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Sputtered tungsten (W) coatings were investigated as potential high temperature nanophotonic

material to replace bulk refractory metal substrates. Of particular interest are materials and coatings

for thermophotovoltaic high-temperature energy conversion applications. For such applications,

high reflectance of the substrate in the infrared wavelength range is critical in order to reduce losses

due to waste heat. Therefore, the reflectance of the sputtered W coatings was characterized and

compared at different temperatures. In addition, the microstructural evolution of sputtered W

coatings (1 and 5 lm thick) was investigated as a function of anneal temperature from room

temperature to 1000 �C. Using in situ x-ray diffraction analysis, the microstrain in the two samples

was quantified, ranging from 0.33% to 0.18% for the 1 lm sample and 0.26% to 0.20% for the

5 lm sample, decreasing as the temperature increased. The grain growth could not be as clearly

quantified due to the dominating presence of microstrain in both samples but was in the order of 20

to 80 nm for the 1 lm sample and 50 to 100 nm for the 5 lm sample, as deposited. Finally, the 5 lm

thick layer was found to be rougher than the 1 lm thick layer, with a lower reflectance at all

wavelengths. However, after annealing the 5 lm sample at 900 �C for 1 h, its reflectance exceeded

that of the 1 lm sample and approached that of bulk W found in literature. Overall, the results of

this study suggest that thick coatings are a promising alternative to bulk substrates as a low cost,

easily integrated platform for nanostructured devices for high-temperature applications, if the

problem of delamination at high temperature can be overcome. VC 2013 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4817813]

I. INTRODUCTION

An on-going interest in solid-state thermal-to-electricity

energy conversion concepts, such as thermophotovoltaic

(TPV), solar TPV, and solar-thermal energy conversion sys-

tems, has led to new investigation and fabrication of refrac-

tory metal two-dimensional (2D) photonic crystals (PhCs).

These nanostructured surfaces are able to maintain optical

and mechanical properties at high temperatures and act as

selective emitters to increase the efficiency of the TPV cell.

In the emerging field of high-temperature nanophotonics,

these metallic 2D PhCs are designed to exhibit precisely tai-

lored optical properties at high temperatures (900 �C and

higher) and produce spectrally confined selective emission

of light.1–7 Typically 2D PhCs are fabricated by etching a

microscale periodic pattern into a metallic substrate, such as

tungsten (W) or tantalum (Ta),8 which are suitable substrates

for PhCs for energy applications due to their high reflectance

as well as high melting point and low vapor pressure. Once

fabricated, these nanostructured substrates have to be inte-

grated into the TPV system, typically by welding onto the

source of heat which can be a microreactor fueled by hydro-

carbon combustion9 or another source of high heat such as

radio-isotope fuel cells.10 The bulk substrate constitutes a

high material cost, added thickness resulting in edge para-

sitic heat loss, with potentially challenging system

integration that involves welding or bonding. Additionally,

the added weight and thermal expansion coefficient mis-

match can be problematic. An integrated PhC thermophoto-

voltaic system would be advantageous, simplifying the

system integration and increasing the fabrication simplicity.

Circumventing the problems of bulk W substrates, which are

brittle and hard to weld, a W coating could be used as a func-

tional layer on different substrates, selected, and matched to

the system’s needs, decoupling the requirements of the func-

tional layer and the substrate. Furthermore, such a system

would require less material, potentially decreasing the fabri-

cation and postfabrication complexity and integration cost.

