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A B S T R A C T   

Refractory tungsten (W) plays an important role in high temperature photonic/plasmonic applications. Previ
ously room temperature bulk single/poly-crystalline optical constants were extensively used to calculate the 
optical properties of W nanostructures at high temperatures. This might lead to a significant deviation between 
the predicted and measured optical properties due to the exclusion of electron–phonon interaction, as well as 
grain-boundary and surface-scattering. 

Herein, we show experimentally, how film thickness and temperature affects the optical losses in W. A drastic 
increase in the effective electron collision frequency is observed with decreasing the film thickness down to 5 nm, 
due to the grain-boundary and surface-scattering mechanisms. At sufficiently high temperatures (greater than 
200 ◦C for W), the electron–phonon interaction eventually becomes the dominant mechanism, linearly increasing 
collision frequency with temperature, and it is independent of the geometry of the thin film structure. The impact 
of thickness and temperature-dependent optical properties of W is showcased with a hyperbolic 1D metamaterial 
structure acting as a thermophotovoltaic emitter. This work opens new directions in accurate prediction of the 
optical properties of nanostructures and design of efficient devices in various applications, such as aerospace, 
energy-efficient lighting, radiative cooling and energy harvesting, by incorporating thickness and temperature- 
dependent optical constants.   

1. Introduction 

W, a refractory material, plays a vital role in broadband absorption 
[1–2], aerospace [3–4], energy-efficient lighting [5], thermoplasmonics 
[6–7] and especially in thermophotovoltaic (TPV) [2,8–9] applications. 
The optical properties of W exhibit a positive real part of the complex 
dielectric permittivity, an imaginary part with a magnitude on par with 
the real part below a wavelength of 900 nm, and a negative real part of 
the complex dielectric permittivity in the near-far infrared spectral re
gions. Therefore, W based nanostructures are widely used as broadband 
absorbers in the visible and near-infrared regions, and as spectrally se
lective emitters in TPV to minimize the thermal emission in the near-mid 

infrared range [1–2,10]. In TPV, the emitter will be heated to 1000 ◦C or 
higher. According to the Stefan-Boltzmann law [11–12], the radiative 
power of the blackbody is proportional to T4. Therefore, high operating 
temperatures enhance the efficiency of TPV systems. Also, the peak 
emission shifts to shorter wavelengths proportional to the black body 
temperature, thus allowing higher conversion efficiencies through the 
use of larger bandgap semiconductors, such as Si, GaSb, etc. They are 
better developed (for large open-circuit voltage and low short-circuit 
current) and provide higher conversion efficiencies as their lower 
bandgap counterparts [13]. Bierman et al. [14] showed that when a 
back-side reflector is used underneath the PV cell, the thermalization 
losses were reduced in the system with the increased bandgap energy. 
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Thus, understanding the optical properties of W at high temperatures is 
crucial for these and any other applications, where thin film geometries 
are needed to construct plasmonic/photonic structures. However, due to 
the lack of appropriate W optical constants at elevated temperatures, 
room temperature (RT) bulk substrate (either poly crystalline or single 
crystalline, PC or SC, respectively) data from a limited spectral range are 
often used to calculate the spectral response of nanostructures at high 
temperatures [15–22]. 

Moreover, current research in the field involves W nanostructured 
metallic films of various thicknesses in the range of 10 nm to 100 nm, to 
tailor the light absorption/emission. For this, bulk substrate optical 
constants were used to calculate the optical properties of these nano
structures [1–2,8,23]. It is important to note that the optical properties 
of thin metallic films are highly affected by the growth conditions 
[24–25], grain size [26–27], crystallinity [28–29], defects [24,30] and 
thickness of the film [31–33]. Optical constants of bulk metals should 
therefore not be used to model nanometric thin films, as the thickness of 
the film changes the magnitude of the optical constants substantially. 

There are several studies on the thickness and temperature- 
dependent optical properties of various noble metals, such as Au 
[27,33–34], Ag [29,31,32], etc. However, when the film thickness is in 
the order of 10 nm or less, non-uniform or even semi-continuous layers 
are formed [32–33,35]. For refractory metals, such as W [18,25,36–38], 
Mo [18,25,36,39], TiN [40–42], etc., studies of the combination of 
thickness and temperature-dependent optical properties are largely ab
sent. In thin films, when the grain size and/or thickness is in the order of 
the electron–phonon collision mean free path at a particular tempera
ture [26,43–45], electron scattering at grain boundaries and film sur
faces contributes strongly to the optical losses in the metal. Increase in 
the collision frequency has an intricate influence on the complex 
permittivity of metal, and it can be estimated with the Drude model 
[46]. Near the plasma frequency, it generally leads to an increasing 
imaginary ε2 part and a reduction of the amplitude of the real |ε1| part of 
the complex dielectric permittivity. At high temperatures, thermal 
phonon interaction with the electrons will amplify the optical losses in 
the thin film structures. Thus, by neglecting the thickness and 
temperature-dependent optical losses in simulations, the calculated 
optical properties of the nanostructures are inaccurate [2,8,20–22]. 
Therefore, to design efficient structures, it is imperative to investigate 
the optical properties of W thin films at high temperatures. So far, the 
temperature-dependent optical properties of W have been studied in the 
visible-mid infrared spectral region only for a bulk PC substrate at 
temperatures up to 400 ◦C under ambient atmosphere [18]. T. Smith 
[47] reported the optical properties of the W at two distinct wavelengths 
of 546 nm and 632 nm, after annealing at temperatures higher than 
1300 ◦C. The visible only wavelengths used here cannot unveil the 
qualitatively different material response observed at infrared wave
lengths as mainly used in our study. Further, P. Wells et al. [36] 
demonstrated a significant change in the magnitude of the W optical 
constants (between 50% and 100%) after heating an 80 nm dw structure 
to 300 ◦C − 500 ◦C for 1 h under ambient atmosphere. A complete 
degradation of the W spectral features was noticed after heating at 
400 ◦C. The formation of W-oxides was clearly seen in the X-ray analysis 
of the W structure after heating at 500 ◦C under an ambient atmosphere. 

