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As far-field thermal emission is limited by blackbody radiation, the significant enhancement of thermal
radiation in the near-field plays a vital role in a variety of applications such as infrared sensing, radiation
cooling, and thermophotovoltaics. Yet the techniques of exporting the near-field signal to the far field are still
not mature, typically relying on complex instrumentation capable of being applied only to the surfaces of model
systems and structures. Here we develop an efficient method of extracting near-field thermal radiation to the
far field by integrating a nanoscale thermal emitter with a high-index optical waveguide. By directly depositing
the emitter onto the optical waveguide, it requires no vacuum gap and enables efficient coupling of near-field
thermal radiation into propagating wave-guided modes. A single-mode planar waveguide incorporated with an
indium-tin oxide (ITO) film as a thermal emitter is theoretically investigated to prove the feasibility of thermal
extraction. The Wiener-chaos expansion method is applied to directly calculate the thermal radiation from
the emitter-waveguide system. We experimentally demonstrate the fidelity of the optical-waveguide-assisted
near-field thermal extraction by measuring the emission spectrum of an ITO-coated optical fiber and comparing
with theoretical predictions. Our experimental demonstration in conjunction with the direct simulation paves
the way for effectively extracting near-field thermal radiation with applications in chemical sensing, infrared

imaging, and near-field thermal energy management.
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I. INTRODUCTION

Thermal radiation plays an increasingly important role in
many applications such as radiative cooling [1,2], gas sensing
[3], and thermal management [4,5]. Although technology
development for the spectral and directional control of thermal
radiation has become more and more sophisticated in recent
years [6—11], the intensity of the thermal radiation in the far
field is still tightly confined by the blackbody radiation limit.
To address this challenge, significant efforts have been taken
to utilize the near-field thermal radiation where the energy
density of electromagnetic waves can be orders of magnitude
larger than that in the far field due to the contribution from
evanescent waves [12-22]. However, since near-field thermal
radiation is essentially evanescent and eventually decays in
the far field [13], there remains a technological challenge
for bridging the gap between near-field and far-field thermal
radiation.

The existing techniques for measuring the spectral near-
field thermal responses are mainly based on near-field scan-
ning optical microscope type experiments, such as the thermal
radiation scanning tunneling microscope (TRSTM) [23] or
thermal infrared near-field spectroscopy (TINS) [24], where
a sharp tungsten tip or platinum-coated atomic force micro-
scope tip is used as a scattering site to couple near-field
emission to the far field. The tip-scattered thermal emission
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is then collected by a Cassegrain-type reflective objective and
guided to a Fourier transform infrared spectrometer. However,
since the tip-scattered light is so weak, and the reflective
objective lens can only catch the light from a very narrow
solid angle, both TRSTM and TINS suffer from a low signal-
to-noise ratio and thus a low accuracy.

Here, we develop a waveguide coupled thermal emis-
sion extraction technique for efficiently extracting near-field
thermal radiation to the far field and probing the near-field
spectrum of a thin film. The key principle of thermal emission
extraction [25] is to convert and guide near-field thermal
radiation to the far field through specially designed thermal
extractors [16,26,27]. Specifically, some of the electromag-
netic modes that are originally evanescent around the interface
of the emitter and the emitting ambience can be converted into
propagating modes inside the thermal extractors and trans-
ported to the far field [28]. Such thermal extractors usually
have a larger effective refractive index compared to the emitter
and therefore can accommodate more electromagnetic modes.
In this work, we employ high-index optical waveguides, such
as multimode fibers and single-mode planar waveguides, to
demonstrate the near-field thermal emission extraction from a
thin indium tin oxide (ITO) film doped with hydrogen (H,).

II. DIRECT CALCULATION OF THE THERMAL
EMISSION EXTRACTION WITH PLANAR WAVEGUIDES

To theoretically elucidate the concept of waveguide cou-
pled thermal extraction, we use ITO as a thermal emitting
material and couple it with a single-mode planar waveguide
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as the thermal extractor for the sake of simplicity. Here, we
choose ITO as the thermal emitting material because of the
good compatibility of ITO thin films with various optical
components [29]. Also, the electrical conductivity of the ITO
thin films can be tuned via doping to support surface plasmons
at both ITO-air and ITO-waveguide interfaces. Based on
the optical properties of ITO thin films, their corresponding
surface plasmon resonance usually occurs in the near-infrared
(NIR) range. The optical properties of ITO thin films are ther-
mally stable yet subject to change under different chemical
environments [28]. For example, the exposure to H, gas at
high temperatures can affect the free carrier concentration
inside the ITO thin film and consequently alter the thin film
optical properties.

