven to be effective in engineering surface optical properties is patterning
a microscale pyramid-like (“micropyramid”) surface texture into a material. The influence of periodic
pyramidal design is well established in the field of optics as it is known to induce anti-reflective
properties at the surface as a result of light confinement by the texturing [1] [2]. One of the most
common applications of micropyramid texturing is in the design of “Black Silicon” - silicon that
appears black due to a significant reduction in the optical reflectivity due to micropryamid structuring
[3]. Micropyramid and nanopyramid patterned silicon designs have been widely adopted for solar cell
applications as the pattern leads to enhanced photon absorption in the visible (VIS) and near-infrared
(NIR) wavelengths [1] [4-7]. The design can be further enhanced with the inclusion of nanoscale
hierarchy - either in the form of silicon nanopillars/wire architecture [8-9 21] or hybrid-material
nanowires [10] [11]. Silicon micropyramids can also be coated with another material — adding an
additional element of control over light interaction with the surface [12]. Micropyramid geometries
have also been utilized to significantly enhance the solar absorptivity of metals. Micropyramids made
of nickel have received attention for solar applications due to nickel’s favorable mechanical/optical
properties, with previous studies utilizing core-shell nanoscale nickel pyramids for thermophotovol-
taic/Solar applications [13] or as a protective layer in solar panels [14]. Tungsten (W) pyramidal
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grating structures have also been explored for high-temperature absorption applications: with the
geometry enhancing the metal’s solar absorption coefficient to 0.92 [15]. The anti-reflective properties
of micropyramid texturing has also been demonstrated to enhance the absorption characteristics of
dielectric [2] and polymer [16] materials. Pyramidal surface features have broad appeal as they are
both easily manufacturable and scalable [13] and can be patterned into a wide variety of materials via
the template stripping technique [17] [18]. Further, pyramidal topology has demonstrated self-
cleaning and hydrophobic properties [4], making it attractive for many applications.

For thermal radiation control applications, there are two spectral regions of interest for any surface:
VIS/NIR and mid-infrared (MIR). The former is the most important optical parameter for solar
applications as the spectral absorption from A = 300-2500 nm determines the quantity of solar energy
absorbed by the surface. While silicon micropyramids enhance absorption of visible light, beyond
A = 1000 nm the drop in extinction coefficient and rise in transmission in Si [19] [20], leads to a decay
in the pattern’s absorption enhancement. As a result, the optical properties of Si micropyramids and
nanostructuring have been studied extensively between A = 400-1100 nm [4-8][21]. Use of coatings
and fabricating micropyramids in other materials extends the region of efficacy and can also influence
the NIR/MIR emissivity [13] [15], a key parameter in the determination of thermal emission from
a surface. Micropyramids have been shown to enhance absorption in SiN between A = 1-2.5 um [22],
inverse-Si micropyramids coated with Pt can increase emission between A\ = 1.4-5 pym [23], and
advanced processing can result in enhanced absorption through the MIR [24]. Already MIR emissive
materials — such as polymers [16] and SiO,/HfO, [25] - can have near perfect emission in the infrared
when patterned with micropyramids.

Control over the spectral absorption and emission properties of a material can yield unique thermal
solutions. Beyond micropyramids, other surface topologies such as nano-domes [26], corrugated
surfaces [27], and core-shell structures [28], and gratings [29] have been proposed for high-
efficiency solar absorption. By enhancing the spectral emissivity in the infrared region, surfaces can
leverage the sky-transparency window to emit radiation to space and cool beneath ambient tempera-
tures [30]. Referred to as “passive radiative cooling,” solutions range from corrugated graphene/nickel
structures [31] [32], to multilayer stacks [33], and engineered polymers [34-35][40]. Solutions for both
radiative heating and cooling demonstrate wide-variation in design, but a common difficulty is
engineering scalability, cost-effectiveness, and limited applications of the materials utilized.
Micropyramid structures offer a simple and scalable design that can be patterned into a vast range
of materials, allowing for a large design space.