J. I. Watjen et al. [37] reported room temperature optical properties 
of a 70 nm thick poly crystalline film structure before and after 
annealing at 800 ◦C for 1 h. The importance of α-phase W in thin films 
was explored to achieve bulk-like optical properties. W is thermally 
stable when it is in the α-phase (bcc-A2 structure and lattice parameter a 
= 0.3165 nm) [48–50]. M. Minissale et al. [38] reported in-situ tem
perature-dependent optical properties of a W bulk substrate in a limited 
spectral region between 500 nm and 1050 nm and at operating tem
peratures up to 650 ◦C under a low vacuum pressure of 10-3 mbar. After 
heating the W substrate at high temperatures (a cumulative time of 12 h 
and 3 h between 245 ◦C and 275 ◦C, and 425 ◦C-650 ◦C, respectively), 
oxidization of W was observed. Therefore, to prevent oxidization 

[51–52], it is essential to use high vacuum conditions at elevated tem
peratures while evaluating the optical properties of W. To the best of our 
knowledge, no experimental work has been presented investigating the 
in-situ optical properties of W (neither bulk substrate nor thin film 
structures) at temperatures up to 1000 ◦C in the visible-mid infrared 
spectral regions under O2 free atmosphere. 

In this work a comprehensive study is performed to address the 
challenges of investigating the optical properties of W thin films at high 
temperatures under O2 free atmosphere, W thin films with various 
thicknesses (between 5 nm and 160 nm), along with SC and PC W 
substrates, are investigated at temperatures from RT to 1000 ◦C. An in- 
situ ellipsometer operating in the visible-mid infrared range and 
equipped with a heating chamber under a high vacuum condition is used 
to characterize the W structures at elevated temperatures. A significant 
change in the optical constants of the W is observed with temperature 
and thickness, due to electron–phonon interaction and, grain boundary 
and surface scattering mechanisms, respectively. 

The accuracy of the measured optical constants for thin films was 
verified with a hyperbolic multilayer metamaterial emitter. At RT, 
~95% of the spectral match is observed between the calculated and 
measured absorptivity/emissivity spectra when the optical constants of 
measured W thin films are used. However, a substantial difference (2–5 
× in the absorptivity/emissivity at the near-infrared region) is noticed 
when the bulk optical constants of W are used. Further, the emissivity of 
the metamaterial emitter at elevated temperatures was calculated using 
the measured in-situ optical constants at high temperatures. When the 
temperature raises, the calculated absorptivity/emissivity of the emitter 
in the long-wavelength range will increase significantly. Thus, the 
emitter will show a loss in spectral selectivity at high temperatures. 
These results advance the understanding of the optical properties of W- 
based structures at high temperatures and demonstrate a crucial step 
towards designing efficient devices for thermo photonic/plasmonic ap
plications. Although herein we report exclusively the temperature and 
thickness-dependent optical properties of W, these loss mechanisms can 
be quantitatively applied as a starting point to evaluate other metals. 

2. Experimental Section/Methods 

2.1. W Structure fabrication 

W thin film structures with various thicknesses dW: 5, 10, 20, 40, 80 
and 160 nm, are deposited onto cleaned 10 × 10 mm2 single-crystalline 
sapphire substrates ([1–102] orientation) by direct current (DC) 
magnetron sputtering, at RT with a rate of 0.09 nms− 1, and at argon 
(99.99999%) gas pressure of 2 × 10-3 mbar. The base pressure of the 
sputtering chamber was kept below 10-7 mbar. The W sputtering target 
with 99.95% purity was purchased from Sindlhauser Materials. PC W 
substrates were purchased from MTI corporation, and SC W substrates 
were purchased from MaTecK GMBH. 

2.2. XRD measurements 

XRD measurements were conducted using a Bruker D8 advanced 
diffractometer. Cu Kα (λ = 0.15405 nm) radiation was used to investi
gate thin film structures. The measurements were performed using 
parallel beam geometry. The diffraction patterns (2θ from 20◦ to 90◦) 
were recorded with an increment of 0.04◦ and a step time of 16 s. The 
film thicknesses were measured precisely by X-ray reflectometry (XRR) 
analyses, and evaluated by fitting simulations to experimental reflec
tivity scans with the Leptos R software package (Bruker AXS). 

2.3. In-situ ellipsometry 

The in-situ temperature dependent optical constants of the W 
structures with various film thicknesses and SC/PC W substrates, are 
measured by a spectroscopic ellipsometer (Semilab SE-2000), at an 
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incident angle of 70◦, in the visible-mid infrared region (500 nm-15000 
nm). The W sample was mounted onto a heating stage (Linkam Scientific 
Model TSEL1000V). The heating stage equipped with a ceramic heating 
cup, which is controlled through the Linkam T96-S temperature 
controller. The heating stage contains two side quartz/ZnSe windows 
(for visible to near-infrared/near-infrared to mid-infrared ranges, 
respectively), fixed at an angle of 70◦, along the polarizer and analyzer 
arms of the ellipsometer, and a centre quartz window for the sample 
inspection. The heating stage is connected to a TPS-flexy turbo pumping 
system (X1699-64078, from Agilent technologies), and a high vacuum 
pressure of 2 × 10-5 mbar is maintained during high temperature 
operation. A CCD spectrograph and InGaAs linear array detectors are 
used in the spectroscopic ellipsometer in the wavelength ranges of 500 
nm-900 nm and 900 nm-2100 nm, respectively, whereas a Mercury- 
Cadmium-Telluride (MCT) detector is used for 2100 nm-15000 nm 
spectral range. The W samples were heated between 20 ◦C and 1000 ◦C 
with a step size of 100 ◦C and a ramp rate of 30 ◦C/min. Where, at each 
measuring temperature, the sample was kept for 10 min to achieve 
thermalization with the heating element, and then measurements were 
taken. For the sake of presentation clarity, the data points were shown 
for every 200 ◦C step size. An external water-cooling unit is connected to 
the heating stage to cool the side windows at high operating tempera
tures. The real and imaginary parts of the W complex dielectric functions 
were extracted from the measured Ψ and Δ using Semilab’s SEA software 
and a model containing a Drude and four Lorentz oscillators. The quality 
of the fit is explained in the form of R2, it is the coefficient of determi
nation and measures the agreement between measured data and the 
fitted model with a particular choice of parameters. R2 values range 
from 0 to 1, where 1 represents a good agreement between the measured 
and fitted data, and 0 indicates that the model has no ability to interpret 
the variance in the measured data. The R2 parameter is given by 

R2 = 1 −
1
2

A
C
−

1
2

B
D  

with 

A =
∑N

i=1
(
f i
1,meas − f i

1,calc

σi
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)

2  
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f i
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2  

Here, N is the number of measuring points, f i
measandf i

calc are the ith 

measured and calculated ellipsometric quantities, σi
1andσi

2 are the 
pointwise experimental errors corresponding to the f1 and f2 
measurements. 

