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Tungsten—Carbon Nanotube Composite Photonic Crystals
as Thermally Stable Spectral-Selective Absorbers and

Emitters for Thermophotovoltaics

Kehang Cui,* Paul Lemaire, Hangbo Zhao, Timothy Savas, Gregory Parsons,

and A. John Hart*

Thermophotovoltaics (TPVs) is a promising energy conversion technology
which can harvest wide-spectrum thermal radiation. However, the
manufacturing complexity and thermal instability of the nanophotonic
absorber and emitter, which are key components of TPV devices,
significantly limit their scalability and practical deployment. Here,
tungsten—carbon nanotube (W-CNT) composite photonic crystals

(PhCs) exhibiting outstanding spectral and angular selectivity of photon
absorbance and thermal emission are presented. The W-CNT PhCs are
fabricated by nanoscale holographic interferometry-based patterning

of a thin-film catalyst, modulated chemical vapor deposition synthesis
of high-density CNT forest nanostructures, and infiltration of the CNT
forests with tungsten via atomic layer deposition. Owing to their highly
stable structure and composition, the W-CNT PhCs exhibit negligible
degradation of optical properties after annealing for 168 hours at 1273 K,
which exceeds all previously reported high-temperature PhCs. Using

the measured spectral properties of the W-CNT PhCs, the system
efficiency of a GaSb-based solar TPV (STPV) that surpasses the
Shockley—Queisser efficiency limit at modest operating temperatures

Materials with controlled photon absorp-
tion and thermal emission have wide
application in the fields of energy-effi-
cient lighting,'-3 molecular sensing,*”!
radiative cooling,® 1% and energy har-
vesting.'!1%] Thermophotovoltaic (TPV)
systems!*® rely on PhC surfaces to convert
broad-band solar irradiation or combus-
tion heat to narrow-band near infrared
thermal emission which matches the
electronic bandgaps of photovoltaic (PV)
cells. By harvesting sub-bandgap photons
and hot carriers, TPVs can exceed the
Shockley—Queisser (SQ) efficiency limit!!”]
and have output energy density as high as
10° W m~2.18

Use of engineered nanophotonic
surfaces as absorbers and emitters has sig-
nificantly improved the power conversion
efficiencies of TPV devices from below
1% to 6.7%.112131819 However, the experi-
mentally demonstrated efficiencies of TPV

and input powers is numerically predicted. These findings encourage
further practical development of STPVs, and this scalable fabrication
method for composite nanostructures could find other applications in

electromagnetic metamaterials.
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systems are still far below their theoretical
capability, in large part due to parasitic
thermal losses.[121319 Absorbers and emit-
ters for TPVs are usually manufactured
by deep reactive ion etching or scanning
electron beam lithography, requiring clean
room facilities and expensive equipment
which limits the practical device area.?”l
Recent studies have demonstrated absorbers and emitters fab-
ricated by nanoimprint lithography,?!! nanopyramid template
stripping,!??l nanoparticle dewetting,?¥l and self-assembled
reverse opal methods.?!l All of these techniques are intrinsi-
cally more scalable than lithography-based patterning, but
cannot replicate the precision of the latter, thereby sacrificing
optical selectivity.

Maintaining the submicron characteristic dimensions of
PhCs at high operating temperatures (>800 °C) over a long
duration is another technological difficulty. For 1D super-
lattice PhCs, a slight mismatch in the thermal expansion
coefficient between layers can cause delamination due to ther-
momechanical stress.?>"?’l Refractory metals typically used in
2D and 3D PhCs (e.g., tungsten, ruthenium, and tantalum)
suffer from surface diffusion and structural degradation at
high operating temperatures,’?®l causing losses of selectivity
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Figure 1. Design of W-CNT PhCs. a) Spectral selectivity of ideal absorber and emitter for STPV system. Inset: schematic of geometric parameters (perio-
dicity @, nanocavity diameter d, and thickness t) of the W-CNT PhCs that determine the spectral selectivity, and schematic of the W-CNT composite
material. b) UV-vis—NIR reflection spectra of the top surface of the unpatterned W-CNT composite and the W thin film sputter-deposited on a polished
Si/SiO, substrate. Inset: SEM images of the top surface and the sidewall of the unpatterned W-CNT composite. ¢,d) Numerical optimization of the
spectral cutoffs of the absorber and emitter. e,f) Numerical optimization of the periodicity a and nanocavity diameter d for the design of the W-CNT

nanophotonic absorber and emitter.

