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Structural degradation of tungsten 
sandwiched in hafnia layers 
determined by in‑situ XRD 
up to 1520 °C
Gnanavel Vaidhyanathan Krishnamurthy 1*, Manohar Chirumamilla 2, 
Surya Snata Rout3, Kaline P. Furlan4, Tobias Krekeler3, Martin Ritter3, Hans‑Werner Becker5, 
Alexander Yu Petrov1,2,6, Manfred Eich1,2 & Michael Störmer1

The high‑temperature stability of thermal emitters is one of the critical properties of 
thermophotovoltaic (TPV) systems to obtain high radiative power and conversion efficiencies. W 
and  HfO2 are ideal due to their high melting points and low vapor pressures. At high temperatures 
and given vacuum conditions, W is prone to oxidation resulting in instantaneous sublimation of 
volatile W oxides. Herein, we present a detailed in‑situ XRD analysis of the morphological changes 
of a 3‑layer‑system:  HfO2/W/HfO2 layers, in a high‑temperature environment, up to 1520 °C. These 
samples were annealed between 300 °C and 1520 °C for 6 h, 20 h, and 40 h at a vacuum pressure below 
3 × 10–6 mbar using an in‑situ high‑temperature X‑ray diffractometer, which allows investigation of 
crucial alterations in  HfO2 and W layers.  HfO2 exhibits polymorphic behavior, phase transformations 
and anisotropy of thermal expansion leads to formation of voids above 800 °C. These voids serve as 
transport channels for the residual  O2 present in the annealing chamber to access W, react with it 
and form volatile tungsten oxides. An activation energy of 1.2 eV is calculated. This study clarifies 
the limits for the operation of W‑HfO2 spectrally selective emitters for TPV in high‑temperature 
applications.

A major portion of industries globally, still rely on fossil fuels as their primary resource of  energy1. A significant 
amount of this energy is wasted as unexploited heat, named waste heat. One means of efficiently utilizing the 
wasted heat to harness electricity can be realized by using a thermophotovoltaic (TPV)  system2. A TPV system 
can as well produce electric power from fossil  fuels3, solar  radiation4–8 and in radioisotope thermoelectric gen-
erators (RITEGs)9–11. In TPV, an emitter is heated to high-temperatures, typically above 1000 °C, and its radiant 
thermal energy is directly converted into electricity using photovoltaic (PV)  cells12–15. The efficiency of the TPV 
system can be enhanced by using spectrally selective  emitters16–23. Such selective emitters are designed to precisely 
emit spectrally tailored radiation that matches the band gap of the PV cell. One of the critical parameters for 
obtaining high power and efficiency is operating the emitters at high-temperature, as the radiated  power24 of a 
black body and also of a selective thermal emitter is proportional to T4 according to the Stefan Boltzmann  law25 
and the spectral maximum shift to shorter wavelengths proportional to 1/T which is known as Wien’s displace-
ment law and can be derived from Planck’s law of radiation. This implies that the emitter should work at 1400 °C 
temperature, to match the bandgap Eg of high efficiency GaSb PV cell at 0.72 eV26. It is worth mentioning that 
besides increasing the total radiated power by almost a factor of 4, a raise in temperature from 1000 to 1400 °C 
will also increase the TPV efficiency of a metamaterial emitter from 33 to 48%27. Therefore, high-temperature 
stability and long lifetime at these temperatures are required for the effective performance of a TPV system.
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In this perspective, appealing choices of metals with high melting point are Mo (2620 °C), Ta (3020 °C) and 
W (3410 °C), while  Al2O3 (2054 °C),  ZrO2 (2715 °C), and  HfO2 (2800 °C) are suitable alternatives among the 
 dielectrics28–30. Photonic  crystals31,  gratings32, and multilayered  metamaterials33 comprising of alternate layers 
of metal and dielectric are examples of selective emitters. Arpin et al.34 demonstrated a stability of 1000 °C in 
their W based 3D photonic crystal prepared by conformal deposition of W using atomic layer deposition (ALD). 
Yokoyama et al.35 used a combination of Mo and  Al2O3 to fabricate a metal–insulator–metal thermal emitter that 
reached an operational temperature of 1000 °C. Thermal stability of a W/Al2O3 based metasurface solar absorber 
up to 1200 °C was demonstrated by Chang et al.36 using in-situ high-temperature reflectance experiments. Kim 
et al.37 reported a multilayer metamaterial design consisting of W/Al2O3 layers, which showed thermal stability up 
to 1200 °C for 3 h. The degradation in optical properties was observed due to the agglomeration of W within the 
layers with further increase in the temperature. Kohiyama et al.38 and Shimizu et al.39 carried out high-tempera-
ture experiments up to 1360 °C on selective absorber/emitters, which were a combination of layered multilayers 
of Mo/HfO2 and W/Yttria stabilized zirconia (YSZ). Often the cause of structural failure at high-temperatures 
is due to  oxidation33,40–42 and surface  diffusion43–45 in the layered stacks. The other notable mechanisms that are 
observed at high-temperatures are stress induced in the multilayers leading to delamination and  cracking46.

