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Nitrogen doped, hydrogen terminated diamond films have shown a work function of less than 1.5 eV and therm-
ionic electron emission (TE) has been detected at temperatures less than 500 °C. However, ambient exposure or
extended operation leads to a deterioration of the emission properties. In this study thermionic electron emission
has been evaluated for as-received surfaces and for surfaces after 18 months of ambient exposure. The initial TE
current density of the freshly deposited diamond film was ~5 × 10−5 A/cm2 at 500 °C. In contrast, the initial TE
current density of a film aged for 18 months was ~1.8 × 10−9 A/cm2 at 500 °C. The decreased emission current
density is presumed to be a consequence of oxidation, surface adsorption of contaminants and hydrogen deple-
tion from the surface layer. In situ reactivation of the aged film surface was achieved by introducing hydrogen
at a pressure of 1.3 × 10−4 mbar and using a hot filament of a nearby ionization gauge to generate atomic and/
or excited molecular hydrogen. After 2 h of exposure with the sample at 500 °C, the surface exhibited a stable
emission current density of ~2.3 × 10−6 A/cm2 (an increase by a factor of ~1300). To elucidate the reactivation
process thermionic electron energy distribution (TEED) and XPS core level spectra were measured during
in situ hydrogen exposure at 5 × 10−8 mbar. During the isothermal exposure it was determined that
atomic or excited hydrogen resulted in amuch greater increase of the TE in comparison to exposure tomolecular
hydrogen. During exposure at 400 °C the surface oxygen was substantially reduced, the TEED cut-off energy,
which indicates the effective work function, decreased by ~200 meV, and the TE intensity increased by a factor
of ~100. The increase in thermionic emission with hydrogen was ascribed to the reactivation of the surface
through the formation of a uniform surface dipole layer and a reduction of the surface work function.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Thermionic energy converters (TECs), consisting of a hot cathode
and cooler anode in a diode setup, are heat engines that can be
employed for direct conversion of heat into electrical energy [1–3].
The TEC devices are based on thermionic electron emission from the
cathode or emitter surface. The electrons transit the vacuum gap and
are collected at the cooler surface. The potential that develops between
the emitter and collector surfaces can provide power to a circuit.
Because of the lowmass of the electrons, TEC systems can achieve rela-
tively high conversion efficiencies. Previously, TEC devices were devel-
oped based on refractory metal surfaces, which were operated at hot
side temperatures greater than 1000 °C. Recent research has suggested
that low temperature operation (b600 °C) could be achieved with low
work function emitter and collector surfaces based on doped diamond
films.

Nitrogen doped diamond films as hot cathodes have shown low-
temperature vacuum thermionic energy conversion at temperatures as
low as 500 °C [4,5], and these structures have been proposed for improv-
ing energy efficiency through reclamation of waste heat among other
applications [6,7]. The efficacy of these low work function, nitrogen
doped diamond films is based on three properties: 1) the negative elec-
tron affinity of the hydrogen terminated surface, 2) the mitigation of up-
ward band bending apparently due to the presence of sp2 bonded grain
boundaries, and 3) the achievement of n-type character due to the incor-
poration of nitrogen in the films. The negative electron affinity of hydro-
gen terminated diamondfilms has been established formany years and is
attributed to the formation of a surface dipole due to the partially ionic
C–H bond [8,9]. Upward band bending has been observed for single
crystal nitrogen doped diamond surfaces indicating the presence of ac-
ceptor like surface states [10]. It has been suggested that the sp2 bonded
grain boundaries provide sufficient charge to compensate for the surface
states. Doping of diamond films with nitrogen has been proposed to
occur through two mechanisms: single substitutional N in the diamond
domains, and/or nitrogen incorporation in the grain boundaries [11,12].
It is still an open question as towhich ismost significant for nanocrystal-
line diamond films.