in photon absorption and thermal emission. Coatings such
as HfO,?*2-32 can enhance thermal stability, yet elemental
scarcity and high cost potentially prevent their use at scale.>334

Here we propose a scalable approach for the fabrication of
PhCs for use in TPV systems, via formation of tungsten—carbon
nanotube (W-CNT) composite surfaces having high spectral
selectivity and exceptional thermal stability. The W-CNT PhCs
are designed to function as the selective absorber and emitter
in a standard solar thermophotovoltaic (STPV) system using an
external GaSb PV cell (bandgap 0.7 eV). As shown in Figure 1a,
both the absorber and emitter have spectral cutoffs, together
serving as a thermal rectifier. In a STPV system, the absorber
ideally converts full-spectrum solar irradiation to thermal
energy with unity absorbance, and serves as a thermal insula-
tion layer for the emitter to guarantee unidirectional thermal
emission to the PV cell below. An ideal emitter then quenches
the radiation below the bandgap of the PV cell (zero emittance)
and enhances the thermal emission elsewhere (unity
emittance). The spectral selectivity of the absorber and emitter
can be tailored via the nanocavity diameter d, periodicity a and
thickness t (Figure 1a).

Our approach is to use nanopatterned vertically aligned
carbon nanotubes (VACNTSs) as a nanoporous scaffold for
infiltration of a refractory metal (W), forming thermally stable
composite PhCs. Uniform, high-density CNT growth is critical
to achieve submicron VACNT features and form precise PhC
scaffolds. A dynamic chemical vapor deposition (CVD) process
with carbon pre-conditioning of the catalyst (see the Experi-
mental Section) was used to grow VACNTs with much higher
density and alignment (HD-VACNTs) than the conventional

Adv. Energy Mater. 2018, 8, 1801471 1801471

CVD process, as compared in Figure S1 of the Supporting
Information. The surface of the reference low-density VACNTSs
is a blackbody absorbing light omnidirectionally, similar to
previous studies,*>3% while the surface of the HD-VACNTS is
shiny and reflective (Figure Slc,d, Supporting Information).
UV-vis—NIR reflection spectra (Figure Sle, Supporting Infor-
mation) demonstrate that the reflectivity of the top surface of
the HD-VACNTs (=0.2) is =100-fold greater than that of the
reference VACNTSs, and is similar to that of graphitel®”! and
glassy carbon.[38-#1]

After HD-VACNT growth, the W-CNT composite material
is formed by atomic layer deposition (ALD) of =2 nm thick
Al,0; and =20 nm thick W onto the CNTs. The SEM images
in the insets of Figure 1b demonstrate that the top surface of
the W-CNT composite is smooth and solid, while the side-
wall is composed of Al,0;-coated CNTs embedded in the W
matrix. To examine the validity of the W-CNT composite mate-
rial for the fabrication of 2D PhCs, UV-vis-NIR spectra of a
sputtered W thin film and the top surface of the unpatterned
W-CNT composite are compared (Figure 1b), and match well
with each other in the visible and NIR ranges. The top surface
of the unpatterned W-CNT composite has even greater absorp-
tivity below 400 nm, which may be attributed to roughness-
induced Mie scattering.

Design of the W-CNT nanophotonic absorber and emitter for
the STPV system has two main steps: 1) optimization of the
spectral cutoff position, and 2) optimization of the geometric
parameters (d, a, and t) of the W-CNT PhCs to maximize the
absorber and emitter figures of merit. The absorber figure of
merit (Nupsorber) 1S defined as the ratio of the stored thermal
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energy to the total solar irradiance multiplied by the Carnot
efficiency

i =(1—T1][c [ drecayr. () - [ drec(A)Ins (/l,T)] /[c [ aar, (/1)}
1)

where C is the number of suns, A is the wavelength, I is the
solar irradiance, Igp is the blackbody radiation, T, is the
ambient temperature (300 K), and « is the spectral absorbance of
the absorber. The emitter figure of merit (Neminer) is the ratio of
the energy contained in the electron-hole pairs in the PV cell to
the total thermal energy irradiated from the emitter, given by