In a more general perspective for high-temperature stable metamaterials, not only the melting point but 
as well the vapor  pressure47 of both layer materials is important for a good thermal stability. It is known that 
materials which attain a high vapor pressure below their melting point on heating, tend to sublimate directly 
into the gaseous phase at a temperature below their melting  point48. Therefore, the materials selected for a high-
temperature application should possess a low vapor pressure: W and  HfO2 are exceptional in their classes of 
materials. The vapor pressure of W is 8.15 × 10–10 mbar at 2000 °C49 is the lowest among metals and that of  HfO2 
is 1 × 10–13 mbar at 1732 °C50, shows exceptional low vapor pressure among dielectrics.

Herein, we focus on in-situ X-ray diffraction (XRD) experiments of a simplified 3-layer-system of 100 nm 
 HfO2/20 nm W/100 nm  HfO2 shown (Fig. 1a–c) in order to investigate time-dependence of the structural and 
morphological changes of the layer materials at high-temperatures. The repetition of a 3-layer-system can be used 
to construct a multilayered selective emitter. The 3-layer-system is prepared by magnetron sputtering, a method 
well established for depositing refractory materials, that facilitates the growth of highly uniform and precise 
 multilayers51–53. The primary goal of using a 3-layer-system is to understand the mechanism of oxidation in a 
single W layer that leads to initial structural changes, followed by degradation at various annealing temperatures 
and durations. Chemical composition and morphology of the 3-layer-systems after preparation and after different 
annealing experiments were characterized by scanning transmission electron microscopy—energy dispersive 
X-ray spectroscopy (STEM-EDS). Further, we discuss the changes observed in the 3-layer-system due to high 
operational temperatures such as phase formation, changes in interplanar spacings and grain sizes, and alterations 
of the volume fractions of the observed phases. Structural degradation mechanisms of W films at high vacuum 
conditions and above 1000 °C operational temperatures are demonstrated, which reveals the current limitations 
in the life-time of W-based metamaterials. These measurements allow a better understanding of the underlying 
mechanisms of the failure of W/HfO2-multilayered metamaterials at high-temperatures.

Results and discussion
Ex-situ X-ray diffraction measurements of two identical 3-layer-systems after 6 h annealing experiments allow 
us to investigate the changes of crystal structure and phase formation under high vacuum conditions at two 
different temperatures. Slight variations are noticeable after the moderate annealing at 650 °C (Fig. 2a) and 
distinct changes are visible after 1520 °C (Fig. 2b). Before annealing, it is always important to control that the 
as-prepared samples are comparable, which can be confirmed by nearly identical diffraction patterns, which 
contain only a few peaks that corresponds to three phases in the recorded range. The peaks (110) at 39.9° and 
(200) at 58.3° correspond to the body centered cubic (bcc) phase of α-W. The α-phase is the thermodynamically 
stable phase of W and the metastable ß-phase of W is not present in our  films54. In the case of  HfO2, a coexist-
ence of a nanocrystalline monoclinic phase and an amorphous phase is observed after preparation. The (− 111) 
peaks at 28.3° can be attributed to the monoclinic phase of  HfO2, whereas the broad bump around 30.4° cor-
responds to the amorphous phase of  HfO2. In the case of the monoclinic  HfO2, the full width at half maximum 

Figure 1.  (a) Schematic of the 3-layer-system used in the annealing experiment (b) scanning transmission 
electron microscope (STEM) image of an as-prepared 3-layer-system; prior to focused ion beam (FIB) milling 
a thin layer of C was deposited above the top  HfO2 layer to circumvent charging of the substrate (the sapphire 
substrate is not shown) (c) Image of the 3-layer-system at 1520 °C inside the heating chamber.
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of the (− 111) peak is only 0.48°, whereas the amorphous phase of  HfO2 at 30.4° possesses a broad peak with a 
FWHM value of 5.2°. From the peak shape of the diffraction pattern, it is estimated (using Bruker EVA software) 
that the as-prepared  HfO2 layers have volume fraction of 56% and 44% for the crystalline and amorphous phase 
after preparation. Due to annealing, already after 650 °C, the crystallinity of  HfO2 is increased, since the broad 
peak of the amorphous phase has vanished, and some new crystalline peaks of the monoclinic phase appeared. 
Furthermore, after 1520 °C, the peaks become sharper and a number of new peaks are identified, all of them 
attributed to the monoclinic phase of  HfO2. A slight change in the (110) W peak position to 40.1° is observed, 
since the bcc W structure relaxes towards the thermodynamic equilibrium position of bulk W, which is 40.265° 
(PDF card 00-004-0806) at room temperature. These changes are discussed later in more detail. It is most likely 
that new peaks from the monoclinic phase of  HfO2 occur during annealing as the existing grains  grow55, in 
order to attain a new position due to relaxation. In summary, after annealing to either 650 °C or 1520 °C only 
two phases are evident, the bcc phase from W and the monoclinic phase from  HfO2. It is worthwhile to mention 
that there is no evidence of any solid-state reactions between the two-layer materials in the 3-layer-system such 
as  WOx, Hf-W-O alloys, and pure Hf. The two obtained phases only present small shifts in the peak positions for 
two different annealing temperatures, but there is no hint for any phase or composition change during annealing.