In the present study, we study the fundamental relationship between micropyramid geometry and
thermal radiation control. As shown in Figure 1, by utilizing the spectrally dependent anti-reflective
behavior induced by pyramidal topology [36], we can significantly enhance the thermal absorption of
metallic surfaces and the thermal emission of ceramic and polymer surfaces We develop and utilize
a generalized framework that combines thermal cost-function driven design optimization with finite-
difference time-domain simulations to provide design criteria for micropyramid texturing that
enhances the heating or cooling performance. This is a far simpler optimization approach compared
to more advanced techniques used previously for optical/thermal optimization, including machine
learning models and deep-neural networks [29] [37-39]. As a result, the method is easy to implement
and replicate for any number of domain variables or geometries, requiring no existing training data or
advanced processes. In this study, nickel is selected as the basis for the heating material optimization
due to its favorable material properties that enable its usage in solar absorption and high-temperature
applications such as for thermophotovoltaics (TPVs), solar thermal power plants, solar water heaters,
etc. For passive radiation cooling applications, we establish that introducing pyramidal topology
further enhances the MIR emissivity of Polydimethylsiloxane (PDMS) and Alumina (Al,O3) surfaces.
Both materials have a refractive index that generates emission in the IR spectrum, which enables
excellent passive cooling performance. PDMS is chosen due to the manufacturing processing being
low-cost and scalable, ceramic materials are far more environmentally adaptable, allowing for reliable
radiative cooling over a wide range of operating temperatures. While we show results primarily for
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Figure 1. (a) Micropyramid geometry utilized in simulation. The blue region represents the imposed periodic boundary conditions,
with the pyramid cutout being the simulated unit cell. The 3-D unit geometry shown is extended infinitely in the X and Y directions.
The Zgan and Xgpa, vary from 50 nm to 30 um in simulations, and the ysy., is set to be symmetric with the Xspan. The substrate
thickness is established per material to limit the impact of transmission — 1 um for nickel and 100 um for Alumina and PDMS
simulations. (b) The emissivity of both optimized and flat nickel, alumina, and PDMS. The optimized nickel (zs5an/Xspan = 2.1/0.6 um)
result has a strong dependence on aspect ratio, the PDMS and alumina optimized cases (Zspan/Xspan = 15/5 um and Zgpan/Xspan = 16/
6 um, respectively) also show strong dependence on aspect ratio for the enhancement of emission properties in the IR.

these three materials, the design criteria and physical insight presented from these materials can be
used to extrapolate generalized design rules for other similar metallic, ceramic, and polymer materials.

Methods

A generalized simulated unit cell is visualized geometry shown in Figure 1(a) and a flowchart depicting
the optimization and simulation process is shown in Figure 2(a). Beginning with a depiction of intent
of the surface material — either to absorb solar radiation or for thermal emission Figure 2(b) -
a minimization cost function is defined. The objective (or cost) function serves as a mathematical
quantification of a design’s thermal performance for the chosen application. For both heating and
cooling applications, the cost function has been designed such that in the ideal scenario the constituent
thermal terms cancel, and the objective function value becomes 0, lending to the minimization
process. In the instance of heating, the primary thermal goal is to minimize the amount of heat lost
in the IR while maximizing the amount of incident radiation absorbed [13]. We define the objective
function for this scenario to be generally defined by the heat transfer balance of,

Psun_Pubs+Prad

Cheating = P (1)
Cheating =
/\de /"YVXIJX A’WMX
AJ Livas(A)dA — AI e(A) Laars(A)dA + AI e(A)Igs(A, T)dA @)
Amux
Af Iywns(A)dA

Where Isp 5 is defined as the solar irradiance for an airmass value of 1.5, Ig is the spectral radiance
for a blackbody, and &(1) is the spectral emissivity of the surface. The first term is the maximum
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Figure 2. (a) Flowchart showing the optimization methodology. Gradient descent optimization tools within MATLAB are linked to
FDTD simulations to optimize optical properties for intended thermal performance based on a chosen cost function (Cheating or
Cooling). (b) Cost functions visualized with a heat-flow system diagram. The convection/conduction contribution (Pconv+cond) and
atmospheric contribution (Patm) are not utilized in the present study.

amount of power that is available for the surface to absorb. For the majority of applications solar
irradiation is dominant, so we define the maximum amount of power available to be a function of the
solar spectrum. This term is independent of material parameters and can be treated as a constant heat
flux. The second and third terms are the amount of incident radiation that is absorbed by the surface
and the amount of power emitted by the surface, respectively. Atmospheric contributions are
neglected in the cost-functions utilized in this work. Atmospheric contributions are relevant for
thermal temperature estimations — particularly for passive cooling [33] - but is significantly smaller
than the thermal emission and thermal absorption so we choose to not include it in the cost functions.
It can be accounted for, however, by including an additional thermal offset term like the emitted
radiation term in Equation 1. We also do not include the effects of thermal convection/conduction as
the surface emissivity does not impact the heat flux from convection and conduction. The entire cost
function is normalized by the maximum power available yielding a value for the cost function that is
between 0 and 1. Before normalization, the equation has the unit of area independent power, W/m?.
The cost function used in the optimization of radiative cooling surfaces minimizes energy absorbed
while maximizing emission. We define the objective function in a similar fashion to the heating case
with the heat transfer balance,
Pmax, rad Pmd (3)

Ccaolz’ng = P P
max,ra

oL I Ty = [ ) (), T "
cooling =
) I Lg(1)dA

While there is some small amount of absorption in the optical wavelengths by emissive materials
(PDMS and alumina in this case), it is small enough that we can omit it from the heat transfer balance
shown in Equation 3. Similarly, we do not include the effects of atmospheric emission in the heat
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balance equation to maintain a simple relationship between the maximum emission and achieved
emission by the surface in the optimization process. The Heat-flux computations shown for both the
heating and cooling cases are computed using a blackbody temperature of 300 K. For the thermal
absorption estimations of flat/textured nickel, the value presented is P, at a Iy Temperature of 300 K
between A = 300 nm to 2500 nm. Similarly, the thermal emission fluxes (P,,4) of alumina and PDMS
are computed between A = 8 pm to 14 pum at Ipp(T) = 300 K.