2.4. Thermal stability of W structure 

The long-term thermal stability of the W structure is investigated 
using a high-temperature vacuum furnace (RD-G WEBB) at 1000 ◦C and 
durations up to 120 h under 2 × 10-6 mbar pressure. The temperature 
was ramped at a rate of 10 ◦Cmin− 1. Vacuum conditions, low (rough) 
vacuum: Atm. pressure to 1 mbar, medium vacuum: 1 to 10− 3 mbar, 
high vacuum: 10− 3 to 10− 8 mbar, ultrahigh vacuum: 10− 8 to 10− 12 mbar 
and extreme high vacuum: less than10− 12 mbars [53]. 

2.5. Reflectivity measurements 

Reflectivity spectra of the W thin film structures and 1D hyperbolic 
metamaterial structures were measured using UV–Vis-NIR and Fourier 
transform infrared (FTIR) spectrometers. A PerkinElmer Lambda 1050 
spectrometer with a wavelength scan step of 5 nm is used to measure the 
reflectivity in the wavelength range of 0.5 to 2.0 μm. A labsphere 
spectralon reflectance standard is used for normalization. The incident 
light is unpolarized, and the minimum angle of incidence of the system is 
8◦. An FTIR microscope (Bruker Hyperion 2000) with a 15 ×

Schwarzschild objective coupled to an FTIR spectrometer (Bruker Vertex 
70) is used to measure the reflectivity in the range 2 to 4 μm, where an 
Au mirror is used for normalization. The objective operates ~16◦ off- 
normal to the sample surface and has a collection cone apex angle of 
± 7◦. The optical absorptivity α is obtained by α = 1 – ρ – τ, where ρ and τ 
are reflectivity and transmissivity. Due to a 100 nm thick bottom W 
layer, τ = 0 in the measured spectral range. Thus, absorptivity, α = 1 – ρ, 
can be directly deduced from the reflection spectra. 

2.6. Morphology and elemental analysis of the W structures 

Cross-sectional TEM samples of the W structures were prepared with 
a focused-ion beam scanning electron microscope (FIB-SEM, FEI Helios 
G3 UC) machine using a 30 keV Ga ion beam and transferred to Cu lift- 
out grids via in-situ lift-out technique. To prevent charging during FIB 
preparation, the samples were coated with a 10 nm-20 nm layer of C, by 
a C thread evaporator. The final thickness of the lamellae was less than 
100 nm. An FEI Talos F200X TEM equipped with a high brightness 
Schottky-FEG (X-FEG) and a four-quadrant SDD-EDS system (solid angle 
of 0.9 srad) was used for EDS analysis. 512 × 512 pixel spectrum images 
were obtained using a probe current of 1nA and a dwell time of 10 µs per 
pixel. Thermo Fischer Scientific Velox software was used for data 
acquisition and visualization. For the spectrum images, the energies of 
the following elements were used: Al-Kα (1.49 keV), O-Kα (0.52 keV) and 
W-Mα (1.77 keV). 

2.7. AFM topography 

The topography images were acquired with an NTegra Aura AFM 
(NT-MDT, Russia) operating in a tapping mode. HA_HR cantilevers 
(ScanSens, Germany) with a nominal force constant 34 N/m, a reso
nance frequency of 380 kHz, and a tip radius of 10 nm were used for 
imaging. The images were processed with free WSxM software [54]. The 
root-mean-square (RMS) surface roughness values were evaluated. 

Grain size analysis was performed with a MountainSPIP 8 (Digital 
Surf, France) software using Hills and Valleys particle analysis proced
ure. Briefly, grains in an AFM image were identified using the watershed 
algorithm. Then, each grain was labelled, and the projected area of each 
grain was calculated. The average projected area yielded an averaged 
grain size in the film. The watershed algorithm is quite robust against tip 
convolution effects, assuming that there are no double/multiple tip ar
tefacts, and the tip curvature is smaller than the grain size, which could 
be easily achieved in this case since fresh tips were used. The images for 
processing were visually inspected for the absence of artefacts (double 
tip, drift etc.) before processing. 

3. Results and discussion 

The schematic of the W structure deposited on a SC-Al2O3 (1–102) 
substrate by direct current (DC) magnetron sputter deposition is shown 
in Fig. 1a. W structures with various thicknesses dW (dW = 5, 10, 20, 40, 
80 and 160 nm) are fabricated. As an example, a high-resolution 
transmission electron microscopy (HRTEM) image of the 5 nm dW 
structure shown in Fig. 1b clearly highlights the nanostructure homo
geneity with a continuous W layer. Further, the uniformity of the 5 nm 
thin W structure over a large area (of 2.25 μm) is shown in Fig. S1. The 
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energy-dispersive X-ray spectroscopy (EDS) analyses (Fig. S2) show that 
the as-fabricated W structure is free from O2 contamination and other 
defects such as voids or pinholes (Fig. 1b). 

Fig. 1c, d show the complex dielectric permittivities, real (ε1) and 
imaginary (ε2) parts, respectively, of the W structures taken at RT with 
various dW ranging from 5 nm to 160 nm, in the spectral range of 500 nm 
to 15000 nm. The complex dielectric permittivities are evaluated by 
fitting a Drude-Lorentz oscillator model (Eq. (1)) based on the Rakic 
model [17], where the conduction electron contribution and interband 
transitions are expressed by Drude and Lorentz terms, respectively. The 
optical properties of the metal due to the freeelectron contribution in the 
infrared range are mainly determined by the Drude term. In the 
UV–visible range, the Lorentz term describes the interband transitions at 
the d-electronic bands. 