Nemitter = T%dEg(E)IBB(EyT)/ TdEg(E)IBB (E’T) (2)

Eg

where ¢ is the spectral emittance of the emitter, E is photon
energy, and E, is the bandgap of the GaSb cell, i.e., 0.7 eV. The
spectral cutoff positions are optimized using step function-like
absorbance and emittance

0.95;
0.05;

2« < A’cutoﬂ"

ap’gp(l) - { l > lcutoff (3)

where o, and g, respectively denote the absorbance and
emittance, and A is the cutoff wavelength. The values
0.95 and 0.05 adopted here are based on the highest
Oy €5(A < Acurofr) and lowest o, €5(A > Acyofy) among previous
studies, [1519.20,22,24,26,29,32,42,43]

The calculated values of Mpsomer Versus the spectral cutoff
and STPV working temperature (under 100 suns illumination)
are shown in Figure 1c. The maximum 10,ps0mer Of 75.6% is
predicted at a cutoff position of 1171 nm and operating tem-
perature of 1400 K. The optimal cutoff position is dictated by
the tradeoff between solar absorption and thermal emission at
operating temperature. For the emitter, a spectral cutoff posi-
tion of 1673 nm (Figure 1d) is chosen to match the electronic
bandgap of GaSb PV cells (0.7 eV). At this cutoff position,
Nemiter Feaches the maximum value for each operating tempera-
ture from 1000 to 2000 K.

Next, the W-CNT PhCs were designed to realize the desired
spectral cutoffs calculated above, using a finite-difference time
domain method (FDTD, incorporated via the MIT Electromag-
netic Equation Propagation (MEEP) package.*! The material
dispersion was extracted from the data in Figure 1b using the
Lorentz—Drude model (see the Experimental Section). The effect
of the thickness t on the spectral selectivity of two representa-
tive PhC designs (¢ =1.3,d=1.1 um; and a = 1.1, d = 0.9 um,
chosen from ref. [15]) is shown in Figure S2 of the Supporting
Information. When the thickness increases from 2 to 12 um,
the absorbance/emittance at the wavelengths below the spectral
cutoff is enhanced significantly. This is because the increased
PhC thickness reduces photon transmission and increases
photon-nanocavity interaction time to realize cavity resonator
modes.'®®]  However, further increasing the thickness
to 15 and 20 um does not appreciably change the absorb-
ance or emittance for both PhC designs. With the thickness t
set as 15 um, the diameter and periodicity of the nanocavity
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are subsequently optimized. The d/a of the nanocavities in
the W-CNT nanophotonic absorber and emitter are chosen to
be 480/600 nm and 640/900 nm, respectively, giving N,psorper
and Nemirer both greater than 80%, as shown in Figure le,f.

To realize the W-CNT PhCs according to our computational
design, nanopatterned CNTs are grown from supported cata-
lyst films (Fe/Al,O3) patterned by holographic interferometry
(see the Experimental Section), followed by ALD coating with
Al,O; and W, resulting in uniform, high aspect ratio composite
PhCs with precise nanocavity dimensions. The process is sche-
matically depicted in Figure 2a. For CNT synthesis, the sub-
strate with the nanopatterned catalyst film is rapidly inserted
to the CVD reactor using an automated mechanism after the
furnace reaches the target temperature and stable atmosphere
(C,H,/He/H,0/H,); under these conditions, the CNTs grow
rapidly (=2 um s7!), and the final CNT thickness of 15 um is
controlled by withdrawing the substrate from the reactor at a set
time. Next, Al,03; and W coatings are sequentially deposited by
ALD. For Al,O3, use of ozone as the oxidizing agent!*®*’] causes
uniform adsorption of the organometallic precursor (trimethy-
laluminum, TMA), resulting in a thin, conformal Al,O; coating
which subsequently serves as a seed layer for W deposition.
The result is a uniform composite PhC with the nanopatterned
VACNTs embedded in a nanocrystalline W matrix.