In vacuum operation it has been observed that the initial perfor-
mance of diamond cathodes degrades with time and temperature. In
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Fig. 1. TE signal measured from sample A a few days after deposition of the diamond film,
and from sample B after 18 months of storage in ambient conditions.
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both cases, the loss of hydrogen from the subsurface and surface region
was assumed to be the main reason for emission loss. Attempts to re-
cover cathodes by hydrogen plasma processes have been successful,
while the detailed mechanism responsible for the recovery of these
cathode surfaces has not been confirmed [13]. Hydrogen regeneration
and surface termination is a well studied process with a typical goal of
restoring the negative electron affinity of the surface. In many studies
single crystal surfaces have been employed. This study also explores the
role of hydrogen regeneration of the emitter surface, but in this case the
focus is on the thermionic emission and work function of nitrogen
doped diamond films. In this paperwe present results on the reactivation
process of these cathodes by in situ exposure to excitedhydrogen, and the
process is explored in two different UHV systems.

2. Experimental details

The nanocrystalline diamond cathodes were synthesized utilizing
microwave plasma chemical vapor deposition (MPCVD). Substrates
were 25 mm diameter polished molybdenum discs, which were
employed for their stability and lower electrical resistance compared
to Si. The nitrogen-doped diamond layer was grown using 400 sccm
hydrogen, 2 sccm methane, 100 sccm nitrogen, 80 mbar chamber
pressure, 1300 W microwave power and 827 °C substrate temperature
for ~32 min. Sample preparation was concluded by a 1-min hydrogen
passivation stepwhere themethane andnitrogenflowswere terminated.
The final film thickness was determined by in situ laser interferometry to
~0.3 μm.

The thermionic emission of the films was characterized using two
systems: one that quantified the emission current in a diode configura-
tion and the other that provided spectroscopic measurements. The
diode thermionic emission setup was equipped with a heater block in-
corporated into a ceramic disc (HeatWave Labs, Inc.) and amolybdenum
mesh as the collector with a 0.5 mm spacing gap. The heater and collec-
tor were mounted in a vacuum chamber with a base pressure around
10−7 mbar. A turbomolecular pump was used for this system. No heat
shield was placed around the heater block to prevent radiative heat
loss. The temperature of the heater was controlled by a K-type thermo-
couple embedded 1 mm below the top surface and modulated by a PID
power supply. The actual temperature at the surface of the samples and
the effect of thermal radiation and thermal contact via ceramic insula-
tors on the collector temperature were measured beforehand by two
thin K-type thermocouples directly contacted to the sample surface
and the collector, respectively. The temperature of the collector reached
~300 °C at the highest sample temperatures of 500 °C.

In this study in situ reactivation of the surface is achieved by intro-
ducingmolecular hydrogen through a leak valve into the vacuumcham-
ber. Atomic and excited hydrogen are generated by the hot filament
cathode of the ionization gauge which was mounted relatively close to
the leak valve. The hot cathode filament is made of ThO2:Ir, and it is
kept at T ~ 1400 °C by the Bayard–Alpert ionization gauge power supply.

The spectroscopic systemwas also used to elucidate the reactivation
process. Themeasurementswere performed in anXPS analytical system
(PHI-XPS TFA) which is based on the model PHI 5701. The thermionic
electron energy distribution (TEED) spectra were measured during hy-
drogen exposure. The samples were mounted on a steel sample holder
which was resistively heated to 400 °C with temperature increased at
a rate of 3 °C/min. The temperaturewas controlled by a K-type thermo-
couple mounted inside the sample holder. The TEED scans were record-
ed using the 290mmdiameter hemispherical energy analyzer operated
with a pass energy of 2.75 eV. The energy resolutionwas estimated to be
less than 100 meV. During TE measurements the samples were biased
with a negative potential of 3.95 V, and the base pressure in theXPS sys-
temwas ~8× 10−10 mbar. During themeasurements and hydrogen ex-
posure, this system was pumped by an ion pump. The chamber was
configured in such a way that the sample surface was not in a direct
line to the pump. The distance between the pump and the electrostatic
analyzer was ~0.5 m. Flowing hydrogen during the spectroscopic mea-
surements was performed through a leak valve mounted above the ion
pump. There was still a small possibility that ions produced in the ion
pump may enter into the electrostatic analyzer and contribute to the
measured energy distribution. Also this vacuum system was equipped
with an ion gauge with a thoriated iridium filament, which was used
to crack or excite the hydrogen. The emitted thermionic electrons
were collected by the electron analyzer, and the signal was measured
in arbitrary units which could not be directly converted to current
density. The relative TE intensity for each scanwas obtained by digitally
integrating the TEED scans.