In an in-situ annealing experiment, one can clearly visualize transient phase formation and their changes 
as a function of time and temperature. Diffraction patterns were recorded sequentially during ramp-up of the 
temperature. Using controlled heating rates enables us to pursue reaction kinetics and material transport pro-
cesses undergone by the sample.

The diffraction patterns of a 3-layer-system recorded at different temperatures during the ramp part of the 
annealing experiments are shown in Fig. 3, from room temperature up to 1520 °C. In the first instance, it is 
clearly noticeable that the peaks get sharper as the temperature increases and move to higher angles due to 
relaxation approaching the equilibrium value at the adjusted temperature. The broad, amorphous bump of  HfO2 
at room temperature slowly starts to vanish. It is well known from the literature that  HfO2 exhibits polymorphic 

Figure 2.  Diffraction patterns of the two identical 3-layer-systems: 100 nm  HfO2/20 nm W/100 nm  HfO2, 
measured before and after annealing at 650 °C (a) and 1520 °C (b) for 6 h.

Figure 3.  In-situ XRD 2θ scans of a 3-layer-system from room temperature until 1520 °C. During this 
temperature increase (represented by thick blue line in the inset, which shows the whole annealing experiment) 
a tetragonal phase of  HfO2 appears around 200 °C and later slowly disappears above 800 °C.
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 behavior30. A new peak (101) from the tetragonal phase of  HfO2 (Supplementary Figs. 1, 2) emerges from the 
amorphous region at 30.3°, as the temperature rises to 200 °C. This peak continues to grow in intensity and 
tends to become narrower until the ramp temperature reaches 750 °C, after which there is a decline in (101) 
peak intensity. The d-values of this tetragonal phase are nearly constant with d101 = 0.2951 nm at 200 °C and 
d101 = 0.2968 nm at 750 °C, and this small change is associated to thermal expansion. On the other hand, the 
intensity of the (− 111) peak, the strongest X-ray spot from the monoclinic  HfO2 phase starts to grow higher in 
intensity, where it is doubled at 500 °C and tripled at 1250 °C. This is a clear indication that the tetragonal phase 
formed at 200 °C is transformed into the highly stable monoclinic phase at high temperatures. These results 
are in good agreement to the experiments carried out by Ushakov et al.56 and Zhao et al.57, as they observed 
amorphous  HfO2 phases that crystallize into tetragonal phase first and later transform into the stable monoclinic 
phase in thin films, which were prepared by sol–gel, pulsed laser deposition (PLD)56 and atomic layer chemical 
vapor deposition (ALCVD)57. As the temperature increases above 1000 °C, we do not see any evidence for a 
tetragonal phase, but more new peaks corresponding to the monoclinic phase of  HfO2 start to appear such as 
(111) and (− 201). We do not observe any phase change in the W layer except the sharpening of the (110) W 
peak during the heating ramp.

The second and most important stage in the temperature excursion of the 3-layer-system is the isothermal 
process. Here, diffraction patterns are recorded as a function of time under constant temperature. These meas-
urements yield significant information on the kinetics of degradation observed in the 3-layer-system. 2θ scans 
in the range of 26°–43° at 1520 °C spanning over 6 h are displayed in Fig. 4. There is a slow increase in 2θ values 
of both the (− 111) monoclinic  HfO2 and (110) bcc W peaks. The peaks get sharper over time and the FWHM 
of both the peaks decrease due to grain coarsening. There is no indication of any phase or composition change 
appearing in the diffraction patterns, which is ideal for the application as high-temperature stable material. The 
most striking feature to observe is the intensity reduction of the (110) bcc W peak over time, while the (− 111) 
monoclinic  HfO2 remains constant during the 6 h annealing period. After cooling down the 3-layer-system to 
room temperature, the diffractograms do not show any additional phase of  HfO2 and it persists in the mono-
clinic phase. This is represented in the last scan (brown color, Fig. 4) of the sequence of diffraction patterns, in 
which a shift in 2θ value to higher angle is observed due to thermal contraction. It is important to mention that 
the final properties of the 3-layer system after in-situ and ex-situ experiments are similar, but it also indicates 
that the in-situ scans give us the tools to reveal information about internal and as well irreversible changes of 
structure and microstructure.