ε(ω) = ε1 + iε2 = ε∞ −
ω2

p

ω2 + iΓDω+
∑4

j=1

Aj

ω2
0,j − ω2 − iγjω

(1)  

Here, ε∞, ωp, and ΓD are the background dielectric constant accounting 
for higher energy interband transitions outside the probed energy 
spectrum, plasma frequency, and collision frequency, respectively. Four 
Lorentz oscillators (obtained from Ref. [17–18,25,36]) were used to 
simulate the interband absorption part of the dielectric function, where 
peak energy (ωo,j), strength (Aj) and sharpness (γj) parameters are ob
tained by fitting the optical data of the corresponding material. The 
Lorentz oscillator parameters are listed in Table S1, and these values are 
fixed for all the W structures reported in this work. 

The imaginary part of the dielectric function, ε2, at long wavelength, 
where d-band absorption can be neglected, can be written as 

ε2 ≈
ΓD

ω
ω2

p

ω2 + Γ2
D

(2) 

The imaginary part ε2 is responsible for optical losses in the metal, 
whereas the real part ε1 describes the metallicity (free carriers and 
negative real permittivity) of the metal. The collision frequency term ΓD 
is represented by ΓD = Γe-e + Γe-p + ΓGB + ΓS, where Γe-e, Γe-p, ΓGB and ΓS 
are the electron–electron scattering involving lattice via umklapp pro
cess, electron–phonon scattering, electron grain boundary scattering 
and electron surface scattering terms, respectively [34,55]. The 
thickness-dependent parameters of the Drude-Lorentz model are listed 
in Table S2. The inset in (Fig. 1d) shows that ε2 increases with decreasing 
film thickness (from 80 nm to 5 nm) in the visible and near-infrared 
range and decreases in the mid-infrared range. The variation in ΓD 
with respect to dW is shown in (Fig. 2b). At RT (20 ◦C), it clearly shows 
an increment in ΓD while decreasing dW down to 5 nm. The variation in 
ΓD between 80 nm − 40 nm dW is marginal, and a large deviation is 
observed for 10 nm and 5 nm structures. At a fixed temperature, the loss 
mechanisms responsible for increasing ΓD with decreasing dW are ΓGB 
and ΓS. The ΓGB is inversely proportional to the grain size and becomes 
effective when the grain size approaches the electron mean free path of 
the metal (~15.5 nm for W [56]). It is well known in PC thin film 
structures that the grain size is reduced when the film thickness is 
decreased [26,57–58]. The atomic force microscopy (AFM) images of 
the various dW structures with grain distributions are shown in (Fig. S3a- 
e). The RMS roughness of the structures lies between 1 and 1.8 nm; 
therefore, the influence of the surface roughness on the evaluation of the 
optical constants was omitted [24,28]. The average grain size of the W 
structures, as obtained from AFM, with respect to dW is shown in 
(Fig. S3f), which clearly depicts an increased grain size with dW. The W 
grain size is increased from 11 nm to 85 nm when the dW changes from 5 
nm to 80 nm, and then saturates afterwards, which leads to a 110 nm 
grain size at 160 nm dW. During the thin film growth, intrinsic and 
extrinsic stresses will be generated. According to the Volmer-Weber 
growth mechanism [59], intrinsic stresses are due to island nucleation 

Fig. 1. a) Schematic of the W structure, where dW represents the thickness of the W film. b) HRTEM image of a 5 nm dW film deposited on single crystalline Al2O3 
substrate ([1–102] orientation). Note that a protective carbon top layer is deposited before FIB milling to protect the W film during specimen preparation. c, d) The 
real and complex dielectric permittivities, ε1 and ε2, respectively, of the W structure with different thicknesses, dW varying from 5 nm to 160 nm are extracted from 
spectroscopic ellipsometer measurements. The change in ε2 at visible to near-infrared and mid-infrared regions are explained using Eq. (3) and (4). 
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and coalescence, whereas extrinsic stresses are due to the difference in 
thermal expansion [60]. The stress in the film provides the necessary 
driving force to the grain growth [61–62], and the relaxation minimizes 
further growth in the stress, thereby saturating the grain growth. Thus, 
the grain size is proportional to the film thickness until a saturation 
thickness is reached [63–67]. 

Due to the reduced grain size ΓGB will be increased as the film 
thickness is reduced. W structures with 80 nm and 160 nm dW (with 
grain sizes of 85 nm and 110 nm, respectively, Fig. S3) show identical ε1 
and ε2 values throughout the spectral range (Fig. 1c, 1d), as W films 
approach bulk like optical properties. At the same time, there is a strong 
deviation between the PC bulk substrate and the 160 nm film structure, 
which shows that the bulk properties of thin film sample somehow 
deviate from the PC bulk sample. The electron-surface scattering con
tributes to collision frequency in the same way as grain sizes, where the 
160 nm dW structure contains a grain size of 110 nm and the PC bulk 
substrate contains grains in the range of 10 μm − 50 μm. 

It should be mentioned that the increase in collision frequency leads 
to a non-monotonous change of the complex permittivity. In contrast to 
the visible and near-infrared range, ε2 in the mid-infrared range de
creases as dW is decreased from 80 nm to 5 nm. The opposite trends at 
visible to near-infrared and mid-infrared regions can be understood from 
the following two approximations. Since the Lorentz oscillators repre
sent the interband absorption in the UV–visible range, these terms in Eq 
(3) and (4) are omitted. 