In this article, we investigate sputtered refractory metal

coatings and their suitability for high-temperature nanostruc-

tured devices, thus paving the way toward an integrated

combustion,9,11 radio-isotope,10 or solar system.12,13 The

key challenges for such coatings are thermomechanical sta-

bility regarding delamination, oxide formation, and diffusion

at high operating temperatures and achieving long term

high-temperature grain stability. In addition, high reflectance

is critical for high-temperature nanophotonic devices. In this

regime, it is crucial that the substrate has a high reflectance,

i.e., low emittance, in the infrared (IR) wavelength range to

reduce losses due to waste heat above 2–3 lm.14 While pre-

vious studies of the microstructure, grain growth, resistivity,

and stresses in sputtered W films exist,15,16 they typically do

not investigate the optical properties of the films, are limited

to relatively low temperatures (20–300 �C), and focus ona)Electronic mail: stelmakh@mit.edu
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thin films (less than 1 lm). The reflectance, grain size,

microstrain, and roughness of sputtered coatings of different

thicknesses (1 and 5 lm) were quantified in this study and

compared as a function of temperature and time from room

temperature to 1000 �C. Based on these results, thick coat-

ings are a promising alternative to bulk substrates as a low-

cost, easily integrated platform for nanostructured devices

for high-temperature applications, if the problem of delami-

nation at high temperature can be overcome.

II. EXPERIMENT

The W coatings studied in this experiment (1 and 5 lm

thick) were fabricated via DC magnetron sputtering on silicon

(Si) (1 0 0) substrates, using a planetary configuration. Argon

(Ar) was used as a sputtering gas at 10 mTorr, with a base

pressure of �8 � 10�7 Torr. The chamber contained a heat

source that was used to bring the internal chamber and sub-

strates to a temperature of 400 �C. The deposition was carried

out at this elevated temperature, which allowed the mobility

of the arriving atoms to achieve a dense structured film.

Before the deposition, an RF back-sputter was carried out to

prepare the substrate for optimal adhesion. The adhesion

layer, 100 Å of Titanium (Ti), was deposited at 10 mTorr with

no gas modulation. The W deposition was then activated still

under elevated temperature (400 �C). During the W metalliza-

tion, the starting pressure of Ar at 10 mTorr was modulated

between 10 and 30 mTorr in increments of 10 min at 10 mTorr

and 15 min at 30 mTorr until the desired thickness was

achieved. The Ar gas modulation assists in alleviating film

stress by obtaining a near neutral stress state of the deposited

film. A slight compressive stress to the film is an acceptable

condition for adhesion to the substrate.17,18 The chamber was

slowly allowed to cool to ambient temperature before

opening.

The prepared samples were imaged by atomic force mi-

croscopy (AFM), using the Veeco Nanoscope V Dimension

3100, to characterize the surface and roughness of the sam-

ples. A Zeiss scanning electron microscope (SEM) was used

to obtain images of the cross-section of the sample and to

confirm the film thickness. The reflectance of the W samples

was obtained experimentally at room temperature and before

and after each annealing run using an automated spectrora-

diometric measurement system, scanning the wavelength

from 1 to 3 lm. The effects of temperature on the samples

were studied using two different furnaces. X-ray diffraction

(XRD) analysis was performed in the PANalytical X’Pert

Pro Multipurpose Diffractometer with an Anton-Paar

HTK1200N Furnace in situ, in vacuum (50 mTorr), flowing

Ar gas (100 mTorr) over a 48 h period while heating at a rate

of 5 �C/min to avoid thermal shock. Using this method, the

broadening of the W peaks and the microstrain evolution

were quantified as a function of temperature, from room

temperature to 1000 �C. In order to characterize the optical

properties in dependence of each annealing temperature,

another set of samples was annealed in a tube furnace in vac-

uum (10 mTorr base pressure), flowing Ar gas (60 mTorr), at

a slow heating and cooling rate of 2 �C/min. The samples

were annealed at 500, 700, 800, and 900 �C for 1 h, and re-

flectance was measured after each annealing run.

III. RESULTS AND DISCUSSION

The coatings were characterized as deposited by AFM

and SEM scanning images (Fig. 1). The surface roughness of

the two samples was characterized and compared using the

AFM. The arithmetic average (Ra) of the roughness was

found to be 4.56 and 18.6 nm for a coating thickness of 1

and 5 lm, respectively, with a maximum amplitude range

(Z) of 50.7 and 206 nm, respectively. A strong preferential

columnar growth was observed in the SEM images of the

cross-section of both coatings (Fig. 1), which was observed

in literature for W coatings grown under tensile stress.19

The optical properties of the coatings as deposited and af-

ter annealing at different temperatures were characterized.