As shown in Figure 2b,c, the diameter and periodicity of
the nanocavities in the as-grown nanopatterned VACNTs for
the W-CNT nanophotonic absorber and emitter are highly uni-
form, measuring 524 + 12 and 602 + 13 nm as well as 675 + 11
and 894 t 14 nm, respectively. The VACNT wall thickness
between adjacent cylindrical nanocavities is only 78 + 10 nm,
which to our knowledge is the smallest freestanding CNT
forest structure reported in literature to date.*850 At the
thickness of 15 um, the walls between nanocavities reach an
aspect ratio (AR) of =200, in only 10 s of CVD synthesis after
insertion of the substrate to the heated reactor. High-aspect
ratio metal-based PhCs fabricated by top-down processes are
challenged by inevitable sidewall undercutting in anisotropic
etching 2 which in literature are limited to 8 um.[>3-0l
SEM images show that the nanocavity diameters of the
W-CNT absorber (479 £ 17 nm) and emitter (633 + 19 nm) are
uniform through the thickness.

As shown by the UV-vis—NIR spectra in Figure 3a, the
W-CNT nanophotonic absorber has a sharp spectral cutoff
at 1130 nm (1.1 eV), and near-unity absorbance is observed
above 1.2 eV. The W-CNT nanophotonic emitter exhibits a
steep spectral cutoff at 1600 nm and near-unity emittance
below 1300 nm (Figure 3b). The measured cutoff frequencies
generally match the corresponding FDTD numerical simula-
tions, but the experimental values of the absorbance and emit-
tance are slightly higher than the simulation results over the
whole spectral range, likely owing to diffuse reflection from
the top surface.?®! Greater absorbance and emittance in the
longer wavelength range cause more re-emission to the envi-
ronment and sub-bandgap photon emission to the PV cell,
which would decrease the STPV system efficiency. This could
be mitigated by surface polishingl®’~° or further modification
of the CVD process.

The efficiency of an STPV system is also influenced by
the incident angle of the thermal emission upon the PV cell.
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Figure 2. Fabrication of W-CNT PhCs. a) Schematic key steps of fabrication process (note the CNTs are shown as parallel and equally spaced to simplify
the depiction at the nanoscale). b,c) Top-view and side-view SEM images of the as-grown nanopatterned VACNT arrays for the W-CNT absorber and
emitter. d,e) Top-view and side-view SEM images of the W-CNT absorber and emitter after ALD coating.

When the thermal emission impinges on the PV cell at oblique
angles, the surface recombination rate of the electron-hole pairs
increases, |2 resulting in considerable losses in the system
efficiency and power output density. The angular-dependent
absorbance and emittance are measured by UV-vis-NIR
spectroscopy, as shown in Figure 3c,d. The average absorbance
and emittance (from 300 to 800 nm) both exceed 0.8 in the
angle range of 0° to 22.5° and decline drastically when the
incident angle further increases, which is consistent with
the FDTD simulations (Figure S5, Supporting Information).
Therefore, we conclude that the W-CNT absorber can provide
a 45° acceptance cone for the concentrator design and limit the
radiation loss to the environment outside the acceptance cone.
Further, the W-CNT emitter can effectively mitigate nonradia-
tive recombination (Shockley—Read—Hall recombination) in the
PV cell,[0-62 which benefits the power output density of the
STPV system.