When collision frequency is much smaller than the excitation fre
quency 

ΓD≪ω, ε2 ≈
ω2

pΓD

ω3 ; (3) 

ε2 increases with collision frequency in the visible and near-infrared 
region, whereas, when 

ΓD≫ω, ε2 ≈
ω2

p

ωΓD
; (4) 

ε2 decreases with increasing the ΓD in the mid-infrared region (above 
6000 nm wavelength). Further, a continuous decrement in the absolute 
value of the negative ε1 (Fig. 1c) is observed throughout the spectral 
range when dW decreases, i.e., from 80 nm to 5 nm. It indicates that the 
metallicity of the W film is reduced when the film thickness is decreased. 
Fig. 1c shows that the change in ε1 is minimal around visible to near- 
infrared regions, and significant at mid-infrared wavelengths. This can 

be explained with the following expressions: 
When ΓD≪ω, ε1 is mainly described by 

ε1 ≈
− ω2

p

ω2 (5) 

i.e., ε1 is not regulated by ΓD, and ε1 is associated with ωp. This will be 
true for most of the metals in the visible and near-infrared range. 
However, when ΓD is comparable to or larger than ω, 

ε1 =
− ω2

p

ω2 + Γ2
D
. (6) 

Thus, ε1 depends on ΓD at longer wavelengths. In the mid-infrared 
regions above 6000 nm wavelengths, a large difference in the magni
tude of ε1 (580 and 2370 at 6000 nm and 12000 nm, respectively) is 
observed when dW is reduced from 80 nm to 5 nm, which is due to in
crease in ΓD. The qualitative behaviour of ε1 as predicted by equation (6) 
is clearly visible in the Fig. 3. For instance, 160 nm thick film at 1000 ◦C 
shows ε1 values that saturate towards mid-infrared wavelengths, 
therefore ε1 becomes almost independent of the ω. 

Further, to compare the optical properties of W thin films with bulk 
W substrates, SC and PC bulk W substrates were investigated. The SC W 
substrate shows the lowest values for ε1 and ε2 compared to the PC 
substrate and other W thin film (160 nm- 5 nm) structures (Fig. 1c, 1d). 
Since the SC substrate is free from any grain boundaries, the optical 
losses are expected to be minimum in SC W substrate, and the contri
butions of ΓGB are zero. On the other hand, there might still be a 
contribution from ΓS as ellipsometry measures reflected light that also 
excites electrons close to the surface. Despite a low surface roughness of 
PC W substrate comparable to SC W substrate, 0.8 nm vs 0.5 nm, 
respectively (Fig. S4), the PC W substrate shows a slight deviation in ε1 
and ε2 compared to SC W substrate at wavelengths higher than 6000 nm 
(Fig. 1c, 1d). Which can be described by a slight increase in the collision 
frequency of the PC W substrate. The PC W substrate contains grains in 
the range of 10 μm − 50 μm, which should not contribute to a measur
able difference in collision frequency. This difference is probably an 
artefact due to the imperfections or dislocations in the PC W substrate, 
which is attributed by the ellipsometric fitting to change of permittivity 
of the film. PC substrate shows a good agreement with the permittivity 
values reported by Xu et al [18]. For example, in this work, ε2 of 20 and 
791 were observed at 1000 nm and 12000 nm, respectively, whereas in 
Xu et al. [18] work, 17 and 1025 were observed at the corresponding 
wavelengths. The observed differences in the permittivity values are due 

Fig. 2. a) ΓD as a function of temperature for different film thickness dW. The error bar designates one standard deviation. The solid lines are a guide to the eye. The 
green trace shows the data from Xu et al. [18] for a PC W substrate, where ΓD between RT and 400 ◦C is extracted from spectroscopic ellipsometer measurements, and 
the ΓD at 600 ◦C is corresponding to the theoretical calculation. b) ΓD as a function of inverse film thickness dW at RT and 1000 ◦C. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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to the structural differences between the PC substrates. 
In order to investigate the effect of the temperature on the optical 

constants, W film structures with various dW were investigated at high 
temperatures using an in-situ spectroscopic ellipsometer. W is prone to 
oxidization at 1000 ◦C when there is no protective layer, or enough 
residual O2 partial pressure is available in the heating chamber [10,51]. 
Herein, the heating chamber is operated under a high vacuum, thereby, 
no oxidization of W is expected. The oxidization behaviour of W at 
different vacuum conditions is investigated, and discussed in the Sup
porting Information (Fig. S5). 

Fig. 3 shows ε1 and ε2 of the W structures with 160 nm and 5 nm 
thicknesses at RT and high temperatures up to 1000 ◦C, and the corre
sponding as-fabricated bright-field (BF) TEM images are shown in the 
insets of Fig. 3a, 3c. Optical constants for all dW in the visible-mid 
infrared range are shown in Fig. S6 and S7, and in the visible to near- 
infrared range are shown in Fig. S8 and S9. As it can be seen in 
(Fig. 3b), for a 160 nm dW, ε2 increases in the visible and near-infrared 
range, and it decreases in the mid-infrared range. (Fig. 2a) shows that for 
a 160 nm dW, an increment in ΓD is observed with respect to tempera
ture. The temperature-dependent ΓD term is given by Γe-e and Γe-p, where 
ΓD is connected to scattering rate τ as ΓD= ħ/τ, with ħ as the reduced 
Planck constant. According to the Born approximation and Thomas- 
Fermi screening of the Coulomb interaction [68–70], 

1
τe− e

=
1
12

π3ΓΔ
1

ℏEF
[(kBT)2

+
(ℏω

2π

)2
] (7)  

Here, Γ,Δ,EF and kB are the average scattering probability, the frac
tional Umklapp scattering, Fermi energy of the free electrons and 
Boltzmann constant, respectively. From Eq. (7), Γe-e depends on tem

perature and frequency. However, the term (kBT)2 is smaller than 
(

ℏω
2π

)2 

for all the temperatures and frequencies used in this study. Therefore, 
the contribution of Γe-e with respect to temperature is not considered. 
According to the electron–phonon gas theory of Holstein [71–73], the 
electron–phonon scattering rate defining the electron–phonon scat
tering frequency is given by 

1
τe− p

=
1
τ0
[
2
5
+

T
θ
] (8)  

where θ is the Debye temperature. It clearly shows that Γe− p increases 
linearly at large temperatures. When the temperature of the metal is 
raised, the mean phonon number density in the metal will increase ac
cording to Bose-Einstein statistics, which enhances the electron–phonon 
scattering. (Fig. 2a) shows ΓD vs T for different dW. A linear relationship 
is observed between ΓD and T, regardless of dW. Xu et al. [18] show the 
measured and calculated temperature-dependent optical properties of 
PC W substrate at temperatures up to 400 ◦C and 600 ◦C, respectively, 
(Fig. 2a-green trace), where a monotonic increment in the ΓD is clearly 
observed with a rise in the temperature. The ΓD of the PC W substrate 
changes from 0.059 eV to 0.11 eV when the temperature rises from RT to 
400 ◦C, whereas in the current work it varies from 0.02 eV to 0.09 eV. 
The rate of ΓD change with respect to temperature is 0.13 meV/◦C and 
0.18 meV/◦C, in Xu et al. [18] and the current work, respectively. A 
good agreement is observed for ΓD at 600 ◦C. The difference in ΓD at RT 
between Xu et al. [18] and the current work can be attributed to the 
structural properties of the PC W substrate, where the impurities, grain 
size, surface roughness and oxidization determine the ΓD. 