By choosing the ITO thin film as the thermal emitter,
silica-based optical waveguides can be used for the thermal
extractor due to their high transparency in the NIR range.
To demonstrate the feasibility of achieving thermal extraction
with the planar waveguide system, we perform the Wiener-
chaos expansion (WCE) [8] simulation of the far-field thermal
emission from an ITO thin film. The WCE method is a
stochastic electromagnetic wave simulation algorithm which
decomposes thermally excited current density into a set of
complete and orthogonal current density modes [30]. In calcu-
lating the contribution from each current density mode, the to-
tal thermal radiation can be obtained. The selection of current
density forms depends on the geometry of the thermal emitter.
Fast convergence is achievable if an appropriate choice of the
current density mode set is made.

As a reference simulation, we first calculate the thermal
radiation from a stand-alone ITO thin film which is 2-um
wide and 50-nm thick but infinitely long. After that, we
calculate the thermal radiation from the same ITO thin film
while coupled with a planar waveguide, as shown in Fig. 1(a).
The Drude model is applied to calculate the optical properties
of the ITO film, where the ITO film carrier concentration and
mobility are directly related to the plasma frequency and the
collision frequency, respectively [28,31]. The complex refrac-
tive index of the ITO film is plotted in Fig. 1(b). As mentioned
in the previous section, the ITO film can support surface
plasmon resonance whose frequency is identified by the inter-
section of the real and the imaginary parts of its refractive in-
dex. In the case of a carrier concentration of 4.9 x 10%° cm™3
and a carrier mobility of 30 cm? V~! s~ the surface plasmons
along the ITO film fall into the transparent window of the
silica-based planar waveguide [28]. We therefore use this set
of parameters to characterize the ITO film optical properties
in the following simulation. The planar waveguide consists
of a perfect-electric-conductor substrate layer, a 0.5-um thick
SizsNy4 core layer and a 0.5-um thick SiO, cladding layer.
In presenting the WCE thermal emission results, we use the
form of reduced heat flux ¢(1). The absolute thermal emission
intensity ¢(T') in the unit of W/m? can be obtained as ¢(T') =
S ﬁ%@(k, T)dA, where A is the detector area and ®@(A, T)
is the Planck distribution term. Only the z component of the
time-averaged Poynting vector that indicates the waveguide
power flow direction is collected in both cases for comparison.
In the simulation, a two-dimensional (2D) z-normal optical
power monitor is placed 10 um away from the ITO film
in both cases. For the case of the coupled ITO-waveguide,

the power monitor only covers the cross section of the core
layer as indicated by the white dashed line in Fig. 1(a). For
the case of the free-standing ITO film, the length of the 2D
z-normal monitor in the y direction is set up to be 80 um
in order to capture the contributions from all significant z-
component Poynting vectors (see the Supplemental material
[32] for more details). Figure 1(b) shows the Poynting vector
in the z direction from the free-standing ITO film in the free
space. The blue and the red spots around the white-dashed
ITO film line are due to the WCE dipole mode excitation [8].
Figures 1(c) and 1(d) plot the field profiles of the Poynting
vector in the y and the z directions for the ITO-waveguide
case, where part of the thermal radiation emitted from the ITO
thin film directly propagates into the free space. The rest of
thermal radiation is coupled into the waveguide and extracted
to the far field through the planar waveguide. Since we as-
sume that the ITO film and the planar waveguide are both
infinitely long in the x direction, the total thermal emission
to the far field can be collected by integrating the normal
components of the Poynting vectors for each corresponding
monitor area.