For a micropyramid texture like the depiction in Figure 1(a), only two parameters (X pan and Zgpan)
are optimized but the method can accommodate many more design variables. The design parameters
(Xspan and z,,y,) are defined and passed to the simulation domain for each iteration. The simulation
domain utilized in the simulation and optimization process is depicted in Figure 1(a). The illustration
demonstrates both the periodicity of the design and the details of the 3D pyramidal unit cell simulated.
The key geometric parameters of the unit cell are specified by the span of the pyramid’s base and its
height (Xspan and zp,, respectively). We only consider the case where the structure’s base is symmetric,
SO Xgpan is equal to the span along the y-axis (yypan). The “gap” distance between the edges of adjacent
pyramids — which would be a consequence of typical fabrication techniques for periodic microstruc-
tures - is not considered in this analysis. The substrate thickness (ty,,) is set such that transmission
through the simulation domain is negligible and thus this value varies with the chosen material.

The numerical simulations in our work are conducted using Lumerical’s commercially available
2D/3D FDTD solver using a similar methodology shown in previous studies performed by the
authors [31, 32, 40, 41] The FDTD method discretizes a volume via a mesh and provides exact 3D
solutions for Maxwell’s equations, including dispersion and absorption [42] [43]. We utilize the unit
cell depicted in Figure 1(a) in conjunction with periodic boundary conditions in both the x and
y-directions to simulate a semi-infinite surface microstructure on the x-y plane. Perfectly matched
layers (PML) are used at the top and bottom of the simulation domain to prevent boundary
reflection. A plane wave source is used for both normal incidence (polar angle, 6) and angular
incidence simulations, but in the case of an angular injection angle, Broadband Fixed Angle Source
Technique (BFAST)/Bloch periodic boundary conditions replace the periodic boundary conditions.
Our plane wave source utilizes a transverse-electric (TE) polarization mode for all simulations, and
we set the source angle to be 0° in both rotational directions for all simulations except for the results
shown in Supplementary Figure 5. Frequency-domain field and power monitors are positioned both
above the plane wave source and above the bottom PML to monitor the reflection (R) and
transmission (T), respectively. The structure’s spectral emission can be calculated from
e =1— R — T, assuming Kirchhoff’s law (a = ¢) is valid. For completely opaque structures, the
computation of emissivity reduces to ¢ = 1 — R, but due to the negligible extinction coefficient (k) of
both alumina and PDMS within the visible and NIR regions, we use both R and T in the calculation
of spectral emissivity. We have validated our computational methodology by comparing the results
to previous micropyramid studies [4, 13, 15].

The output of the simulation - s(xspa,,, Zspans )t) — is then used to compute and evaluate the objective
(cost) function. This process begins with an initial guess for Xspan and Zspan (Xinitial and Zipiga) Upon
which a baseline value for the cost function is calculated. The minimization function will then check
the cost function when the values for X,,, and z,,, are varying combinations of above and below
Xinitial a0d Ziniga. The range of either parameter is widely geometrically constrained depending on the
material. Subsequent iterations will continue to test variations of Xpan and zg,,, until the stopping
criteria is reached; this value is based on a predefined error limit. The “optimum” value is the local
minimum of the cost function for the combined array of Xsp,, and zp,,. MATLAB’s gradient-descent-
based optimization framework is used in conjunction with the FDTD simulation domain.
Parametrically driven geometric parameters are also used to fill in grid data for the contour plots
shown in Figures 3,5,7. Only two parameters (X pa, and Zgp,,) are optimized in the process shown in
this work but the method can accommodate many more variables at the cost of additional computa-
tional time required to handle a larger design space. The results of the optimization process are
visualized in Figure 1(b) — a micropyramid with an optimum X,p,, and zp,, results in nickel becoming
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Figure 3. (a) The relation between the normalized aspect ratio and figure of merit plotted for the nickel texture with three different
fixed base dimensions (Xspan = 0.25, 0.5, 1, 2, 4, and 6 um). In this plot, zyp., is swept while xg,,n is held constant. (b) Contour plot of
algorithmically derived solutions over a range of Xyp.n and zyp,n combinations. Over 1500 solutions obtained from optimizations with
different initialization points are used. Data interpolation is used to fill the remaining grid data. Among many FOM > 0.9 solutions an
optimal region emerges as visualized by the dark-red region in the bottom left corner and along the dashed-black line.

a strong thermal absorber and micropyramids significantly enhancing the thermal emission of
alumina and PDMS.

Results
Optimization of Nickel micropyramids

The combined results of the nickel micropyramid optimization process are shown in Figure 3(b)a. The
minimization process relies on a gradient descent interior-point optimization algorithm [44] that
optimizes the x span (Xgan) and z span (zy,,,) of the pyramidal geometry (represented in Figure 1(a))
by minimizing a cost function defined by Equations 1 and 2, where Py, is defined as the maximum
amount of solar irradiation available to be absorbed, P, is the amount of thermal energy absorbed by
the surface, and P4 is the amount of lost to emission by the surface. Both P, and P, 4 are functions of
the surface emissivity computed within FDTD simulations. The cost function is normalized by the
maximum available power such that 0 < C < 1. For the sake of visualization, we present the
optimization results using a normalized figure of merit (FOM) defined by Equation 5, such that
a value close to one indicates an optimal solution.