The time-dependent change of the interplanar spacing d110 of the bcc W phase allow us a first insight of the 
degradation process. Therefore, the influence at two annealing temperatures 650 °C (red markers) and 1520 °C 
(blue markers) was measured (Fig. 5a). Before annealing, the d-values measured at room temperature for the 
two samples are nearly the same, since the values are d110 = 0.2255 nm for the sample 650 °C and d110 = 0.2256 nm 
for sample 1520 °C. The small vertical offset (of less than 0.0001 nm) between the room temperature values is 
a systematic error caused by the initial height adjustments of the high-temperature stage before the start of the 
experiment. In general, the interplanar spacing d110 without any stress relaxation or other irreversible process 
increases with higher temperature during annealing. However, it is essential to compare steady- state d-values 
at two different fixed temperatures to understand the significance of grain growth, stress relaxation and recrys-
tallization with respective to the high-temperature stability. Initially, there is a small increase of d-value until 
200 °C the first five points (highlighted in green ellipse, Fig. 5a), this is due to the thermal expansion as the 
atomic mobility is still too small for stress relaxation. The observed thermal expansion of W film is 4 × 10–6 K−1 
and it is in good agreement with bulk  W58, i.e. 4.12 × 10–6 K−1. Using magnetron sputtering at low Ar pressure of 

Figure 4.  In-situ X-ray diffraction measurements of a 3-layer-system performed during isothermal annealing 
at 1520 °C for 6 h. The inset shows the whole annealing experiment with the isothermal part marked by a thick 
blue line. The (− 111) peak of the monoclinic  HfO2 phase is unchanged, however, the (110) peak of the bcc W 
phase is decreased successively. The last diffractogram colored in brown is measured at room temperature, at the 
end of the annealing experiment.
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2 × 10–3 mbar, the films are most likely in a state of compressive  stress59 as a result of atomic  peening60,61. Thus, 
the growing film is densified by later arriving atoms having a mean kinetic energy in the order of 2–10 eV62.

Above 200 °C, until the onset of the isothermal state of the heating experiment, atomic mobility is now large 
enough to release stress, hence a drop in the d-value is observed. Later during the isothermal stage, there is ini-
tially a drop in d-values due to stress release, but later it is gradually counter-reacted by the thermal expansion 
and the d-values stabilize at 0.2248 nm for 650 °C sample and 0.2252 nm for 1520 °C sample. On cooling down 
the sample to room temperature at the end of the annealing experiment, the d-value of the sample annealed at 
1520 °C almost reaches the tabled equilibrium value of bulk W d110 = 0.2238 nm (PDF card 00-004-0806). It is 
worthwhile to mention that the difference in d-values at room temperature after annealing at 1520 °C and 650 °C 
is increased, since the interplanar spacings are 0.2239 nm and 0.2244 nm, respectively. The sample annealed at 
1520 °C shows the lower d-value and it is close to the indicated bulk equilibrium value, because almost all the 
stresses had been released upon annealing. Whereas the sample annealed at 650 °C lands at a higher d-value 
because there is still some stress present and not all of it had been released, thereby leading to an increased 
d-value compared to the bulk value. From the above observation it can be demonstrated that the nanocrystalline 
structure of bcc W is significantly altered after annealing at 1520 °C. For monoclinic  HfO2, the interplanar spacing 
d-111 is also decreased during annealing but the changes are in general more moderate (Supplementary Fig. 3).

In order to assess the changes in the W layer during the in-situ annealing experiment, the integrated intensity 
(area under the diffraction peak) values of (110) bcc W peak annealed at 650 °C (blue markers) and 1520 °C (red 
markers) are shown in Fig. 5b. From quantitative analysis of powder mixtures, it is known that the integrated 
intensity of a diffracted peak for a particular phase depends on the concentration of the phase. This indicates 
that a relative change of integrated intensity of the (110) bcc W peak is proportional to a change of the volume 
fraction of the W present in the 3-layer-system. The integrated intensity of the sample annealed at 650 °C shows a 
constant behavior during the temperature ramp-up, and it remains relatively stable during the whole isothermal 
stage. Whereas in the sample annealed at 1520 °C, the integrated intensity remains relatively constant during the 
temperature ramp-up and then drastically decreases during the isothermal part of the annealing experiment. Any 
loss in the integrated intensity of (110) W peaks directly indicates a loss in volume fraction of W in the 3-layer-
system. A change in roughness could also explain a reduction in peak intensity, but under such circumstances, 
the intensities of all occurred phases for  HfO2 and W should be reduced. Clearly, this is not observed for the 
intensity of the monoclinic  HfO2 phase (Fig. 4), that appears fairly constant over the whole isothermal stage. The 
calculated volume fraction of the W disappearing in the 20 nm thick W layer sandwiched between two  HfO2 
layers is estimated to be 79% at the end of the 6 h isothermal stage at 1520 °C. Further experimental results at 
various annealing temperatures are exploited to determine an activation energy for this structural degradation, 
which is described later.