For surface activation hydrogen was introduced at a pressure of
~5 × 10−8 mbar. The electron analyzer was calibrated against the Ag
Fermi energy in a separate experiment. The analyzed spot was
~0.4 mm in diameter. For the aged sample with a low initial TE cur-
rent, the surface was heated to 400 °C and pre-exposed to hydrogen
at 5 × 10−8 mbar for 15 min with the ion gauge switched on. This
process partially activated the surface to initiate measureable TE.
This pre-activation was necessary to produce a TE signal for spec-
trometer alignment. After the TE signal was established, hydrogen
introduction was either stopped or continued while the measure-
ments of the TEED scans were recorded. During the long sequence
of measurements of TEED spectra in the XPS system (few days) the
stability of the work function of the analyzer was not directly
checked with a reference material since the diamond sample was
the whole time at the fixed position in front of the analyzer.
Throughout the measurements the analyzer was continuously held
at the measurement electrical potentials to avoid the warm-up tran-
sient effects. Consequently, we do not anticipate that the analyzer
work function would change by greater than 0.2 eV during the 4–5
days typically used in the described measurements.

3. Results

3.1. Thermionic electron emission

In this study four similarly prepared samples, termed A, B, C and D,
were investigated. The samples differ in their history and in themethod
that was applied for TE evaluation. The TE was measured from an as-
received nitrogen doped, hydrogen terminated diamond film (sample
A) within a few days after preparation. The measurements were made
between 300 and 500 °C using the diode setup with an applied electric
field of 0.2 MV/m and a base pressure of ~3 × 10−7 mbar. The applied
field is well below the threshold for field emission from these films.
The measured TE signal was quite intense (Fig. 1) showing an average
TE current density of ~5 × 10−5 A/cm2 at 500 °C.

The same procedure has been performed on a similar sample (sample
B), which was stored in ambient conditions for 18 months after deposi-
tion. The TE current density of the aged film was ~1.4 × 10−9 A/cm2,
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Fig. 2. a. The time dependence of the TE signal from sample B during exposure to hydrogen
at 1.3 × 10−4 mbar while heated to 500 °C. An increase by a factor of ~1300was achieved.
b. The TE characteristics of sampleB in vacuum, after being reactivated in hydrogen (upper
curve) and after a new exposure to ambient atmosphere for 9 days (lower curve). c. Time
dependence of the TEED intensity variation during thermionic emission from sample A
heated at 400 °C in hydrogen at 5 × 10−8 mbar. An increase of a factor of ~15,000 was
achieved within 20 h.

153V. Nemanič et al. / Diamond & Related Materials 50 (2014) 151–156
whichwas obtained at 500 °C and 0.2 MV/m, Fig. 1. The emissionwas sta-
ble but substantially lower than the value measured from the as-
deposited film. This low TE current density is presumed to be a conse-
quence of oxidation, surface adsorption of contaminants and hydro-
gen depletion from the surface layer; all processes that occur during
the extended ambient atmosphere exposure. We expect that this phe-
nomenon is not related to a particular sample but is a general feature
of ambient surface exposure. Therefore, we characterized different sam-
ples treated with similar procedures.