Fig. 2b shows the variation of ΓD vs 1/dW at RT and 1000 ◦C, where 
the two traces are parallel to each other. It is clearly seen that ΓD@1000 ◦C 
-ΓD@RT is approximately a constant (Fig. 2b-gray trace) for every dW. 
Similarly, for other temperatures, ΓD@HT -ΓD@RT is always a constant 
(from the linear ΓD vs T, Fig. 2a). Thus, it can be concluded that Γe− p 

Fig. 3. a, b) In-situ real and complex dielectric permittivities, ε1 and ε2, respectively, of a 160 nm dW structure at RT, and high temperatures, up to 1000 ◦C under 2 
× 10-5 mbar vacuum pressure. Similarly, in-situ real and complex dielectric permittivities of a 5 nm dW structure are shown in (c, d). As-fabricated BF-TEM images of 
160 nm and 5 nm W structures are shown in the insets of (a and c), respectively. 
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does not depend on film thickness. In summary, ΓD increases linearly 
with temperature due to Γe− p, and inversely proportional to dW due to 
ΓGB and ΓS. The temperature-dependent parameters of the Drude- 
Lorentz model of 160 nm dW film thickness are shown in Table S3 and 
Fig. S10. The standard deviation of the ΓD lies between 0.9 meV and 3.1 
meV when the temperature of 160 nm dW structure is raised from RT to 
1000 ◦C, respectively, which account for a minimal change of 1.2% of ΓD 
at 1000 ◦C. The observed ε2 trends in different spectral regions (Fig. 3b) 
can be explained using Eqs. (3) and (4): When ΓD≪ω, ε2 increases with 
temperature, and when ΓD≫ω, ε2 decreases with the temperature. 
Similarly, the 5 nm W structure also shows different ε2 tendencies in the 
different spectral ranges (Fig. 3d). 

Fig. 3a,c shows the temperature-dependent ε1 of 160 nm and 5 nm 
dW. A positive change of ε1 is observed when the temperature is raised 
from RT to 1000 ◦C. At high temperatures, the changes in ε1 are pri
marily associated with ΓD . Additional contribution can be expected from 
a change of ωp. The plasma frequency is given by, 

ωp =

̅̅̅̅̅̅̅̅̅̅

Ne2

m*∊0

√

(9)  

Here N, e, m* and ∊0 are the free-electron carrier density, charge of the 
electron, electron effective mass and free space permittivity. As the 
temperature is raised, due to lattice thermal expansion, N will be slightly 
reduced and thereby decrease the plasma frequency. On the other hand, 
the effective mass may increase or decrease in different metals [74]. 
Thus, the interplay between N and m* defines ωp. These parameters can 
be different, depending on the growth and quality of the deposited films. 
A non-monotonic behaviour of ωp (Fig. S10) is observed for a 160 nm dW 
structure, similar to other metals at high temperatures, such as Au, Ag, 
TiN, etc [29,33,41]. From Table S2, ωp changes only slightly with 
temperature and as the maximum deviation observed between RT and 
1000 ◦C is around 6%, thus, no significant changes in the optical 
properties are expected. Moreover, the standard deviation of ωp is less 
than 1% for the entire measured temperature range. Fig. S11 shows the 
effect of including roughness in the ellipsometric model of the optical 
constants for a 160 nm dW structure, where no variation in the optical 
constants was observed. Thus, the roughness has a negligible effect on 
ωp and ΓD. Therefore, the observed changes in ε1 at high temperatures is 
primarily due to ΓD (Eq. (5) and (6)). 

The SC and PC W substrates also show similar trends for ε1 and ε2 
(Fig. S12) at high temperatures. In the Xu et al. work [18], the calculated 
ωp of the PC W substrate at RT from theoretical calculations and spec
troscopic ellipsometry measurements is 7.13 eV and 5.21 eV, respec
tively, and a variation between 5.85 eV and 7.81 eV is reported 
elsewhere [17,75–77]. Whereas in the current work, the PC W substrate 
exhibits a ωp of 6 eV. Xu et al. [18] show a linear decrement in ωp when 
the temperature is increased from RT to 400 ◦C, whereas in the current 
work a non-monotonic change in ωp is observed (Table S4). 

To assess the structural modifications in the film structures after 
measuring the optical constants at high temperatures, transmission 
electron microscopy (TEM) investigations were performed. Fig. S13 
shows the BF-TEM images of 5 nm and 160 nm dW structures before and 
after measuring the optical constants using in-situ ellipsometry at tem
peratures up to 1000 ◦C, under a high vacuum condition of 2 × 10-5 

mbar pressure. Since the W films were optimized to grow in α-W, which 
is thermodynamically stable, minimum structural changes can be ex
pected after heating the W structures at high temperatures. As seen in 
Fig. S14, the X-ray reflection of the α-W at (110) is left intact, and no 
sign of β-W or W-oxides are observed after heating the 160 nm structure 
at 1000 ◦C. Further, a narrow reflection (110) of the heated structure 
confirms the grain growth in the W structure owing to the thermal 
activation processes. Still, W thin films show unprecedented thin film 
stability without island formation after the heat treatment at 1000 ◦C. 
The 160 nm dW structure is left intact compared to the as-fabricated 

structure, and even the 5 nm structure shows a continuous layer of W 
film without any breakage (Fig. S13b). It is noted that defects such as 
pinholes or voids are not observed after heating the W structures at 
1000 ◦C. The RMS roughness of the W structures remains below 1.8 nm, 
which is consistent with the reported data [49,78]. 