FOM =1 — Cheating (5)

For the nickel optimization process, we utilize a plane wave source of normal incidence in the FDTD
simulations that ranges from 300 nm - 10 pm. We choose this wavelength (A) span as A = 300-
2000 nm is the most relevant region for solar absorption, and due to the high refractive index in the IR,
nickel is observed to asymptotically approach an emissivity ~ 0.1-0.2 beyond A = 10 um for most
nickel micropyramid Xpa, and zp,, dimensions. Figure 3(b) shows a contour map of geometric
designs that result from numerous iterations of the minimization process for nickel when the cost
function described by equation (5) is employed. To provide a reference point, untextured nickel -
simulated as an untextured 1 pum thick nickel substrate in FDTD - has a computed FOM of ~ 0.35.
This is a result of the untextured nickel substrate absorbing nearly 37% of incident solar irradiation
while only losing a fractional quantity of thermal power to emission in the IR due to low IR emissivity.
Comparatively, Figure 3(b) demonstrates that even un-optimized surface structuring via
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micropyramids drastically increases the FOM to 0.6-0.7, which is equivalent to a solar absorption
efficiency of 60-70%, representing a 25-35% increase compared to bare nickel.

In Figure 3(b), the plotted contours show that the minimization process yields a host of solutions
that are quintessentially optimal and have nearly negligible variation in optical performance. The
maximum figure of merit computed from multiple iterations of the optimization process using Eq. 1 as
the cost-function is 0.963, which occurs at Xp,y, = 0.65 um and zgp,, = 2.1 um. Both the emissivity and
reflectivity of this structure can be observed in Figure 4(b), but the exceptional increase of absorptivity
to a value near a = 1 between the wavelengths of 300-2000 nm results in an absorption efficiency of
98.6%. Specifically, this structure can be predicted to absorb 986.6 W out of the available 1000.4 W for
AML.5 per square meter between A = 300 nm and A = 10 um. Thermal emission leads to a thermal loss
of 23.9 W/m” for the optimized structure, which is 19.1% of the maximum blackbody emission
between A = 300 nm and X = 10 um at 300 K. By comparison, two local minima occurring at (Xspan X
Zepan) Of (0.51 x 1.45) um and (0.9 x 1.98) um have absorption efficiencies of 97.3% and 96.9%,
respectively. Accordingly, their FOMs are computed as 0.96 and 0.953. Although the absorption
efficiency decreases by ~1-1.5% for both local optimums when compared to the best local minimum,
a decrease in thermal emission — 13.8% and 13.7% of the blackbody limit, respectively - results in the
best local minimum having a FOM that is only 0.3-1% higher than other local optimum geometries.
Thus, while finding a global optimum using our gradient-descent-based optimization would be
inefficient compared to methods such as particle swarm optimization [45] or genetic algorithms
[46], finding a local minimum that has exceptional performance occurs very early in our process
and we can reliably and rapidly reach designs that achieve absorption efficiencies exceeding 94-96%.

The overall trend in the heating FOM can thus be described predominantly as a function of the
aspect ratio of the structure. This trend can be observed in Figure 3(a), which plots the FOM as
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Figure 4. (a-d) Plots of the x-z plane (cross-sectional) Electric field (V/m) demonstrate that the optimized structure (Design Il) more
thoroughly confines the electric field within the texture, significantly enhancing the solar absorptivity. (a,b) At wavelength A and
B (0.79 pm), where the emissivity of Design | reaches a peak - strong electric field confinement is observed in both structures. (c, d)
At wavelength C and D, the effect of texture is apparent. The confinement of the electric field by Design Il leads to Design Il having an
emissivity of 0.5 at A\p = 4.31 um while Design | has an emissivity of 0.5 at Ac = 1.28 pm. The higher aspect ratio Design Il leads to
a much slower decay in emissivity than with Design I. A log-scale is used to show the absorption more thoroughly in (a-d). (e) The
emissivity of both Design | (low-aspect ratio) and Design Il (optimized) structures are shown compared to the untextured case (Black),
with the reflectivity of either structure visualized by the dashed lines.
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a function of the aspect ratio. It is important to note that while the aspect ratio is intrinsically unitless,
we choose to define aspect ratio (AR) as:

Zspun
X base

Aspect Ratio = AR = (6)
where Xp,q is constant and used to normalize while zg,, is swept in the simulations. While we
observe a trend between the aspect ratio and FOM, this distinction is made such that the necessity of
a nanometer/micrometer scale periodicity on the absorption enhancement and anti-reflective
properties is not lost. From Figure 3(a) we conclude that, based on a x,e from 500 nm to 2 pm,
increasing Xp,, will rapidly increase the FOM until it reaches a maximal value ~ 0.92-0.96 for an
aspect ratio of ~2 - 4. After the local maximum for a xy,,. the FOM will then decrease. This trend
can be explained as a function of both the thermal and absorption efficiency increasing until
a critical maximum when the absorption efficiency saturates while the thermal emission efficiency
continues to increase. At larger ARs, the absorption efficiency decreases while the thermal emission
efficiency continues to increase.