The optical and structural stability of PhCs at high tem-
peratures is critical to the practical application of STPV sys-
tems.[?2315663] In Figure 3ab, we also illustrate that, after
annealing at 1273 K for up to 168 h (10~ Torr vacuum with He
protection), the spectral selectivity does not deteriorate for both the
W-CNT nanophotonic absorber and emitter. Our measurements
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show no change in the absorber efficiency (N,psomer = 84%) after
168 h annealing at 1273 K. The emitter efficiency is relatively
low before annealing (Nemiwer = 38.7%) and increases to 50.8%
after annealing (Table S1, Supporting Information). SEM images
(Figure 4a—d) show that the edges of the nanocavities remain
sharp after annealing. The nanocavity diameter distributions
broaden slightly (Figure 4e,f), but the mean diameters remain
unchanged within our measurement error (Table S1, Supporting
Information). As shown in Figure 4g, after 12 h annealing at
1273 K, the W (1 1 0) peak is slightly shifted, and the full-width
half-maximum (FWHM) of the peak is significantly narrowed.
This is mainly attributed to the release of microstrain accumu-
lated during atomic layer deposition process and a phase transi-
tion from the as-deposited nanocrystalline W to alpha-phase (bcc)
W. After 168 h annealing at 1273 K (Figure S4, Supporting Infor-
mation), the minor narrowing of the FWHM of the W (1 1 0)
and W (2 0 0) peaks demonstrates a 19.6% reduction of micro-
strain and 3.5% growth of crystallite size, according to the Wil-
liamson-Hall plot.*y The increased crystallinity and the denser
coating layer result in higher optical reflectivity (metallicity) in
the near infrared range,?”.%>% thereby suppressing the thermal
emission above the spectral cutoffs and improving the overall
performance.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Optical properties of the fabricated W-CNT PhCs. a,b) Spectral absorbance and emittance of the W-CNT nanophotonic absorber and emitter
before annealing, and after 12 and 168 h annealing at 1273 K, compared with the corresponding simulation values. c,d) Dependence of the average
absorbance and emittance (300-800 nm) on the incidence angles for the W-CNT absorber and emitter. The angle 6 is defined at the upper right.

The rate of the surface diffusion of metals at elevated tem-
peratures is proportional to the divergence of the gradient of
the local mean curvature of the surface.’®%’ For metal-based
PhCs in prior work, the edges of the nanocavities have the
largest local mean curvature and hence the highest surface dif-
fusion velocity. This has resulted in the rounding and collapse
of the nanocavity edges, and thus the deterioration of spectral
selectivity at high temperatures.?®% In our work, the nanocavi-
ties in the W-CNT PhCs are realized by infiltration of the nano-
patterned CNT forests with W, rather than top-down etching
of a single material. Our approach avoids residual etching
contaminants and process-induced surface defects which are
known to degrade surface integrity of W.%*7% The geometry of
our pattern is intrinsically stable, as the surface diffusion rate
over the whole W-CNT PhCs is uniform, and the diffusion of
W in between individual Al,0;-coated CNTs is not energetically
favorable.

In Figure 4h, the thermal stability of the present W-CNT
PhCs is compared with data from previous studies of PhCs
made of various materials.[2022-27293256] We categorize this
comparison according to the degradation of the absorber and
emitter efficiency. Among reported thermal stability tests car-
ried out for longer than 48 h,126°% our W-CNT PhCs (without a
protective coating) sustain the highest annealing temperature
(1273 K) without degradation. With HfO, as the protection
layer, planar Ta-W PhCs showed minor degradation after 24 h
annealing at 1473 K,?°! while 3D inverse opal W PhCs showed
severe degradation after 1 h annealing at 1673 K.24 Although
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a HfO, protection layer has been widely shown to improve
thermal stability of PhCs,[2#2°2%56 concern arises due to the
scarcity and high processing cost of Hf.3334 It was clarified by
Peykov et al.?®l that the dominant failure mechanism for refrac-
tory metal-based PhCs at high temperature is surface diffusion.
The surface diffusion rate of W increases by =10 times with
every 200 K increase in temperature. For the W-CNT structure,
the effect of local mean curvature could be mitigated because
of support from the CNT scaffold. This makes the thermal sta-
bility of W-CNT PhCs comparably superior to those tested at
higher temperatures.