Fig. 4a-d show scanning transmission electron microscopy high- 
angle annular dark-field (STEM-HAADF) images and element maps 
created by EDS analyses of the as-fabricated 5 nm dW structure. Simi
larly, for a 160 nm dW structure, the spectrum images are shown in 
(Fig. 4f-h). The elements W, O and Al can be seen in the spectrum im
ages, and the as-fabricated W structures are free from any O2 contami
nation during the deposition process. Fig. 4i-l and 4m-p show the STEM- 
HAADF and spectral images of the 5 nm and 160 nm dW structures, 
respectively, after heating at 1000 ◦C. There is no evidence of O 
observed in the W structures due to the small residual partial O2 pressure 
in the heating chamber (Fig. 4k,o). The magnified areas of the W 
structures around the Al2O3 interface, marked on Fig. 4i,m, are shown in 
(Fig. 4q-x and S15). No inter-diffusion of W into the Al2O3 layer or vice- 
versa is observed in the 5 nm and 160 nm dW structures, whereas the 5 
nm dW structure shows W content at the Al2O3 interface. From the EDS 
intensity profiles shown in Fig. S16, the W droplets at the W/Al2O3 are 
likely due to the redeposition of W residues during the FIB Lamella 
preparation. 

The long-term thermal stability of the W thin film is investigated by 
annealing an 80 nm dW structure at 1000 ◦C up to 120 h under a high 
vacuum condition of 2 × 10-6 mbar pressure (Fig. S17). W structures 
show exceptional thermal stability when the partial O2 pressure in the 
annealing chamber is low [10,79]. 

Further, to demonstrate the application of film thickness and 
temperature-dependent optical properties of W, a hyperbolic meta
material emitter (based on W and HfO2) is designed and fabricated as a 
spectrally selective thermal emitter for TPV application [8,10,79]. In 
TPV, the emitter should provide a step-shaped spectral response to 
match the external quantum efficiency of the PV cell. Therefore, a se
lective thermal emitter should provide an emissivity ε = 1 for E > Eg and 
ε = 0 for E < Eg, where E and Eg are the thermal photon energy and 
bandgap energy of the PV cell, respectively. A schematic presentation of 
the W and HfO2-based 1D hyperbolic multi-layered metamaterial 
emitter is shown in the inset of (Fig. 5a), where six bilayers of W and 
HfO2, with thicknesses of 20 nm and 100 nm, respectively, are sand
wiched between a bottom thick W layer and a top protective HfO2 layer, 
each of 100 nm thickness. These thicknesses were chosen in order to 
adjust the cutoff wavelength to an InGaAsSb PV cell with a bandgap of 
Eg = 0.55 eV (≙ 2.25 μm) [80], which corresponds to the blackbody 
maximum of the emitter at 1000 ◦C. The calculated and measured ab
sorptivity of the emitter are shown in (Fig. 5a). This is equivalent to 
emissivity due to Kirchoff’s law. A transfer matrix method (TMM) is used 
to calculate the absorptivity spectrum. For example, when the bulk W 
substrate optical constants were used to model both thin and thick (20 
nm and 100 nm, respectively) dW films in the metamaterial structure, 
the calculated spectrum (Fig. 5a-solid cyan line) shows a shallow 
decrease in the absorptivities/emissivities around 2 μm spectral region. 
Particularly in the near-infrared regions, the absorptivity/emissivity 
goes below 5%, and it appears to be an ideal structure to use in TPV. 
However, the measured absorptivity/emissivity spectrum (Fig. 5a-black 
dotted line) shows a good correspondence with the calculated spectrum 
below 1.7 μm and afterwards, a significant deviation (relatively a 2–5 ×
increment) in the absorptivity/emissivity is observed at the near- 
infrared region. Thus, if the bulk optical constants were used to model 
the structure, a substantial difference in the spectral efficiency can be 
expected. Similarly, in the other works published elsewhere 
[2,8,20–22], drastic variations between the calculated and measured 
optical spectra are observed. Whereas, when the thin film optical con
stants measured by the ellipsometer are used in the TMM calculations, 
(the optical constants of 20 nm and 80 nm dW structures measured at RT- 
Fig. 1c,1d), Fig. 5a-solid black line shows the obtained absorptivity/ 
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emissivity spectrum. Since there is no difference between the optical 
constants of 80 nm and 160 nm dW structures (Fig. 1c,1d), an 80 nm dW 
structure optical data is used in TMM calculations to model the 100 nm 
thick bottom layer of the metamaterial structure. The calculated ab
sorptivity/emissivity spectrum shows a good spectral match (~95%) 
with the measured spectrum, where minute differences might be 
attributed to the measurement technique (see the experimental section). 
Therefore, it is pivotal to use the optical constants of the appropriate 
thin film structures in the model to calculate/estimate the optical 
functionality of the structures precisely. 

Furthermore, a significant increase in the collision frequency is ex
pected at elevated temperatures, thereby changing the spectral selec
tivity of the emitter. Fig. 5b shows the calculated absorptivity/ 
emissivity spectra of the 1D metamaterial emitter at RT and high tem
peratures, up to 1000 ◦C, where the optical constants of the 20 nm and 
80 nm dW structures measured using an in-situ spectroscopic ellips
ometer at the respective temperatures (Fig. S6 and S7) are used. As can 

be seen in Fig. 5b, the spectral emissivity at the long-wavelength region 
(above the cutoff wavelength λC of the PV cell) increases with temper
ature due to e-p scattering. A marginal increment in the emissivity is 
noticed at 200 ◦C, and thereafter a significant increment in the emis
sivity is observed starting from 400 ◦C. At 1000 ◦C, an average of more 
than 2 × increment in the emissivity is observed at longer wavelengths. 
The spectral efficiency of the emitter, ηemitter, is calculated using Eq. (10). 

ηemitter =

∫∞

Eg

Eg

E
ε(E)IBB(E, Temitter)dE/

∫∞

0

ε(E)IBB(E,Temitter)dE (10)  

where ε, Temitter, and IBB correspond to the spectral emissivity, emitter 
temperature and blackbody spectral power density at the emitter tem
perature, respectively. At 1000 ◦C, the 1D metamaterial emitter exhibits 
ηemitter ~ 34% in comparison to 19% which will be obtained with just the 
black body emission. For instance, when there is no increment in the 

Fig. 4. a-d) STEM-HAADF image of as-fabricated 5 nm dW structure (a), and elemental mapping images (b-d) showing the distribution of W, O and Al. Similarly, a 
160 nm dW structure is shown in (e-h). STEM-HAADF images (i, m) and element maps (j-l and n-p) of the W structures with 5 and 160 nm dW after heating at 1000 ◦C 
under 2 × 10-5 mbar vacuum pressure. q-x) Magnified views of the marked areas on (i and m) and their corresponding element maps. 