In Fig. 1(f), the overall heat flux collected from the ITO-
waveguide coupled system is about two times larger than
that from a free-standing ITO film. The enhancement of the
far field heat flux in the waveguide propagation direction
indicates significant thermal extraction from the ITO thin
film. If we evaluate the total power in terms of detector area,
then such the enhancement corresponds to several orders of
magnitude more heat flux due to the small detector area
required in the case of the ITO-waveguide coupled system.
Around the wavelength of 1.55 um, the surface plasmon
resonance (SPR) is thermally excited at the ITO-air interface.
At this resonance frequency, a large number of optical modes
with a pure imaginary k vector occur around the ITO-air
interface. Since the thickness of the ITO thin film is small,
such evanescent modes can tunnel through the thin film and
reach the ITO-waveguide interface, where they are converted
into the propagating modes in the planar waveguide and
therefore result in the second peak in reduced heat flux curves.
Provided that the SPR is a near-field effect, the resonance peak
is relatively weak in the pure far field case yet much stronger
with thermal extraction. It should be noted here that the SPR
feature is still observable in the far field for the free-standing
ITO film due to the end-excitation mechanism [33]. The small
peak around the wavelength of 1.1 ym in the blue curve is due
to the Fabry-Pérot cavity resonance formed by the cladding
layer and the ITO thin film. Although the planar waveguide
system demonstrates the capability of enhancing far field
thermal radiation through thermal extraction, it is challenging
from an experimental perspective to extend planar waveguides
into the far field region at a long distance.

III. EXPERIMENTAL DEMONSTRATION OF THE
THERMAL EMISSION EXTRACTION WITH
OPTICAL FIBERS

Compared with the planar waveguide in Fig. 1, optical
fibers provide a more practical platform to achieve thermal
emission extraction. The advantages of using an optical fiber
for thermal extraction are twofold. First, optical fibers can be
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FIG. 1. (a) Schematic of a free-standing ITO thin film compared with the ITO-waveguide system. (b) The z component of the Poynting
vector in the y-z plane for the free-standing ITO film. (c) The y component of the Poynting vector in the y-z plane for the ITO-waveguide
system. (d) The z component of the Poynting vector in the y-z plane for the ITO-waveguide system. (e) Complex refractive index of an ITO
thin film for different carrier concentration (7 in the unit of 10?2 cm~*) and mobility values (u in the unit of cm? V="' s™"). (f) Reduced thermal
emission of the free-standing ITO thin film and the ITO-waveguide system.

easily integrated with other optical components or analysis
tools like spectrometers. Second, the emitter-fiber system
can be easily fabricated in practice. Here, we experimentally
measure the thermal emission spectrum of ITO thin films
doped by H, gas with different concentrations and compare
the measurement results with the direct simulations from the
WCE method [8].

The thermal emission from an ITO film on the coated
optical fiber is measured in a tube furnace reactor system
[depicted in Fig. 2(a)], fitted with custom-built end caps
to allow a variety of gas mixtures to be flowed across the
fiber at elevated temperatures. Thermal emission is collected
from one end of the fiber using an optical spectrum analyzer
(OSA), which spectrally resolves the collected light from 1.0
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FIG. 2. (a) Schematic of the experimental system, (b) Ratio of the absolute thermal emission intensities for the ITO coated and the uncoated
fibers. (c) Schematic of the WCE simulation regime. (d) Scanning electron microscope image of the etched fiber coated with an ITO thin film.

Inset: zoomed in image of the ITO-fiber interface.

to 2.6 um. First, the thermal emission of the fiber sample is
collected under ambient atmosphere (no gas flow, open end
caps). To verify that the majority of the collected emission
power is essentially from the ITO thin film, we also measure
the ratio of the absolute emission intensity for the ITO coated
and the uncoated fibers. The spectral emission ratio is plotted
in Fig. 2(b). Below 1400-nm wavelength, the signal associated
with the bare fiber is small and the detector sensitivity is weak
and therefore the ratio in that range behaves like a noise term.
The overall magnitude of the ratio ranges from ~30 to above
100, which confirms that the thermal emission from the ITO
thin film dominates the measured signal in our experimental
results.