In laboratory-scale STPV modules developed so far,
the input power and operating temperature have been limited
below 1000 kW m~2 and 1300 K, respectively. Our results show
promise to enable higher temperature STPV modules. To con-
clude this study, we estimate the power conversion efficiency of
a planar STPV system with the W-CNT nanophotonic absorber
and emitter placed over a GaSb PV cell. A 1D thermal diode
model utilizes the experimentally measured spectral properties
of the W-CNT PhCs to predict the STPV system efficiency at
input powers (100-3000 kW m™2) and operating temperatures
(1000-2500 K). The model neglects the thermal loss from the
system support and packaging as well as the resistive loss from
the PV cell. This assumption is reasonable, because the major
loss mechanisms for a large-scale planar STPV system are the
re-emission from absorber to environment and above-bandgap
emission from emitter to PV cell.l'>1319 As shown in Figure 5a,
at modest input powers (<1000 kW m2), N,peorver €Xceeds 90%

[12,13,19,71]
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Figure 4. Thermal stability of the W-CNT PhCs. SEM images of a,b) the W-CNT nanophotonic absorber and c,d) the W-CNT nanophotonic emitter,

after 12 and 168 h annealing at 1273 K. e,f) Histograms of the nanocavity
and after annealing at 1273 K, respectively. g) XRD spectra of the W-CNT
Si/SiO, substrate as reference. h) Comparison of thermal stability of the
ref. [23] Au-Al, O3, refs. [24,25] W-HfO,, ref. [26] W-Ni-YSZ, ref. [27] W-Al, O3,
minor degradation, and severe degradation denote 0-5%, 5-15%, and gre

at relatively low operating temperatures (1000-1400 K).
Figure 5b shows the operating temperature at which Nepiger is
maximized shifts upward with PV cell bandgap. At the ther-
mally stable temperature (1273 K), the maximum Nepier Of
the W-CNT emitter is 54%, corresponding to the PV bandgap
of 0.5 eV. The modeling results indicate that the integrated
W-CNT nanophotonic absorber and emitter pair are promising
as a thermal rectifier between the Sun and the PV cell at the
thermally stable temperature (1273 K).

The STPV system efficiency (Nystem) i @ product of Nypsorpen
TNemiter 38 Well as the correction factors of the PV cell.’ Figure 5¢
shows at the thermally stable operating temperature (1273 K),
the predicted efficiency of the STPV system exceeds the SQ
efficiency limit of the PV cell (23%) under a modest input
power of 100 kW m™, and reaches as high as 33% under an
input power of 1000 kW m™. Simultaneously increasing the
input power to 3000 kW m™ and operating temperature to
2000 K results in an increase of gy to 41%. However, higher
input power and operating temperature would increase the
cost and thermal loss, respectively, which would counteract the
moderate improvement. Therefore, while scientifically inter-
esting, we feel the pursuit of even higher-temperature thermal
stability of the W-CNT PhCs not necessary for practical imple-
mentation of our technology.

The predicted maximum efficiency of the STPV system
with the W-CNT nanophotonic absorber and emitter are
compared with prior estimates using different absorbers and
emitters,l1213187273] a5 shown in Figure 5d. Our predicted
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size distribution of the W-CNT nanophotonic absorber and emitter before
nanophotonic surface before and after 12 h annealing at 1273 K, using the
W-CNT PhCs to previously reported PhCs: ref. [20] TiN, ref. [22] Ni-Al,O3,
ref. [29] Ta-W-HfO,, Ref. [32] Ru-HfO,, and ref. [56] Ta-HfO,. No degradation,
ater than 15% degradation of absorber/emitter efficiency, respectively.

performance is especially superior at lower input powers
(<500 kW m™), exceeding the predicted performance using
Ta-HfO, PhCs as the absorber and emitter,['¥! VACNTs as the
absorber and multilayer Si/SiO, as the emitter,'213] as well
as liquid Si as the absorber and liquid Sn as the emitter.”?!
At higher input powers (>1000 kW m™), we predict slightly
higher maximum system efficiency than a published model
using tungsten pyramid nanostructures as the absorber and
emitter.”?l By utilizing additional rugate filters,['>7¥ the STPV
system efficiency could be further improved.

In summary, we have explored a new W-CNT composite
material for 2D PhCs. The fabricated W-CNT PhCs exhibit
excellent spectral and angular selectivity as well as out-
standing thermal stability after high-temperature annealing.
Importantly, our process is intrinsically scalable; holographic
interferometry can be performed with simple optical setup
in the ambient; both CNT growth and ALD are vapor-phase
processes which can be deployed in a roll-to-roll fashion; and
no conventional masks or scanning lithography methods
are required. Therefore, beyond STPV systems, CNT-based
composite nanophotonic surfaces are also promising to be
applied in other high-temperature energy conversion devices,
such as photothermionic energy converters,/’>! solar thermo-
electric converters,”® and thermophotonic solar cells.””] In
addition, the general strategy of nanopatterned CNT growth
followed by vapor-phase infiltration of a solid matrix may
be applied to engineer electromagnetic metasurfaces for a
variety of needs.