Microstructural information like grain size is as well contained in the broadening of X-ray diffraction peaks. 
The grain size changes of monoclinic  HfO2 during heating ramp and isothermal stages at 650 °C and 1520 °C 
are shown in Supplementary Fig. 4. The grain size value is calculated from the (− 111) monoclinic  HfO2 peak 
using the Scherrer  formula63, which gives us an estimate of the average grain size in the out-of-plane direction. 
A decrease in FWHM of a diffraction peak on annealing compared to the as prepared sample indicates grain 
growth in the layer. An increase in grain growth is observed by a factor of two for the 3-layer-system annealed 
at 1520 °C compared to the as prepared sample. However no significant increase in grain growth is observed 
for the 3-layered-system annealed at 650 °C. The growth process of the W grains is in principle similar (Sup-
plementary Fig. 5), however in the isothermal part at 1520 °C, the atomic loss in the W grains is predominant 
due to sublimation of W oxide, which is discussed in detail later.

To achieve a deeper understanding of the structural changes in W and  HfO2 layers due to the in-situ annealing 
experiments, TEM-EDS characterizations on the as prepared and annealed samples were performed. In the case 
of the as prepared sample, the STEM-high-angle annular dark-field (STEM-HAADF) image and the elemental 
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mapping (Fig. 6a,d,g) show a distinct 3-layer-system. After annealing at 650 °C for 6 h, there are no modifica-
tions in the layer stack (Fig. 6b,e,h), the interface between W and  HfO2 layers appears to be unchanged. No grain 
boundaries were seen in the studied TEM lamella. Figure 6a,b were captured at different camera lengths, this 
results in different diffraction contrast, leading to bright and dark lines above and below the W layer. No addi-
tional phase of W is observed in the EDS mapping. On the contrary, after 1520 °C and 6 h, significant changes in 
morphology occur (Fig. 6c). An increase in the interface roughness of the  HfO2 layers is clearly visible and the 
interface becomes wavy in contrast to the sharp interfaces prior to annealing. Individual grains are clearly seen 
with distinct grain boundaries due to the increase in grain size. The EDS mapping of W (Fig. 6f) shows a very 
weak presence of W in the layer, which corroborates the XRD results indicating the reduction of W volume frac-
tion (Fig. 5b) after annealing at 1520 °C. In addition, the EDS mapping of Hf (Fig. 6i) after annealing at 1520 °C 
for 6 h confirms the presence of Hf in the  HfO2 layer and no diffusion of Hf into the W layer.

In order to understand the root cause for the disappearance of the W from the sandwiched layer, further heat-
ing experiments were conducted to estimate the total time required for the entire W layer to disappear from the 
3-layer-system and to investigate the remaining morphology. A 3-layer-system was annealed for 40 h at 1520 °C 
for this purpose. The top surface and cross-section SEM images of the 3-layer-system annealed at 1520 °C for 
40 h are shown in (Fig. 6j,k). The presence of voids distributed on the top  HfO2 layer is visible, which is in good 
agreement to early studies on crystallization of  HfO2 single  films56. In our system, they extend through the entire 
thickness of the first  HfO2 layer, illustrated by the cross section view through the same void shown in Fig. 6k. It 
is also noteworthy to observe the complete absence of W in the 3-layer-system sample. The voids present in the 
 HfO2 layer act as a transport channel for the residual  O2 molecules in the heating chamber to reach the W layer, 
resulting in oxidation and the formation of volatile  WOx

64. As seen previously for the 6 h annealed 3-layer-system, 
a similar trend in the loss of intensity from the (110) W peak occurred, and after 20 h (see below in Fig. 8a), the 
intensity of the W peak was reduced considerably and was almost in-line with the background in the measured 
diffraction pattern. The volatile  WOx sublimate rapidly at 1520 °C, leaving the layer through the same transport 
channels. Consequently, no  WOx peaks are visible in the diffractograms. A plain sapphire “witness” substrate 
was therefore placed on the wall of the heating chamber close to the outlet of the vacuum pump to collect any 
sublimated material via re-deposition. The redeposited layer on the witness sample can be identified as  WO2 from 
the diffraction pattern (Supplementary Fig. 6). The possibility of W obtaining  O2 from  HfO2 can be excluded, 
as this reduction reaction would either result in the formation of pure Hf or result in sub-stoichiometric  HfO2. 
No Hf peaks are observed in any of our in-situ X-ray diffraction experiments. In addition, and complementarily, 
characterization by Rutherford backscattering spectrometry (RBS) (Supplementary Fig. 7) confirms no presence 
of pure Hf but the appearance of slightly over stoichiometric  HfO2+x and especially the loss of W.