The surface optical properties result from the introduction of anti-reflective behavior because of the
patterned periodic structure as visualized in Figure 4(a-d). Two geometries are plotted in Figure 4(a-
d) - Design I (a,c) and Design II (b,d). Design II is the optimized geometry for the nickel heating cost
function, and Design I is a low-aspect ratio (AR = 0.5) structure. For comparison, both designs have
the same Xy, (0.65 pm). As the simulation domain has a near-zero transmission due to the
intrinsically high extinction coeflicient, the driving factor behind the emissivity/absorptivity enhance-
ment is the decrease in reflection as a function of the geometry. As seen in Figure 4(a), the maximum
intensity of electric field for the same wavelength remains contained in the optimized geometry and
unconfined by the low-AR structure. The evolution in the magnitude of the normal electric and
magnetic fields (E, H) with respect to wavelength is visualized in movie form in Supplementary
Figure 1 for both the optimal and fixed AR geometries. It is evident that the higher AR structure
maintains confinement — and increased absorption — over a much wider wavelength region compared
to the low AR micropyramid texturing. It should be noted that based on Supplementary Figure 3 the
magnetic field component plays a limited role in the enhancement of the absorption compared to the
electric field.
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While the results shown in Figure 3 occur using a three-dimensional (3D) FDTD design space, our
optimization process readily transfers to a two-dimensional (2D) design space. Reducing the geometry
to 2D yields a grating structure as the simulation domain assumes the triangular shape (Xspan and zp,n)
is infinitely extruded along the y-axis. For a plane wave with an injection angle of 8 = 0°, there are
minimal differences in the absorptivity computed between the 2D and 3D domains. The computed
spectral emissivity of two optimal nickel geometries are plotted in Supplementary Figure 4 for different
plane wave source incident angles (8). A key difference between 2D and 3D simulations, however, can
be seen in Supplementary Figure 5 where the 3D pyramidal geometry has near omni-directional
absorption properties that are not observed in a 2D grating structure that has been extruded into
three-dimensions. While a 2D cross-section provides an excellent estimation of the 3D micropyr-
amid’s optical properties, there is a slight overestimation of the emissivity for this structure. When the
2D structure is simulated with a third dimension, the results of the grating structure geometry vary
greatly from the pyramidal geometry. This discrepancy is most apparent at different angles, as the
pyramidal geometry demonstrates consistently omnidirectional properties.

Optimization of alumina and PDMS micropyramids

The results of the alumina and PDMS micropyramid optimization processes are shown in Figure 5 and
Figure 7, respectively. Similar to the nickel optimization, the optimization occurs by minimizing a cost
function that is defined by Equation 3 and 4. where P,y raa is defined as the maximum amount of
thermal emission that is possible according to Planck’s law [47], and P.,q is the thermal energy emitted
by the surface. P,,q is a function of the surface emissivity computed within FDTD simulations. For
these thermal calculations, we define the surface emission temperature to be 300 K. The FOM
presented in Figures 5-7 is defined by equation (6). For both the alumina and PDMS optimizations,
we apply a plane wave source that ranges from 4 pm — 16 pm. This wavelength span is utilized because
the blackbody distribution for a body at 300 K centers near ~10 pm, with over 60% of the total thermal
emission possible occurring in this span. Simultaneously, both materials are highly transmissive in the
Vis/NIR region for the thickness required by the simulation to negate MIR transmission (100 um).
Consequently, the VIS/NIR response of the cooling materials is not a function of geometric optimiza-
tion and is instead a function of the substrate.

The contour plot of solutions visualized in Figure 5(b) demonstrates that a large range of geometric
combinations for alumina yields highly optimal results. The results in Figure 5(a) for FOM vs. Fixed-
Base AR also establish that the FOM of the ceramic texture has a strong dependence upon X,y For
the results shown in Figure 5(a), the 7,y is limited to 40 um. Based on the results shown in Figure 5(a,
b), however, the near equivalency in thermal emission between structures with AR > 2-5 mitigates the
necessity of simulating structures beyond this constraint. The trend in the FOM is to asymptotically
approach a maximum that is dependent upon X, for the structure. When X, = 10 pm, the FOM
approaches ~ 0.95, indicating that the geometry can emit ~95% of the theoretical maximum at 300 K.
Comparing zg,a, = 5 pm, 10 um, 20 um, and 40 pym for a fixed Zspan Of 10 um, the FOM is 0.753, 0.856,
0.920, and 0.937, respectively (AR = 0.5, 1, 2, 4). This corresponds to an increase in FOM of ~0.22,
0.32, 0.39, and 0.41 when compared to bare alumina. The asymptotic behavior between AR and FOM
indicates that while the maximum for a given zg,, might not be observed when the z,, is
constrained, increasing zp,, will not significantly impact the FOM. The optimization of the cooling
cost function for alumina quickly yields local minima beneath Ccogling = 0.1 (FOM = 0.9) but this
solution is unlikely to contain the entirety of the optimal geometric region due to the constraints
utilized.