As mentioned, the reflectance of the substrates, especially in

the IR wavelength range is of utmost importance for the

intended use as substrates in PhC fabrication and their appli-

cation in energy conversion. In this application, any emission

at long wavelength will lead to additional losses as waste

heat. Therefore, the goal is to achieve substrates with high

reflectance, i.e., low emittance. The measured spectral reflec-

tance of the unannealed sputtered samples as deposited was

not as high as that of bulk W in the IR range and was found

to be 0.80 and 0.75 at a wavelength of 2 lm for the 1 and

5 lm sample, respectively, in comparison to 0.9 for bulk

W.20 In order to measure reflectance as a function of anneal-

ing temperature, one set of samples was annealed at different

temperatures for 1 h each. The 1 lm sample exhibited higher

reflectance than the 5 lm sample for all wavelengths before

annealing, but its reflectance did not change significantly

with annealing up to 700 �C at which point it delaminated.

The 5 lm sample annealed at 900 �C, however, showed a sig-

nificant increase in reflectance, and after a 1 h anneal at

900 �C, the 5 lm sample’s reflectance was comparable to the

values found in literature for polished flat W (Fig. 2). The

increase in reflectance can be attributed to coating densifica-

tion, decreased porosity of the layer, and grain growth.21

According to effective medium theory,22,23 the effective re-

fractive index of a heterogeneous medium depends on the

volume fraction of the two constituents and is limited by the

Wiener bounds. As the fraction of air respective voids and

grain boundaries to metal decreases with annealing in the de-

posited layers, the effective refractive index increases, lead-

ing to higher reflectance. Hence, annealing of the W coatings

at temperatures at or above 900 �C is essential in order to

obtain the reflectance required for photonic applications at

high temperature, for the W sputtering parameters used in

this study.

The surface roughness and coating structure of the thicker

coating before and after annealing at 900 �C is compared by

AFM surface scans and SEM images of the film cross-

sections, respectively, in Fig. 3. It was observed that the re-

flectance of the sample increased after annealing even

though the surface roughness also increased from approxi-

mately 19 to 35 nm. No visible change in the structure of the
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W coating and no volume change can be discerned in the

cross-section images. The densification of a deposited film

during annealing that can be observed in an increase in

reflectivity in our study, and more generally in a change of

the optical and electrical properties of deposited metal films,

does not necessarily lead to a reduction of volume. It is

rather a consequence of a reduction of porosity along grain

boundaries and a reduction of defect sites that would be reor-

dered at higher temperature and thus release some of the dis-

order and microstrain accumulated during deposition.14,21

FIG. 2. (Color online) Comparison of reflectance of bulk W (Ref. 20) to the experimentally measured reflectance of (a) the 1 lm sputtered W coating and (b)

the 5 lm sputtered W coating before and after the 1 h anneal in a tube furnace at different temperatures at a ramp rate of 2 �C/min.

FIG. 1. (Color online) (a) and (c) AFM and SEM imaging, respectively, of the 1 lm W sputtered film. (b) and (d) AFM and SEM imaging, respectively, of the

5 lm W sputtered film, showing increased roughness of the 5 lm thick layer as compared to the 1 lm thick one. Preferential growth is observed in both samples.
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The approximate crystallite size and microstrain (nonuni-

form lattice strain) of the samples was determined by evalu-

ating the broadening of the diffraction peaks in the XRD

pattern. Generally, in a powder sample, a large number of

diffraction peaks is obtained. In the case of our coatings,

only two W peaks were observed: the (1 1 0) peak and the

(2 2 0) peak, as shown in Fig. 4, which is attributed to the

highly textured nature of the sputtered samples due to a

strong preferential growth. The microstrain in the samples

was quantified using the Williamson-Hall plot.24 Since the

broadening of the peaks was dominated by microstrain, the

crystallite size was not easily resolved. It was found to be

between 50 and 100 nm for the 5 lm sample and 20 and

80 nm for the 1 lm sample at room temperature, before

anneal. The lack of precision was due to the presence of only

one first-order peak resulting in microstrain dominance. A

crystallite size of 10–50 nm range has previously been

observed in W sputtered thin-films deposited at room tem-

peratures15 which is in the same range as our findings.