3.2. Reactivation of the thermionic emission with activated hydrogen
exposure

Given the role of hydrogen in establishing an NEA, the aged surfaces
were exposed to an activated hydrogen atmosphere in an attempt to
reactivate the TE. The in situ reactivation of the surface was achieved
by introducing atomic and/or excited molecular hydrogen, generated
by the hot filament cathode of a Bayard–Alpert ionization gauge.
Fig. 2a shows the time evolution of the TE during exposure to hydrogen
at a pressure of 1.3 × 10−4 mbar with the sample at 500 °C and field of
0.2 MV/m. During the 2-hour exposure, the TE current density in-
creased to 2.3 × 10−6 A/cm2, which represented an increase by a factor
of ~1300 (Fig. 2a). The sample was cooled to ~200 °C while the hydro-
gen flow continued, and the Bayard–Alpert ionization gauge was on.

After cooling to room temperature, the TE characteristics of sample B
were measured again in vacuum to establish if the surface was changed
during the activated hydrogen exposure, Fig. 2b. The TE current density
at 500 °C and 0.2 MV/m was ~6 × 10−7 A/cm2, which is substantially
greater than before the reactivation. We note that these results were
obtained without ambient exposure after the reactivation.

To further explore the effect of ambient exposure, the TE character-
istics of the same sample were measured after an additional ambient
exposure for 9 days, Fig. 2b lower curve. The TE current density was
reduced to a value that approached the emission after 18 months of
ambient exposure. The loss of TE emission evidently shows that the
reactivated surface has greater sensitivity to oxidation, contaminant ad-
sorption or surface hydrogen depletion than the as-grown surface.

A similar trend in the thermionic emission could be deduced from the
time dependence of the integrated TEED spectra which were obtained in
the XPS system. Fig. 2c shows the time dependence of the thermionic
emission during hydrogen exposure obtained from the TEED spectra on
sample A. The sample was heated to 400 °C in a hydrogen atmosphere
at 5 × 10−8 mbar. A large increase of TE by a factor of ~15,000 was ob-
served during hydrogen exposure for 20 h at 400 °C. Overall the trend
is similar to that observed for sample B.

3.3. Chemical characterization of the diamond surface

The surface of a freshly prepared diamondfilmwas compared to one
after hydrogen activationwith XPS throughmeasuring theO 1s and C 1s
core level spectra, Fig. 3. The XPS spectra before and after hydrogen
activation of sample D were similar. The results indicated atomic per-
centages of 99.0 at.% of C, 0.8 at.% of O and traces of N in the 3–5 nm
surface layer sampled byXPS. After the activation procedure the oxygen
concentration was decreased to 0.4 at.% which shows that annealing at
400 °C and exposure to hydrogen induce desorption of oxygen species
from the surface. We presume that this is one of the reasons for the
change of the electronic properties of the surface and for the increase
of the TE signal.

The carbon C 1s spectrum shown in Fig. 4a has its maximum at
285.8 eV (FWHM = 1.05 eV). It is quite symmetric as is expected for
diamondwhile there is a small asymmetry on the higher binding energy
side which can be fit with an additional peak. This peak could be
assigned to C–O based groups or shake-up processes due to filled elec-
tronic states at the Fermi energy resembling a graphite-like feature.
The O 1s spectrum, Fig. 4b, displays a maximum at 532.5 eV which
can be assigned to C–O, H2O or OH bonds. After the hydrogen activation
the carbon C 1s spectrum remains essentially identical whereas the O 1s
peak decreased significantly indicating desorption of the oxygen based
species. Due to the low O 1s signal from sample A after annealing, it
was not possible to deconvolve the XPS spectra and obtain more detail
about the oxygen bonding configurations.