The complex oxidation mechanism of W is extensively discussed in  literature65–74. It is possible to split the 
oxidation mechanism of W into four different zones up to a temperature of 1500 °C depending on the partial 
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Figure 6.  STEM-EDS analysis of the 3-layer-system, as-prepared, annealed at 650 °C and 1520 °C for 6 h. 
(a–c) STEM-HAADF images, (d–f) W-Mα elemental mapping, (g–i) Hf-Mα elemental mapping. These images 
have the same scale as indicated in image (c). SEM images of the 3-layer-system annealed at 1520 °C for 40 h: 
(j) morphology of the top  HfO2 layer with a void in the middle and (k) cross section view along the interfaces 
across the same void (FIB section).
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pressure of  O2. The first zone is comprised of heating experiments conducted until 500 °C in the partial pressure 
of  O2 higher than 100 mbar65, an increase in the mass of the bulk W samples is observed during heating experi-
ments. The increase in mass is attributed to the formation of an oxide layer on top of the sample. The oxidation 
of W is an exothermic process, where heat is liberated when W and  O2 react to form  WOx having a negative 
enthalpy of  formation75 and the oxidation process is diffusion-controlled, requiring an activation energy of 
1.92 eV. The second zone comprises the temperature range between 500 °C until 1100 °C in an  O2 partial pres-
sure of 100 mbar66, where complete oxidation of the W sample occurs. Initially, the oxidation process follows 
a parabolic rate law due to the diffusion of  O2 through the already formed  WO3 top layer. Later, the formed 
oxide cracks due to stress exposing the underlying metal and then the oxidation process follows a linear rate 
law. The activation energy for oxidation in this temperature range is 1.4 eV. The third zone of oxidation can be 
distinguished by increasing the temperature to 1250 °C at 50 mbar  O2 pressure, where all the  O2 reacts to form 
volatile  WO3 and no formation of any oxide layers were visible on the sample surface. Thus, the rate of  WO3 
sublimation was quicker than the rate for the formation of a solid oxide layer above 1250 °C. In our previous 
annealing  experiment27 performed at 1200 °C and in a vacuum of 2 × 10–2 mbar, the W present in the multi-
layered metamaterial was oxidized and the presence of an oxide layer of  WO2 on top of the first W layer was 
confirmed by XRD and HRTEM characterization. The fourth zone of oxidation mechanism can be distinguished 
for temperatures between 1250 and 2300 °C in a vacuum less than or equal to 1 × 10–5 mbar. Only weight loss is 
observed in all the W samples without the formation of a solid oxide layer, as the concentration of  O2 atoms is 
relatively small. The activation  energy76 in this zone can vary from 0.6 to 0.86 eV depending on the temperature.

In our current in-situ annealing experiments conducted at 2 × 10–6 mbar, the diffractograms do not show any 
peaks of  WOx during the entire heat treatment cycle (Figs. 3 and 4). Based on the results of the 40 h annealing 
experiment, further annealing experiments, for a duration of 20 h at different temperatures between 650 and 
1520 °C, were performed. The objective of the latter experiments was to determine the temperature range where 
the voids start to originate in the  HfO2 layers. It is observed from the SEM images (Supplementary Fig. 8) that 
voids appear on all samples annealed above 800 °C. This temperature range can be related to the transforma-
tion of the tetragonal phase to the stable monoclinic phase discussed previously. A change in structure from 
tetragonal to monoclinic results in a volume increase accompanied by shear  strain30. It is also to be noted that 
the symmetry of the structure is reduced from tetragonal (a = b ≠ c, ß = 90°) to monoclinic (a ≠ b ≠ c, ß ≠ 90°). This 
results in anisotropic behavior of thermal expansion, where the minimum and maximum thermal expansion 
values do not lie in the lattice directions for a monoclinic structure. The coefficient of thermal expansion values 
of the monoclinic phase range between 8 × 10–6 K−1 to 32 × 10–6 K−1 at 1750 °C77. Therefore, the tetragonal-to-
monoclinic phase transformation in  HfO2 and the anisotropic nature of the monoclinic phase results in the 
formation of voids between the  HfO2 grains in the top  HfO2 layer. The mechanism of void formation and the 
oxidation of the W layer are summarized in Fig. 7.