Our thick W coatings were sputtered by stress balancing

them by modulating an Ar gas pressure between 10 and

30 mTorr. Quite possibly the 10 mTorr layer and the 30 mTorr

layer have different grain structure and physical density; how-

ever, each layer was not independently investigated. Instead,

the composite coating was characterized. It is essential to bal-

ance the stress in such thick coatings in order to avoid delami-

nation. The influence of the deposition conditions on the

FIG. 3. (Color online) (a) and (c) AFM and SEM imaging, respectively, of the 5 lm W sputtered film before anneal (room temperature). (b) and (d) AFM and

SEM imaging, respectively, of the 5 lm W sputtered film after anneal at 900 �C for 1 h. No noticeable difference in thickness was observed after anneal despite

an increase in roughness.

FIG. 4. (Color online) XRD data collected using a diffracted beam monochro-

mator. The 1 and 5 lm W films deposited on a Si (1 0 0) substrate are com-

pared at 25 �C. The predominant peak of the Si occurring at 69.3�

corresponds to the (1 0 0) peak. The predominant peak of the W occurring at

40.2� corresponds to the (1 1 0) peak, and the other significant W peak occur-

ring at 86.9� corresponds to the higher order peak (2 2 0). The presence of

only one first order peak indicates the highly textured nature of the W sample.

The small peak at 36.2� 2h can be readily identified as copper K-b peak due

to the XRD source, not the W coating. No W b-phase peaks are present.

FIG. 5. (Color online) Left axis: FWHM of the 1 and 5 lm W sample as a

function of temperature. Right axis: microstrain of the 1 and 5 lm W sample

as a function of temperature. While the exact crystallite size could not be

determined, the crystallite size of the 5 lm sample was clearly larger result-

ing in a smaller FWHM of the diffraction peak.
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properties of DC magnetron sputtered thin W films is well

studied.19 Depending on Ar gas pressure, substrate material,

substrate temperature, and deposition duration, there is a dif-

ferent relative amount of beta- and alpha-W phase deposit.

According to literature,25–27 the beta phase is metastable and

transforms into alpha phase. It is a thermally driven process

but the transformation takes place even at room temperature.

For thicker films (>50 nm), even deposited at room tempera-

ture, no beta phase is found.25,26 This is confirmed in Fig. 4 as

no W beta phase peaks were found in the XRD analysis of the

thick W coatings.

In order to quantify the evolution of the microstrain as a

function of temperature, an in situ XRD analysis was per-

formed on the 1 and 5 lm samples over a 48 h period from 25

to 1000 �C in 100 �C increments. For each temperature, the

diffraction peak width at full width half-maximum (FWHM)

and microstrain were quantified (Fig. 5). A clear inflection

point was seen around 700 �C for both the 1 and 5 lm sam-

ples. Assuming that the majority of the peak broadening was

due to microstrain, as in the room temperature measurements,

the results indicated that the microstructure was unambigu-

ously changing. The microstrain was quantified, ranging from

0.33% to 0.18% for the 1 lm sample and 0.26% to 0.20% for

the 5 lm sample, decreasing as the temperature increased.

This observation is reasonable since at higher temperatures,

molecular mobility increases and thus lattice strain is relieved.

It was observed that the 5 lm sample had less microstrain

than the 1 lm sample at all temperatures.