As shown in Fig. 2(c), the entire thermal extraction system
consists of a 20-nm-thick and 3-in-long ITO cylindrical-
shape thin film and a 105-um core optical fiber where the
silica cladding is etched. The huge aspect ratio of the ITO
thickness and length incurs a heavy computation load for
the direct simulation in terms of meshing and calculation
time. To tackle this issue, we take the following two steps
to mitigate the computation load. First, we take advantage of
the continuous rotational symmetry of the ITO thin film layer
and only expand the thermal currents within an angle range of

3.8 x 10~* rad with respect to the center of the fiber core
point. Therefore, the dimension of the cross-section simula-
tion area is reduced. Second, we assume that for the ITO layer
in the middle part of the whole emitting section, the extracted
thermal emission will be balanced by the absorption of the
ITO thin film and the fiber core at thermal equilibrium and
finally reach a saturation state. Thus, only the ITO thin film
in proximity to the intersection region of the etched and the
intact fiber portions will significantly contribute to the total
thermal extraction signal. In our simulation, a 10-um long
ITO thin film is considered for the WCE mode expansion, as
shown in Fig. 2(d).

The total power collected from the 20-nm-thick ITO thin
film through the optical fiber is shown in Fig. 3(a), where the
power is measured by the OSA as a function of temperature
ranging from room temperature to 900 K. The collected
thermal emission spectrum as a function of temperature rang-
ing from 473 to 873 K is plotted in Fig. 3(c). The total
collected power can be determined by summing the power
density/spectral flux (®;) weighted by the wavelength spread
per pixel (AX;), Pros = Y _; ©5.(A;)AA;. The WCE simulation
results where the carrier concentration of the ITO film is
set to be 4.9 x 10?° cm™3 are plotted in Fig. 3(b). It can be
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FIG. 3. Total thermal emission power collected from (a) the experiment and (b) the WCE simulation at different temperatures. The
corresponding power density spectrum from (c) the experiment and (d) the WCE simulation.

seen that the experimentally measured total power agrees well
with the simulation result. In general, the collected power
is on the order of nanowatts. A further step of measuring
thermal emission spectrum from the ITO thin film is taken
to reveal the underlying physics behind the thermal extraction
process. In Figs. 3(c) and 3(d), the spectral power densities
from experiment and simulation are plotted. As the tem-
perature of the ITO thin film increases, the power density
dramatically boosts up, in which a “bump” emerges. The
wavelength of the bump is around 1.7 pm, which corresponds
to the SPR wavelength of the ITO thin film. The position of
the ITO plasmon resonance remains the same for different

working temperatures, which indicates that the ITO thin film
is of good quality and thermal stability. Since the SPR is,
in general, a localized phenomenon and strongly confined at
the interface with limited propagation length, the observation
of such resonance in the far-field power density spectrum is
indeed a consequence of thermal extraction. As the plasmon
modes are excited at the ITO-air interface, they can tunnel
through the thin film into the interface between the ITO film
and the fiber. Because the fiber can accommodate more optical
modes in the k space, those plasmon modes that are originally
evanescent in the air now become propagating modes in the
fiber. Through the mode coupling at the ITO-fiber interface,
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FIG. 4. (a) Power density measured at different H, concentrations, where the black dashed line indicates the blueshift of the SPR. The
dashed line is a guide for the eyes. (b) Reduced power density relative to the case of ITO film carrier concentration value of 2.0 x 10% cm~3,

n is in the unit of 10 cm ™.

the near-field modes can be transferred to the far field. Such
thermal extraction can be better appreciated from the reduced
power spectrum ¢ (A, T)/O(w, T), where ¢p(A, T) is the mea-
sured or calculated power density spectrum and ®(A, T) is the
Planck distribution term.

As mentioned in the previous section, the optical properties
of the ITO thin film are subject to change under different
chemical environments. Specifically, the free carrier concen-
tration of the ITO thin film can be strongly altered upon
the exposure to H, gas at high temperatures. The correlation
between the partial H, concentration and the ITO thin film
free carrier concentration was reported in our previous work
[28]. First taking the collected thermal emission of the film
under 1% O, as a baseline, the fiber is then exposed to H,
at several concentrations: 400, 2000, 8000, and 16 000 ppm.
After 1 hour(h) at each concentration, the thermal emission
spectrum is collected. The power density at each concentra-
tion, normalized relative to the case of 400 ppm H, is shown
in Fig. 4(a). Between H, exposure steps, 1% O, is flowed
for 1 h to return the film and fiber to baseline conditions. In
Fig. 4(b), the simulation results of reduced radiative heat flux
from the ITO thin film to the far field is plotted at different
carrier concentrations: 2.0, 3.5, 4.9, and 6.1 (in the unit of
10%° cm™?). The power density at each carrier concentration
is normalized to the values at 2.0 x 10%° cm 3. Strong surface
plasmon peaks show up within those curves and a blueshift of
resonance wavelength is observed. For carrier concentration
of 2.0 x 102 cm™3, the resonance lies beyond 2 um and
therefore cannot be seen from the current plot. Although
the exact correlation between the ambient H, concentration
and the ITO film carrier concentration is difficult to obtain,
the general trend is revealed as that increasing H, concen-
tration leads to higher carrier concentration [34-36]. The