3.4. Dynamics of hydrogen surface interactions

Additional experiments were carried out in the diode setup on an
aged sample (sample C) to understand the dynamics during the hydro-
gen exposure and the role of the filament. For the results shown in
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Fig. 3. Typical XPS survey spectrum obtained from an as-received freshly prepared
diamond film (sample A) before activation in hydrogen.
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Fig. 5, hydrogen gas was introduced at a pressure of ~1.3 × 10−5 mbar
with the sample at 500 °C, and the ion gauge filament was controlled
as indicated. In the initial step with the hydrogen and filament on, the
TE current densitywas stable at ~1.15×10−6 A/cm2.When thehydrogen
flowwas terminated, the TE currentwas reduced bymore than a factor of
1.6 within 15 min. After the hydrogen supply was restored to the same
base pressure, the TE current density increased to a stable condition
with a value near that of the first step. Switching off the ion gauge fila-
ment while keeping the hydrogen base pressure constant, resulted in a
similar decay of the TE current density. This shows thatmolecular hydro-
gen does not have a significant influence on the TE current density at this
base pressure. Apparently, molecular hydrogen must be atomized or ex-
cited by the hot cathode of the Bayard–Alpert ionization gauge before it
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Fig. 4. a. XPS spectrum of C 1s from the freshly prepared diamond film (sample A) before
annealing in hydrogen. b. XPS spectra of O 1s from the freshly prepared diamond film
(sample A) before annealing and after activation in hydrogen.
affects the characteristics of the nitrogen doped, hydrogen terminated di-
amond film.

In order to understand the reactivation process in more detail, a
parallel experiment was performed on an aged sample (sample D),
and the thermionic emission energy distribution (TEED) spectra and
X-ray photoelectron spectra (XPS) were recorded during the reactiva-
tion process. The sample was loaded into the XPS system with a base
pressure of 4 × 10−10 mbar. The sample was heated to 400 °C, and
due to the low TE current, it was necessary to pre-expose the surface
to hydrogen at 5 × 10−8 mbar for 15 min with the ion gauge switched
on. This pre-activation was needed to produce a small TE signal that
was necessary for alignment of the spectrometer. After this was accom-
plished the hydrogen flow was stopped.

Fig. 6 shows the time dependence (over 15 h) of the TE current from
the diamond surface at a temperature of 400 °C. During the initial
75 min a very low TE was detected, which was attributed to the emis-
sion after the pre-activation period. The ion gauge was on during this
time period, and the low emission established that electrons from the
ion gauge did not contribute to the emission. After 75 min the ion
gauge was turned off and hydrogen was introduced at a pressure of
4.6 × 10−8 mbar. From 75 to 300 min, the TE intensity gradually in-
creased. It is possible that in this period the sample heater in the form
of hot W wire mounted behind the sample holder caused a small
amount of atomic or excited H which activated the TE. At the 300 min
point, the ion gauge was switched on in the presence of hydrogen.
This resulted in a much stronger increase of the TE for the next 10 h.
This time sequence demonstrates that the atomic and/or excitedmolec-
ular hydrogen is largely responsible for the increased thermionic elec-
tron emission from the diamond surface. The total increase of TE over
15 h for sample D was about a factor of 100 with respect to the TE in
the first 75 min time period before hydrogen exposure. After 15 h of
exposure at 400 °C, the sample was cooled to 230 °C and again re-
annealed to 400 °C. From the temperature variation of the TE and
using the Richardson equation, the effective work function of sample
D was deduced to be (1.1 ± 0.1) eV.