The negligible difference between the cost functions at higher ARs is a result of a saturation in
emissivity. The results plotted in Figure 6(e) show that the micropyramid pattern significantly reduces
reflection that occurs in the MIR beyond A = 10 pm. The anti-reflective behavior can again be observed
in Figure 6(a-d) to be a function of the confinement of the electric field by the geometry. While the
efficiency of the anti-reflective behavior is a function of the geometry, the emissivity can only range
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Figure 6. (a) Electric field cross-sections for alumina that demonstrate that the optimized structure (Design I) more thoroughly
confines the electric field inside the texture, significantly enhancing the solar absorptivity. Wavelength A (13.06 um), where the
emissivity of Design | is maximal — and wavelength B (15.26 pm), where the emissivity of Design Il reaches a minimum. A log-scale is
used to show the absorption more thoroughly within the micropyramid at both points. (b) The emissivity of both Design
| (optimized) and Design Il (low aspect ratio) structures are shown compared to the untextured alumina case (Black), with the
reflectivity of either structure visualized by the dashed lines.
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properties. (b) Contour-plot of algorithmically derived solutions over a range of X and Z span combinations for PDMS. Similar to
alumina, identifying the bounds of the optimal region for the PDMS texture is more challenging as a result of the geometric scale and
time required to simulate larger structures.



NANOSCALE AND MICROSCALE THERMOPHYSICAL ENGINEERING @ 1"

from 0 to 1, so the influence of geometry on the emissivity decreases both as the AR increases and Xy,
increases. This phenomenon is seen in Figure 6(e), in which a low-AR (0.5) and high-AR (3.0)
geometry are plotted simultaneously. Compared to the bare alumina case, the low-AR micropyramid
pattern has a drastic effect on the emissivity by significantly decreasing the spectral reflectivity when
A > 10 um. For the high-AR geometry, the emissivity is almost a unity across the spectrum, leaving
marginal room to further improve the emissivity.

Although PDMS has an innately high emissivity in the MIR/NIR regions due to its intrinsic
refractive index [48], employing the same cooling optimization procedure results in the same anti-
reflective trend and subsequent increase in MIR emission that has been observed in alumina. The
cooling cost function equation defined by Equation 3 and 4 that was used for the alumina optimization
results in @ FOM = 0.91 (Ciooling = 0.09) for untextured PDMS. The results shown in Figure 7(b)
exemplify that even minor texturing of a PDMS surface can increase the FOM to a value near 1.0,
indicating that textured PDMS is a near perfect NIR/MIR emitter when textured. Despite having
a characteristically high emissivity, the introduction of micropyramid texture to the surface reduces
the already minimal reflectivity to a value near 0 in the NIR/MIR. The trend observed in Figure 7(a) is
that even low-AR texturing with AR < 1 yields emission efficiencies of 95-96%, with AR > 2 PDMS
micropyramids displaying thermal emission efficiencies of ~99% or higher for pyramidal base
dimensions near the IR wavelength.

Discussion

Planar metallic surfaces are generally poorly absorbing materials — this is due to most metals being
conductive and thus featuring a steep complex refractive index curve that leads to untextured
metals being highly reflective. Although the characteristically high reflectivity of metals can be
reduced by introducing severe oxidation at the surface, we have demonstrated that strong
absorption within the visible and NIR regions is possible by microscale geometric patterning of
a nickel surface without the need for an oxide coating or nanoscale texturing. The relation
between the absorptivity enhancement and geometry of the texturing is fundamentally linked
via the material’s refractive index. For nickel, the refractive index in the VIS/NIR enables strong
geometrically based anti-reflective behavior. Thus, nickel is very well suited to optimization as
a passive radiative heating material. Subsequently, the goal of the optimization process for nickel is
to maximize the amount of energy absorbed — particularly in solar relevant wavelength regime of
500-1000 nm - while minimizing the amount of energy lost to emission. While further emissivity
enhancement is possible geometrically beyond the NIR, this is counter-productive to the goal of
minimizing energy loss via emission. If the optimization intent is high temperature cooling instead
of solar absorption, then the increased importance of MIR/NIR emissivity to the spectral dis-
tribution would necessitate higher emissivity texturing for A beyond 3-4 pm. While we do not
demonstrate a metallic high temperature cooling optimization procedure in this work, this form of
optimization is easily performed with our method by adjusting the cost function equation and the
emission temperature.

The absorption enhancement provided by the nickel texturing in the VIS/NIR is a combined effect
of the complex refractive index and the geometric scale of the nickel micro/nanopyramidal surface
topology. For wavelengths beyond the solar spectrum (> 2000-3000 nm) the complex refractive index
of nickel begins to rapidly rise, which leads to surface morphology having a reduced impact on the
optical properties of the surface. Figure 3(a) validates that while increasing the AR to form very steeply
angled structures (AR > 5) can lead to a moderately increased absorption coefficient in the IR-band, it
is far more limited in scope than the geometric enhancement available in the visible/NIR. From
simulations with other metals such as silver and aluminum shown in Supplementary Figure 6 we
observe that geometric-dependent anti-reflective behavior has a far more limited spectral range of
influence. This is predominantly due to a much higher slope in the refractive index for these materials
that limits the spectral enhancement provided by surface geometry. Additionally, the optimization
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process yields that the most optimal results have X,,, comparable to solar spectrum wavelengths (Xypan
~ 500-2000 nm for A,y ~ 300 nm — 2400 nm).