experimentally measured power density relative to the
400 ppm H; baseline in Fig. 4(a) shows the similar blueshift
trend of the plasmon resonance as seen from the simulation
results. The broadening of peaks in Fig. 4(a) may be due
to the interference of the NIR silica hydroxyl absorption in
the fiber, which is not completely normalized. Besides, the
imperfections of the sample such as the surface roughness of
the film and inhomogeneities at the edge of the etched region
could contribute to the distortion or broadening of the ITO
film SPR peaks as well.

IV. CONCLUSION

In this work, we experimentally demonstrate the feasibility
of using high-index optical waveguides as an efficient thermal
extraction device. As an experimental platform, the waveguide
coupled thermal extraction technique developed in this work
can potentially be used to measure the spectral near-field
responses from a variety of materials like thin films and
nanostructures. Although the demonstrated near-field thermal
emission spectra are mainly in the NIR range, the spectral
measurements can be extended to a much broader infrared
range by using the waveguides based on infrared transparent
materials.

By directly calculating the thermal emission from the ITO
thin film coupled with planar optical waveguide using the
WCE method, we elucidate the physics of thermal extraction
in the emitter-waveguide system. Two times larger thermal
emission is extracted from the ITO-waveguide system, and
such an enhancement corresponds to several orders of mag-
nitude more heat flux due to the small detector area required
in the case of the ITO-waveguide coupled system. The further
simulation on the ITO-optical fiber system with a huge aspect

235414-6



SPECTRAL NEAR-FIELD THERMAL EMISSION ...

PHYSICAL REVIEW B 99, 235414 (2019)

ratio reaches good agreement with the measurement data. The
blueshift trend of the plasmon resonance with increasing Hj
concentration is captured in both simulation and experiment.
The integration between nanoscale thermal emitter and optical
fiber system paves the way for the remote and high-fidelity
chemical sensing, infrared imaging, and near-field thermal
energy management.

ACKNOWLEDGMENTS

This work was primarily supported by the Defense Threat
Reduction Agency (Grant No. HDTRA1-18-1-0046). This
work was funded partially by the Dowd Fellowship from the
College of Engineering at Carnegie Mellon University. The
authors would like to thank Philip and Marsha Dowd for
their financial support and encouragement. This work was
performed partially under the support of the Crosscutting
Research Program under the National Energy Technology
Laboratory (NETL) Research & Innovation Center Advanced
Sensors and Controls Field Work Proposal. This research
was also supported in part by an appointment to the NETL
Research Participation Program, sponsored by the U.S. De-
partment of Energy and administered by the Oak Ridge In-
stitute for Science and Education. This report was prepared
as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor
any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer,
or otherwise does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions
of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.

The manuscript was written through contributions of all
authors. All authors have given approval to the final version
of the manuscript.

The authors declare no competing financial interest.

APPENDIX: DIRECT SIMULATION AND EXPERIMENTAL
MEASUREMENT METHOD OF THERMAL EXTRACTION

Wiener chaos expansion method. According to fluctua-
tional electrodynamics, thermal radiation originates from ther-
mally induced random currents. When we consider a thermal
emitter Vg at temperature T, the field intensity (|E(r, w)?|)
can be expressed in terms of the Dyadic Green’s function and
random currents j(r', w) as

(E(r, 0)]) = 0* 13O (w, T)eoImle] / ar?