The tensile stress in the films is attributed to the coeffi-

cients of thermal expansion (CTE) mismatch of substrate

and film and the elevated substrate temperature during depo-

sition. The films were deposited at an elevated temperature

of 400 �C and the deposition parameters were chosen such

that the films were mostly balanced at the deposition temper-

ature. As the substrates cool down after deposition, however,

the smaller CTE of the substrate leads to an increasingly ten-

sile stress in the coatings. Therefore, as the samples are

annealed, the tensile stress is released again, which can be

seen in the reduction of the tensile microstrain with increas-

ing temperature.

Despite the decrease in microstrain (i.e., decrease in the

number of dislocations and defects in the film) with increas-

ing temperature, delamination occurred between 700 and

800 �C for the 1 lm sample and between 900 and 1000 �C
for the 5 lm sample after annealing in the tube furnace. The

delamination can be attributed to the mismatch in CTE of Si

and W. The linear CTE of Si is about 2:6 � 10�6/�C, while

the CTE of W is about 4:6 � 10�6/�C.28 Differences in the

CTE values of adjacent materials during heating and cooling

will induce tensile stress in W, leading to cracks in W, since

it is a brittle material and cannot withstand tensile stresses.

In the case of a brittle material like W, the CTEs should be

matched within about 0:2 � 10�6/�C and a mismatch of 0.5

to 1:0 � 10�6/�C is considered the upper limit.29,30 In addi-

tion, the CTE of Ti is about twice as high as that of W and

could therefore play an additional role in the delamination.

However, since the 100 Å layer of Ti used as an adhesion

layer represents only 1% of the total thickness of the 1 lm

film and only 0.2% of the thickness of the 5 lm film, the

thermal mismatch of the CTE of Ti was considered to be a

minor effect in the annealing behavior. While the 5 lm sam-

ple did not delaminate when annealed at 900 �C, it did begin

to show signs of microscopic cracking.

IV. CONCLUSION

In thermophotovoltaic applications, bulk W substrate

PhCs are brittle and hard to weld. An integrated PhC thermo-

photovoltaic system would require less material, potentially

decreasing the fabrication and postfabrication complexity

and integration cost. Using a W coating as a functional layer

on different substrates, selected and matched to the system’s

needs, would decouple the requirements of the functional

layer and the substrate.

The properties of W coatings, in particular the optical

properties, microstrain and surface roughness, and their evo-

lution at high temperatures, were studied as a potential fabri-

cation route for high-temperature nanostructured surfaces.

The 5 lm thick layer was found to be rougher than the 1 lm

thick layer which resulted in a lower reflectance at room

temperature at all wavelengths. However, after annealing the

5 lm sample at 900 �C for 1 h, its reflectance exceeded that

of the 1 lm sample and came very close to that of bulk W

found in literature. An XRD analysis was conducted to

understand the effect of temperature on the crystallite size

and microstrain of the 1 lm and 5 lm samples. The grain

growth could not be definitively quantified due to the domi-

nating presence of microstrain in both samples but was in the

order of 20 to 80 nm for the 1 lm sample, and 50 to 100 nm

for the 5 lm sample, as deposited, and increased with tem-

perature. Microstrain was quantified, ranging from 0.33% to

0.18% for the 1 lm sample and 0.26% to 0.20% for the 5 lm

sample, decreasing as the annealing temperature increased

especially for temperatures greater than 700 �C. It was

observed that the 5 lm sample had less strain and larger crys-

tallite size than the 1 lm sample at all temperatures.

The delamination of the W at high annealing temperature

was attributed to the mismatch in CTE of Si and W and will

be further studied using different substrates. In addition, dif-

ferent sputtering processes, resulting in denser sputtered

coatings potentially leading to higher reflectance, are cur-

rently being investigated. Tantalum, a less brittle and more

compliant material, that would have similar optical proper-

ties to W, will also be studied in the future as an approach to

sputtered high-temperature high-reflectance coatings for 2D

photonic crystals.

Overall, the results of this study suggest that sputtered W

layers are a promising approach to a high-temperature, high

reflectance coating for a PhC substrate, if the challenge of

delamination at high temperatures can be overcome.
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