The results shown are for nickel, alumina, and PDMS are to be expected as localization and
resonance effects as a function of geometry are most effective when the structure’s period dimension
is sub-wavelength [49]. Micropyramid textures are also known in the broader community as a surface-
relief gratings or anti-reflection gratings (ARGs). When the incident wavelength is much larger than
the critical dimensions (A) of the ARG, or A [1 A, the electromagnetic propagation through the
structure can be approximated via an effective-medium electric permittivity function that has
a gradient in the z-direction [1] [2]. The interaction of light with sub-wavelength structures (SWS)
can also be approximated by Maxwell-Garnett (MG) [50, 51] or Bruggeman [52] effective-medium
theory (EMT) models. Both of these EMT approximations represent the heterogeneity of a ARG in
terms of a homogeneous medium with a single effective complex refractive index [49].

For our micropyramid-based ARG topology, as the complex refractive index in the IR (where A [
A, for small X, nickel textures) is large, the structure behaves much like untextured nickel, with
a high reflectivity. In the case where A [] A, the structure can be visualized using geometric optics, with
light potentially being preferentially confined by the geometry due to the multiple scattering interfaces
induced by the texture [1] [2]. While increasing X, to being comparable to IR wavelengths does have
the expected effect of slightly increasing emission properties in the IR, it also causes the solar
absorption properties to be significantly reduced. This effect can be visualized in Figure 3(a), where
pyramids featuring a larger base dimension also have a reduced figure of merit due to the reduced
inability to absorb incident solar radiation in the visible spectrum. This relation ultimately leads to the
combination of an AR of 2—4 with a X, ~ 500-2000 nm being optimal for solar absorption in nickel.
It also explains the concave relation between FOM and AR observed in all of the samples shown in
Figure 3(a). Increasing the aspect ratio beyond 2-4 for nickel reduces the FOM as it increases the IR
emissivity and thereby the thermal emission. The increase in solar absorption and thermal emission
with aspect ratio - as observed in Figure 3(a) and in the local minima presented in the results section —
can be attributed to subwavelength structure behavior when the spacing of the array is smaller than the
incident wavelength [49]. Additionally, increasing a metallic ARGs aspect ratio (depth/period) has
been previously shown to slightly increase the broadband emissivity of metal structures, including
nickel [53, 54] and our results demonstrate this behavior.

Although periodic microstructures significantly enhance the spectral absorption of metals in the
VIS/NIR, and therefore become excellent solar absorbing materials, metallic micropyramids cannot
provide optimal passive cooling purely as a function of geometry. Unlike nickel and other metals, the
complex refractive index of most ceramic and polymer materials is significantly lower and does not
follow the same increasing trend as the wavelength increases that conductive materials such as nickel
demonstrate. Subsequently, these materials are already well suited for absorption in particular
wavelengths. By utilizing a similar combined effect between the complex refractive index and texture
geometry, we can enable the anti-reflective behavior observed in both the alumina [55] and PDMS
textures shown in the results. For both alumina and PDMS, the absorption bands are situated in the
MIR/IR portion of the spectrum, with low (k ~ 0) extinction coefficients in the VIS/NIR bands leading
to near 100% transmission of VIS/NIR radiation from wavelengths below ~ 6 um. The absorption
bands in the IR - attributed to an increase in the extinction coeflicient (k) — enable IR anti-reflective
behavior to be induced by geometry and further enhance emission characteristics of these materials.
While the reflection is already low for these materials, optimized texturing can reduce the reflectivity
to a value near 0. This relation can be observed in Figure 6(e), where an optimized texture expands the
emission properties of alumina by making it emissive from 8 to 16 pm as a result of anti-reflective
behavior. We validate the results shown in Figure 6(e) utilizing both an MG approximation in
conjunction with a characteristic matrix [49, 56] and Rigorous-Coupled Wave Analysis (RCWA)
[57, 58] in the Supplementary materials. The numerous assumptions in analytical and semi-analytical
optical models limits their applicability across the geometric design space we present in this work.
Classical, analytical, and semi-analytical models capture the anti-reflective behavior of micropryamid
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designs [1] [2, 49, 56-59], but to ensure accurate optical and thus thermal computations across the
entire design space we rely on the proven accuracy of FDTD simulations [60]