(6 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

nabscrber
a 1000
0.8
—~ 800 0.7
§
€ 0.6
i 600 05
% ‘ 04
8 400 03
2
=
£ 00 0.2
0.1
0
1000 1500 2000 2500
Temperature (K)
nsys!em
C 3000 Hii
2500 0.35
o~
- 0.3
= 2000
2 0.25
3 1500
g 0.2
=S 0.15
-] 1000 ’
= 0.1
sk 0.05
0
1000 1500 2000 2500

Temperature (K)

www.advenergymat.de

b nemitter
2500
05
= 0.4
& 2000
g
2 0.3
o
[
o
g 1500 0.2
—
0.1
1000
1
0.3 0.6 0.9 12 15
Bandgap (eV)
d os : ; ; :
=-==- STPV using W-CNT PhCs
g —— SQ efficiency limit
o 0.4 s i e e S
O ,——’———— A A
5 |
4
g 031/ -
@ I
> K’f + Ref. [12]
g 0.2 =+ = Ref. [13] A
£ X Ref. [18]
3 x A Ref. [72]
= 019 o Ref.[73] ]
500 1000 1500 2000 2500

Input power (kW m2)

Figure 5. Simulated performance of a STPV system incorporating the measured spectral properties of the W-CNT absorber and emitter. a) Absorber
efficiency of the STPV system versus solar input power and operating temperature. b) Emitter efficiency of the STPV system versus PV bandgap and
operating temperature. c) Predicted STPV system efficiency versus solar input power and operating temperature. d) Predicted maximum STPV system
efficiency, compared to the SQ efficiency limit, and to the predicted maximum system efficiencies using: refs. [12,13] VACNT as the absorber and
multilayer Si/SiO, as the emitter, ref. [18] Ta-HfO, PhCs as the absorber and emitter, ref. [72] tungsten pyramid nanostructures as the absorber and

emitter, and ref. [73] liquid Si as the absorber and liquid Sn as the emitter.

Experimental Section

CNT Catalyst Deposition: The catalyst composed of Fe (1 nm) upon
Al,O3 (10 nm) was deposited by electron beam evaporation (VES-2550,
Temescal) on a Si wafer (0.5 mm) with a thermally grown oxide layer
(200 nm).

Catalyst Nanopatterning Using Nanoscale Holographic Interferometry: A
bilayer stack of a bottom anti-reflection coating (BARC, Brewer Science
XHRi-16) and a negative photoresist layer (Futurrex NR7-250) was spin-
coated on the catalyst-coated Si substrate, followed by baking at 180 °C
for 1 min. The bilayer stack was exposed to the HeCd laser using a
Lloyd’s mirror setup (Figure S3, Supporting Information). The periodicity
of the nanopattern is given by (A/2)/sin(6/2), where A = 325 nm is the
HeCd laser wavelength, and 6 is the angle of the Lloyd’s mirror. The
achievable periodicity range is from =175 to =1500 nm. The pattern
was then developed by immersion of the substrate in the mixture
of tetramethylammonium hydroxide (Futurrex RD-6) and water with
volume ratio of 3:1 for 40 s. The exposed BARC and catalyst layers
were sequentially removed by He-O, (20%) RF plasma dry etching
(Plasma-Therm, 200 W, 7 mTorr) for 2 min and immersion in 1 m NaOH
for 1 min. A scotch tape was then applied and exfoliated manually to
remove the residues and contaminants.