The integrated intensity of the (110) bcc W peak of the sample annealed at 800 °C decrease only slightly after 
20 h (Fig. 8a). On increasing the temperature, the loss of intensity is observed for the sample annealed at 1000 °C 
and 1240 °C. Moreover, the sample annealed at 1520 °C shows a sharp decrease in intensity during the initial 3 h 

Figure 7.  Mechanisms of channel formation in the  HfO2 layers and loss of W in the 3-layer-system.
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of the isothermal stage and later the process slows down to a reduced rate. The change in the volume fraction 
is estimated by calculating the slopes for the drop in integrated intensity of the (110) bcc W peak (filled circles 
in the plots were used for the calculation of slope, Fig. 8a). This thermally-activated time-dependent process 
is represented by an Arrhenius plot (Fig. 8b). The change in the integrated intensity of the (110) bcc W peak 
over time is expressed as a function of the inverse of the annealing temperature. An activation energy of 1.2 eV 
is calculated for  O2 to penetrate through the transport channels, oxidize the W and sublimate as volatile  WOx. 
Becker et al.70 calculated an activation energy of 1.1 eV, which is in good agreement with our experiments. They 
performed an estimation for the conversion of  WO3 at a pressure of 1 × 10–6 mbar and in the temperature range 
between 920 to 1320 °C, when  O2 molecules strike the surface of a W ribbon. In our experiments, the rate of W 
loss can also depend on the number and the size of pores in  HfO2. The  HfO2 heated to higher temperatures can 
provide more or larger channels for  O2 attack and thus increased rate of W loss. Thus, the obtained activation 
energy can be alternatively linked to the surface diffusion of  HfO2 that leads to grain growth and void formation.

At a temperature below the phase transformation in  HfO2, no sign of degradation is observed in the W layer. 
The tetragonal phase was retained on cooling the 3-layer-system annealed at 300 °C for 20 h, back to room 
temperature. It is worthwhile to mention that an annealing experiment at 700 °C and over a time of 100 h do 
not cause any remarkable degradation to the sandwiched W layer, only above this temperature, which coin-
cides with the tetragonal to monoclinic phase transformation in  HfO2, we observe the degradation of W in our 
3-layer-system.

Conclusion
The thermal stability and durability of the selective emitters at high-temperature are the essential prerequisites for 
the effective functioning of the TPV system. In order to meet these requirements, a 3-layer-system comprising of 
 HfO2/W/HfO2 was fabricated using magnetron sputtering. The high-temperature stability of the 3-layer-system 
was evaluated by performing in-situ XRD annealing experiments at various annealing temperatures between 300 
and 1520 °C at three different periods 6 h, 20 h, and 40 h and at vacuum pressures of 3 × 10–6 mbar.

The disappearance of W in the 3-layer-system is validated by the drop in the integrated intensity of the (110) 
bcc W peak during the isothermal part of all the annealing experiment performed over 1000 °C. The mecha-
nism behind the degradation of the W layer begins with the formation of voids in the  HfO2 layers that acts later 
as transport channels. The tetragonal-to-monoclinic phase transformation results in volume increase, which 
is accompanied by the anisotropic nature of the monoclinic  HfO2 phase, and culminates in the formation of 
voids. Residual  O2 present in the heating chamber reaches the W layer through the transport channels and forms 
volatile oxides that sublimate rapidly. An activation energy of 1.2 eV is determined for the oxidation of W in 
the 3-layer-system through the transport channels, by performing additional annealing experiments between 
800 and 1520 °C for 20 h.

Although the combination of W/HfO2 excel exceptionally to meet the optical properties of the selective 
emitter,  HfO2 fails to act as a good protective layer above 1000 °C. The thermal stability and durability at high-
temperature of the 3-layer-systems as well as multilayered metamaterials could be further enhanced by reducing 
grain growth and avoiding a phase transformation like the tetragonal-to-monoclinic transition observed in  HfO2, 
thereby preventing the formation of voids in the oxidic dielectric layers. We will investigate various combinations 
of metals for instance suitable W alloys and dielectrics such as Y-stabilized  HfO2 in order to achieve a higher 
working temperature and longer lifetime of selective emitters for TPV systems.

Methods
Thin‑film deposition using magnetron sputtering. All 3-layer-systems used for annealing experi-
ments were prepared by magnetron sputtering, using our in-house designed sputtering facility at the Helmholtz-
Zentrum Geesthacht. The chamber was evacuated to a base pressure below 1 × 10–7 mbar before the start of the 

Figure 8..  (a) Integrated intensity of (110) W peak annealed at different temperatures for 20 h are shown. The 
slopes marked by the filled circles for each temperature are displayed as time derivatives in the logarithmic 
plot (b) in order to calculate the activation energy from its slope using a linear fit. (b) Arrhenius plot for the 
oxidation of W in the 3-layer-system.
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thin film deposition process. The W and  HfO2 sputtering targets (Sindlhauser Materials GmbH) had a purity 
of 99.95% and were 3″ in diameter. The 3-layer-system  HfO2/W/HfO2 was deposited on a sapphire substrate 
10 mm × 10 mm × 0.5 mm (purchased from CrysTec GmbH) having a (1–102) orientation and thermal expan-
sion coefficients of 5.3 × 10–6 K−1 (parallel to c-axis) and 4.5 × 10–6 K−1 (perpendicular to c-axis). The substrates 
are mounted on a custom-made holder equipped with circulating cooling water system and are rotated at a 
rate of 1 Hz. The temperature of the cooling water is maintained below 20  °C throughout the deposition of 
the 3-layer-system. The distance between the target and the substrate is 14  cm. The calibration of the indi-
vidual deposition rate of W and  HfO2 was done separately by deposition of single layers on silicon substrates 
20  mm × 60  mm × 0.7  mm having a (100) orientation parallel to the substrate normal. Argon gas of purity 
99.99999% at a flow rate of 28 sccm was used as sputtering gas and the sputtering pressure was maintained at 
2 × 10–3 mbar. The thin-film preparation of the W films was done using a DC power of 120 W, with a deposition 
rate of 0.07 nm s−1, whereas  HfO2 films were deposited using RF power of 400 W, which yielded in a deposition 
rate of 0.15 nm s−1.