Fundamentally, the anti-reflective behavior of the alumina/PDMS textures is the same behavior
observed in nickel, but the spectral region has shifted. A key difference between the polymer/ceramic
optimization and the nickel optimization is the relation between the AR and X,p,,. Whereas Figure 3(a)
makes it clear that the FOM of textured nickel depends strongly on AR as all of the X, base dimensions
demonstrate the same concave behavior with the inflection point near AR ~ 2-4; however, this behavior
is not observed in alumina/PDMS. Figure 5(a) and Figure 7(a) show that the FOM instead behaves not
only asymptotically but that the asymptote is reached far more quickly as Xp,, increases. Additionally,
Figure 5(a) makes it clear that increasing the aspect ratio does not have as significant of an effect on the
optical properties when the base dimension is significantly smaller than the critical incident wavelengths
where anti-reflective behavior is observed. Alumina and PDMS have similar behavior between AR and
FOM, but the “most optimal” geometric combinations for either material occur in different regions of the
contour plots of Figure 5(b) and Figure 7(b). PDMS is the most optimal when X, > 15 pum, and
alumina texturing is most optimal when Xgys, ~ 7.5-10 um. Unlike nickel, which has a distinct observed
optimality region highlighted in the dark-red region in Figure 3(b), the saturation of the IR-emissivity for
alumina/PDMS makes it difficult to define a the boundaries of the optimal geometric region. While we
expect that increasing the bounds of our optimization process from an Xspan/Zspan of 15 um/20 um,
respectively, to much larger values would enable the definition of a distinct optimal combination region
akin to the nickel results in Figure 3(b), the computational time is not deemed to be worth the potential <
0.1-1% increase in emissivity. Additionally, it should be noted that as a consequence of the asymptotic
behavior between the cooling FOM and AR, the alumina/PDMS optimization process very quickly yields
highly optimal geometric solutions. For all the materials presented, while we can identify specific
combinations of geometry that are most-optimal, we observe that local minimums in the cost-function
can have significant variation in their aspect ratio despite marginal variation in the computed absorption/
emission efficiencies. The optimality region that develops in the thermal cost function is a result of the
overlap between material properties, incident wavelength, and geometry. In simulating micropyramids
made of other materials, we expect this trend to continue and that a micropyramid with an aspect ratio
from 2 to 4 that has a base dimension near the critical wavelength with an appropriate complex refractive
index ratio compared to the surrounding medium will yield effective anti-reflective behavior.

The optimized geometries for the heating and cooling cases (nickel and alumina/PDMS, respectively,)
have a significant impact on the thermal performance of each material. In a typical ambient environment,
Nickels best computed geometry (Xopan = 0.65 um and zp,, = 2.1 um) has a surface temperature that is
44.2°C higher than an untextured nickel surface. This demonstrates the heating applications of textured
nickel, as the textured nickel surface absorbs over 98.6% — 982 W/m” ~ of the incident solar radiation
from A = 300 nm to 2500 nm while the untextured surface only absorbs 33.7%. For cooling applications,
textured alumina emits an average of 170 W/m” compared to the 106 W/m” figure of untextured alumina
(emission from A = 8 to 14 pm) under typical ambient conditions. This emission difference corresponds
to a textured alumina surface temperature that is 9.8°C below the ambient and a surface temperature of
6.1°C below the ambient for the untextured case. Optimized PDMS geometry leads to the emission in the
atmospheric transmission window of 8-14 um increasing from 160 W/m?” to 172.46 W/m? at a surface
temperature of 300 K. While the 7.2% enhancement in textured PDMS’s emission vs flat PDMS is not
a significant as the geometrically induced absorption enhancement in nickel or emission increase in
alumina (192.8% and 39.2%, respectively,) it is significant as it is only 0.007 W from the maximum
blackbody emission from a surface at 300 K (over 99.99% of the theoretical limit). The emission spectra
of the flat and textured PDMS relative to the blackbody limit is plotted in Supplementary Figure 7.

Conclusion

Using a minimization algorithm in conjunction with finite-difference time domain simulations, we have
demonstrated that we can quickly arrive at micropyramid geometric parameters that provide near-ideal
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solutions for thermal radiation and absorption. We have shown how we can rapidly optimize a two-
variable geometric optical pattern to selectively reduce spectral reflection in metal, ceramic, and polymer
materials. Further, we have shown that uncoated nickel periodic structures can research absorption
efficiencies exceeding 98%, with our optimized design increasing emission from 337 W/m” (untextured)
to 982 W/m®. Simultaneously, the optimized nickel micropryamid design maintains a thermal emission
that is below 20% of the maximum blackbody emission. By applying the same algorithmic process and
geometry to both polymer and ceramic materials, we have shown how these materials can be designed to
be more efficient thermal emitters. We have provided geometries that significantly improve the cooling
performance of Alumina and PDMS surfaces from their untextured values of 106 W/m” and 160 W/m” to
170 W/m?* and 172.4 W/m” - respectively — when the texture is applied. The enhancement of the thermal
absorption in nickel and thermal emission in alumina and PDMS are driven by localized resonance and
field confinement by the surface, and we have specified design guidelines on how to maximize these
effects for the given materials. This work not only establishes the design criteria for micropyramids in
thermal design applications, but it also delivers an easy to use algorithm, set of heat-transfer metrics, and
adaptable framework that can be applied to a wide variety of future simulations and geometries.
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