Synthesis of High-Density VACNTs: The HD-VACNTs were synthesized
using a carbon preconditioning dynamic CVD process. The CVD
system was fully automated with an in situ monitoring camera, i.e.,
Robofurnace.l’®7°l A thin layer of carbon was first deposited on the inner
wall of the CVD chamber at 750 °C by the flow mixture of 100 sccm CH,
(99.9%, Airgas), 200 sccm H, (99.999%, Airgas), and 400 sccm wet He
(100 ppm H,0) for 5 min. With the system temperature maintained
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at 750 °C, a transfer arm carrying a Si/SiO, substrate loaded with the
catalysts was inserted into the hot chamber with 400 sccm H, and
100 sccm dry He (99.999%, Airgas). After annealing at 750 °C for
10 min, the substrate was retracted from the hot chamber to cool down.
The precursors—100 sccm C,H,, 200 sccm H,, 200 sccm wet He, and
800 sccm dry He—were then introduced into the hot chamber. The
substrate was inserted again after the stabilization of the precursor flow
(=5 min) for the synthesis of the HD-VACNTs. The typical growth rate of
the CNT array was 2 um s~'. After reaching the desired CNT thickness,
the growth was terminated by withdrawing the substrate from the
reactor using the transfer arm under dry He purge.

Atomic Layer Deposition: Before the metallic tungsten ALD process, a
2 nm thick and conformal Al,O; layer was deposited on the CNT arrays
by 30 cycles of ALD (Gemstar XT, Arradiance Corporation) using ozone
(generated by Pacific Ozone, using O, 99.999% purity from Airgas) and
TMA (98% purity, STREM Chemicals) as precursors. The Al,O; deposition
rate was =0.06 nm per cycle. The W ALD process was performed in a
home-built flow tube reactor at 220 °C, with an inert Ar carrier flow rate of
210 sccm, to produce a baseline pressure of 1.5 Torr.B% The W ALD
process (35 cycles) was realized by alternately exposing the Al,O;-coated
CNT arrays to diluted WFg (99.9%, Sigma-Aldrich) and SiH,. The SiH, was
a dilute mixture (2% by weight) in 99.999% Ar (Custom Gas Solutions).
The carrier and purge gas was 99.999% pure N,, and it passed through
an inert gas purifier (Entegris GateKeeper) to remove residual water
before entering the reactor. Typical precursor exposures in Langmuir
(1 L =107 Torr s) were =6 x 10° Langmuir, 5 x 10° Langmuir, and
1 x 107 Langmuir for SiH,, WFg, and Ar, respectively. The W deposition
rate was =0.5-1 nm per cycle. Then, the as-deposited W-CNT composites
were annealed at 1073 K for 1 h to help densify and stabilize W.
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Annealing: The W-CNT samples were annealed in a tube furnace
(Carbolite 3-zone furnace). Before annealing, the quartz tube was fully
evacuated and re-charged with He (99.999%, Airgas), and repeated for
three time to remove residue oxygen and water (below 0.1 ppm). The
furnace was heated at a rate of 200 degree Celcius/hour until the target
temperature with 150 sccm He flow, under a pressure below 1073 Torr.
After annealing, the samples were cooled down in the tube furnace
under the same pressure and gas flow until room temperature.

FDTD Numerical Simulation: The nanophotonic surface was designed
based on FDTD method, using MEEP package. The material dispersion
of the W-CNT composite material was obtained by curve fitting of the
measured reflectance (Figure 1b) using the Lorentz—Drude model. The
parameters of the 3D FDTD simulation include a Gaussian distributed
source (with electric field polarized in the x direction), periodic boundary
conditions in the x and y directions, as well as perfectly matched layers on
top and bottom of the unit cell. The design of the W-CNT nanophotonic
surface was optimized by performing a series of simulations in which
the values of periodicity a, nanocavity diameter d and thickness t were
independently varied. The absorbance and emittance values were
calculated by Kirchhoff’s law based on the simulated reflectance and
transmittance.

Characterization: SEM imaging was performed by Zeiss Merlin with
Gemini Il column. The surface roughness was characterized by AFM
(Veeco Metrology Nanoscope V). The optical properties were measured
by UV-vis—NIR transmission/reflectance spectrophotometer (Varian/
Cary-5000) using a commercial reference aluminum coated mirror
(Thorlabs). The angular dependence of the optical properties was
measured using a variable angle spectral reflectance accessory (VASRA).
Thin-film X-ray diffraction was performed using Rigaku Smartlab.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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