Fig. 5. a) Calculated and measured absorptivity or emissivity (α/e) of a hyperbolic metamaterial emitter structure at RT. λC is the cut-off wavelength of the PV cell. 
The insert shows the geometry of the structure. b) The calculated absorptivity/emissivity of the structure at high temperatures, up to 1000 ◦C, calculated from the 
optical constants measured using an in-situ high temperature ellipsometer. 
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emissivity at longer wavelengths during the high temperature operation 
of 1000 ◦C, i.e., using the RT optical constants of W thin film structures 
at high temperatures, 1D emitter exhibits ηemitter ~ 44%. However, when 
the RT bulk W data is used, the emitter spectral efficiency is over
estimated to 58%. Thus, a substantial change in the perceived spectral 
efficiency is observed when the RT optical constants are used to calcu
late the optical properties of the structures at high temperatures. In 
order to obtain realistic values, therefore, it is crucial to use the high 
temperature optical constants of the thin film structures to calculate the 
optical properties of the nanostructures at elevated temperatures. 

4. Conclusion 

The optical properties of W thin films with thicknesses between 5 nm 
− 160 nm in the wavelength range of 500 nm – 15000 nm are investi
gated in the temperature range from room temperature up to 1000 ◦C. 
By decreasing the W film thickness below 80 nm, an increased imaginary 
part of the complex-dielectric permittivity is observed. Once the film 
thickness or grain size approaches the length scales of the electron mean 
free path, the optical constants of the films change drastically due to 
additional electron scattering, where the additional collision frequency 
is inversely proportional to dW. 

At high temperatures, the increase in phonon density causes a large 
e-p scattering which is proportional to the temperature change and 
further increases the optical losses in the structure. The electron–phonon 
interaction becomes the dominant loss mechanism at high temperatures, 
even in thin film structures. 

The significance of the film thickness and temperature-dependent 
optical constants of the W structures in high temperature applications 
is demonstrated with an example of a 1D hyperbolic metamaterial 
emitter structure. When the bulk optical constants are used to model the 
structures, a substantial deviation between calculated and measured 
absorptivity/emissivity spectra are observed. Whereas, when the optical 
constants of thin films are used, the calculated and measured absorp
tivity/emissivity spectra show a good agreement, which highlights the 
accuracy of the optical constants evaluated from thin films. These 
findings underline the necessity of the thickness and temperature- 
dependent optical constants of the thin films to accurately model and 
optimize the optical properties of the photonic/plasmonic nano
structures at RT and elevated temperatures. 

CRediT authorship contribution statement 

Mahima Arya: Writing the manuscript, Ellipsometer measurements, 
reflection measurements and thermal stability measurements. Ankita 
Ganguly: Ellipsometer measurements, reflection measurements and 
thermal stability measurements. Gnanavel V. Krishnamurthy: Fabri
cation of W structures, performed XRD measurements and analyzed the 
diffraction patterns considering phase formation and structural prop
erties. Surya S. Rout: STEM-imaging and elemental mapping,. Leonid 
Gurevich: AFM imaging and analysis. Tobias Krekeler: STEM-imaging 
and elemental mapping. Martin Ritter: STEM-imaging and elemental 
mapping. Kjeld Pedersen: Conceptualization, reviewing and editing the 
manuscript. Michael Störmer: Fabrication of W structures, performed 
XRD measurements and analyzed the diffraction patterns considering 
phase formation and structural properties. Alexander Yu Petrov: 
Conceptualization, reviewing and editing the manuscript. Manfred 
Eich: Conceptualization, reviewing and editing the manuscript. Man
ohar Chirumamilla: Conceptualization, Writing – review & editing, 
Writing the manuscript, Ellipsometer measurements, reflection mea
surements and thermal stability measurements, reviewing and editing 
the manuscript. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors gratefully acknowledge financial support from the 
German Research Foundation (DFG) via SFB 986 ‘Tailor-Made Multi- 
Scale Materials Systems: M3’, Project-ID 192346071, and projects C1, 
C7 and Z3. K. Pedersen acknowledges the financial support from the 
Novo Nordisk, grant number NNF20OC0064735. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsusc.2022.152927. 

References 

[1] M. Chirumamilla, A.S. Roberts, F. Ding, D. Wang, P.K. Kristensen, S.I. Bozhevolnyi, 
K. Pedersen, Multilayer tungsten-alumina-based broadband light absorbers for 
high-temperature applications, Opt. Mater. Express 6 (2016) 2704. 

[2] K. Cui, P. Lemaire, H. Zhao, T. Savas, G. Parsons, A.J. Hart, Tungsten-Carbon 
Nanotube Composite Photonic Crystals as Thermally Stable Spectral-Selective 
Absorbers and Emitters for Thermophotovoltaics, Adv. Energy Mater. 8 (2018) 
1801471. 

[3] E. Brodu, M. Balat-Pichelin, J.L. Sans, J.C. Kasper, Evolution of the emissivity of 
tungsten at high temperature with and without proton bombardment, Acta Mater. 
84 (2015) 305. 

[4] R. Freeman, F. Rigby, S. Doerr, L. Grimes, D. Ward, Reflectance of laser-damaged 
spacecraft thermal control materials, Proc. SPIE 3343 (1998) 983. 

[5] O. Ilic, P. Bermel, G. Chen, J.D. Joannopoulos, I. Celanovic, M. Soljačić, Tailoring 
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A nanophotonic solar thermophotovoltaic device, Nat. Nanotechnol. 9 (2014) 126. 

[10] M. Chirumamilla, G.V. Krishnamurthy, K. Knopp, T. Krekeler, M. Graf, D. Jalas, 
M. Ritter, M. Störmer, A.Y. Petrov, M. Eich, Metamaterial emitter for 
thermophotovoltaics stable up to 1400 ◦C, Sci. Rep. 9 (2019) 7241. 

[11] L. Boltzmann, Ableitung des Stefan’schen Gesetzes, betreffend die Abhängigkeit 
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