X /dr”3 Tr[G(r, ¥, w)" - G(r, 7", )

(" @)j (', )] (AD)

In order to efficiently evaluate Eq. (A1), the WCE formula-
tion is used to calculate the thermal radiation of arbitrary ge-
ometries by expanding the thermally induced random current
Jj(r', w) into deterministic orthonormal current modes. As a
result, thermal radiative heat flux and field profile are obtained
by the sum of the energy flux and the field emitted from
each current mode, respectively. According to fluctuational
electrodynamics, the second moments of the random currents
satisfies that

J@rw)j (', )

where (j(r, w)) is attributed to the unbiased nature of the
thermal fluctuation and Vy(r, w) = «/%a)so Im[e(r)]®(w, T)
is a deterministic quantity. The random current j(r, @) can be
mathematically constructed as

= Vr(r,0)*8(r — I, (A2)

Jjr, w) = Vr(r, w)dW,-(r)f, reVg,i=x,yz, (A3)

where dW;, dW, and dW, are the white-noise stochas-
tic processes that have the properties of (dW;(r)) =0,
dW,(r) - dWi (r')y = 8(r —¢') for r, ' € Vg; 1,k €lx,y,z}.
In addition, dW,, dW,, dW, are independent of each
other, i.e., (dW;(r) - dWi(r")) = (dW;(r) - dWy(r)) =0 for
l #k; I,k € {x,y, z}, indicating that the random polarization
of the random current is (j(r, w)). Such a stochastic process
can be expanded onto a deterministic orthonormal basis by the
WCE method as [30]

Zcmn - fa(r),

n=1

dw,,(r) = reVg,m=ux,y,z, (A4)

where c,,, are the uncorrelated random variables satisfying
{Cmi) {Cmt + Cmi) = S - {fu(P)}. {fu(r)} is a set of orthonor-
mal basis functions defined in the volume of the thermal
emitter Vg. Therefore, the second moment of random cur-
rent {j(r, w)j*(#', w)) in Egs. (A2) and (A3) can be readily
expressed as (j(r, 0)j*(r', ®)) = Y, V2 f,(r) f,(r')I. By sub-
stituting Eqs.(A2)—-(A4) into Eq. (1), thermal radiation field
intensity (|E(r, w)*|) can be expanded in terms of current
modes based on the aforementioned derivation as

(E(r, 0)]) Z\E2\—Z{LEUn,i-J’*n,i]}, i=xyz,
(AS)
where the operator Lg[-] is defined as Lg[X]=

o*ul [dr? [drP Te(G(r, 7, 0)" - G(r, /", ») - X].

In calculating the thermal radiation for the case of
ITO-waveguide system, the emitting volume is evaluated
in the Cartesian coordinates with x € [0, a],y € [0,b],z €
[0,c]. The WCE volumetric current density modes are
chosen in the form of a Fourier series as j, , (5, @) =
Vi - [H ()P (y)0n(2)1{%, 9, 2}, where the fundamental mode

8 joo(n@)=Vr- F{xy 2}, and H(x) = \/_cos ””]

P,(y) = \/_cos 2, 0(2) = \/_cos "), 1, m, and n de-
note the order of the WCE current den51ty modes For the case
of ITO coupled with planar waveguide, ! =0, m = 0, and
n=0,1,2,3,4,5. For the case of ITO coupled with optical
fiber,/ = 0, m = 0, and n is set up to be from 0 to 21 to ensure
the convergence of the simulation result.
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Optical fiber coupled thermal extraction. In our exper-
iment, a 20-nm-thick ITO film is sputtered on a 3-inch-long
region of a commercially available multimode optical fiber
(Thorlabs FG105LCA), where the cladding has been etched
away by immersion in a buffered HF solution, to a final diam-
eter of approximately 95 um. Thermal emission is collected
from one end of the fiber using a Thorlabs optical spectrum
analyzer (OSA — model OSA203B), which spectrally resolves
the collected light from 1.0 to 2.6 wm. The OSA is calibrated
to convert the collected photon counts to power density (units

of pW/nm). To determine the impact of the presence of H,
on the thermal emission of the film, the fiber is heated to
873 K, while flowing 100 sccm of a gas mixture containing
1% O, (balance N,). After stabilizing at this temperature for
4 h, the fiber is exposed to 0.8% H, (8000 ppm, 100 sccm,
balance N,) for 1 h, followed by another exposure to 1% O,
for 1 h. These two steps are repeated two additional times (6 h
total), to ensure that the film is relatively stable under H, for
subsequent steps.
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