In‑situ X‑ray diffraction experiments. A diffractometer, equipped with a specific high-temperature 
chamber for annealing up to 2000 °C (Anton Paar—HTK 2000N), and a state-of-the-art position sensitive detec-
tor (Lynxeye XE-T, Bruker AXS) with an energy resolution of less than 380 eV was used to perform all the 
annealing experiments. Thermal expansion calibration experiments were performed with sapphire substrates 
up to 1900 °C, in temperature steps of 100 °C, and using a heating rate of 25 °C min−1. A full pattern fit was 
performed for a 2θ range from 50° to 125° and the lattice parameters of the sapphire substrate at every 100 °C 
interval were refined using the Rietveld method (TOPAS)78. The temperatures were later validated from the 
thermal expansion coefficients determined by Touloukian et al.58. The heating chamber was evacuated to a pres-
sure less than 3 × 10–6 mbar before every annealing experiment. The z-height of the heating stage was adjusted 
better than 10 µm by using the sapphire substrate peak positions according to Powder Diffraction File (PDF)79 
card 01-082-1468. The XRD 2θ scans were measured from 20° to 120°, with an increment of 0.02° and a time 
of 0.1 s per step, using Cu Kα1 radiation (λ = 0.15406 nm). The area of the sample that is exposed to X-rays is 
3 mm × 10 mm. The annealing experiments were performed with three different dwell times of 6 h, 20 h and 
40 h. The heating rate during the ramp was 120 °C min−1, and the cooling was done at a rate of 60 °C min−1. The 
diffraction patterns were recorded at different temperatures during the ramp part and at a time interval of 8 min 
during the isothermal part of the experiments. During analysis of the diffraction patterns, position, width and 
integrated intensity (net area) of the diffraction peaks were determined in order to evaluate interplanar spacing, 
grain size and volume fraction of a distinct phase, respectively. Grain size t in the out-of-plane direction of the 
W and  HfO2 layers is calculated using the Scherrer  equation63:

where, t is the grain size, K is a dimensionless shape factor (K = 0.9)63, λ is the wavelength of X-rays (for Cu-radi-
ation: λ = 0.15406 nm), B is the full width at half maxima (FWHM) of the peak, θB is the glancing angle (radians), 
which is the half of the Bragg angle. Instead of grain size, the term crystallite  size80,81 is widely used in power dif-
fraction and sintering of  ceramics82. Furthermore, the interplanar spacing dhkl is determined from the measured 
peak position 2θhkl in the diffraction patterns using Bragg’s condition, which results in the following formula:

The layer thickness of W and  HfO2 were determined precisely by means of X-ray reflectometry (XRR), using 
Cu  Kα1 radiation (λ = 0.15406 nm). Layer properties were evaluated by fitting simulations to experimental reflec-
tivity scans with the Leptos R software package (Bruker AXS).

TEM and EDS characterization. The cross-sectional transmission electron microscopy (TEM) samples, 
and cross-sections for scanning electron microscopy (SEM) imaging were prepared with a FEI Helios G3 UC 
focused ion beam scanning electron microscope (FIB-SEM). Both the cross-sectional TEM lamellae and cross-
sections were prepared using 30 keV Ga+ ion beam and different beam currents (9 nA to 40 pA). Secondary 
electron (SE) images of the cross-sections were taken under low keV (2 keV) electron beam and high-resolution 
immersion mode using a through lens detector (TLD). To prevent charging during the FIB-SEM study, the 
sample was coated with a thin layer of carbon by means of a carbon thread evaporator. A FEI Talos F200X TEM 
equipped with a four-quadrant silicon drift detector system for energy dispersive X-Ray spectroscopy [Super-
X(FEI)] system was used for taking high angle annular dark field (HAADF) images and to perform EDS analysis 
on 10 µm × 100 nm lamellae. Spectrum images (SI) were acquired using a 1 nA beam current and dwell time of 
10 µs per pixel. Resolution was 512 × 512 pixels with a pixel size of 766 pm. To get a better signal-to-noise ratio 
integrated intensities of over 1000 drift corrected SI were used.
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