3.5. Spectral characteristics of the TE

Characteristic TEED spectra obtained during the 15 h sequence on
sample D are shown in Fig. 7. The TEED spectra were continuously re-
corded during the activation sequence, and the results indicated that
the cut-off energy decreased during the exposure. The TEED spectra
are asymmetric to the higher kinetic energy side. The full width at half
maximum (FWHM) of the TEED spectra were ~0.20 meV. Such a
spectral shape reflects the TE process described by the equation
I(E) = A × (E − Ef − WF) / (1 + exp(−E − Ef) / kT)), where Ef is
the Fermi energy, WF is the work function, E is referenced to Ef and
A is an arbitrary constant. The cut-off energy in these spectra should
correspond to the effective work function (measured from the Fermi
energywhich iswithin the diamond bandgap) of the annealed diamond
surface. After the initial hydrogen introduction the cut-off energy de-
creased by ~0.05 eVwith respect to theweak TE before hydrogen expo-
sure. After switching the ion gauge on (300 min), the cut-off energywas
further reduced by ~0.05 eV. With the hydrogen and ion gauge on, the
cut-off energy was gradually and continuously reduced and after
350 min of exposure it stabilized at a value ~0.20 eV lower than before
exposure. In total, a decrease of 0.20 eV was observed in the cut-off
energy (work function) during the exposure to hydrogen.

The XPS scans of the C 1s peak showed a similar shift in energy to
higher binding energy. This change may be interpreted as indicating
that the surface Fermi level is at a higher energy relative to the valence
bandmaximum. Taken togetherwith the TEED scans the results suggest
that the reduction in work function was due to a change in band
bending.

This was accompanied by an increase of the total TE intensity on
sample D by a factor of 100 with respect to the initial value in the 15 h



Fig. 5. TE from sample C exposed to hydrogen at ~1.3 × 10−5 mbar with the ionization gauge switched on and off as indicated. The sample was held at 500 °C.
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period. The expected theoretical relative increase in TE (expression
above for I(E)) for a change in WF energy of 0.20 eV at 400 °C would
be 31. This value is less than the experimentally observed TE enhance-
ment at these conditions. This shows that enhancement of TE at con-
stant temperature is only partly related to lowering of the WF due to
hydrogen interaction with the diamond surface. Therefore we deduce
that the TE enhancement occurred due to desorption of contaminants
and adsorption of atomic hydrogen and the formation of a surface di-
pole layer.

We note another interesting observation in the TEED spectra. After
hydrogen introduction, a weak broad peak appeared at ~1.0 eV beneath
the apparent cut-off energy and at energy above 1.6 eV. This feature is
possibly related to hydrogen ions probably generated by the ion pump
or other sources.

4. Discussion

As shown above we observed that the TE can be enhanced by ex-
posure of the diamond film at elevated temperature to atomic or/and
excited molecular hydrogen. A decrease of the hydrogen pressure or
absence of the ion gauge hot cathode results in a rapid drop of the TE.
The question is then how does the hydrogen influence the TE? There
have been several studies of the hydrogen interaction with surfaces of
monocrystalline diamond related to basic phenomena during growth
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of diamondfilmswith the CVDprocedure or to the very special diamond
property, i.e. NEA. Pepper [14] was among the first who demonstrated
that the diamond (110) surface is transformed during vacuum anneal-
ing and that new band gap states appear at 900 °C. After the exposure
of the transformed surface to excited hydrogen atoms these band gap
states were removed. The so-called “regeneration” was observed when
the ion gaugefilamentwas switched on. However, it is not clearwhether
the atomic hydrogen or/and excited molecular hydrogen is responsible
for this transition. Later, the group of Ley [15,16] intensively studied
electron affinity of bare and hydrogenated single crystal diamond
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is dependent on the hydrogen coverage of the surface and explained it
by the formation of the C–H surface dipole layer due to a charge transfer
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In this frame we explain our results on the N-doped polycrystalline
diamondfilmwhere a similar phenomenonoccurs as on the single crystal
diamond surfaces. During annealing and simultaneous exposure of our
samples to themolecular hydrogenflowwith the ionization gauge on, in-
cluding the hot filament cathode, the surface regenerationwas observed.
We suppose that the hydrogenation occurs via conversion of the topmost
C–C dimer double bonds to single bonds, resulting in one H-atom at-
tached to each carbon surface atom and the formation of a layer of C–H
dipoles. This was observed as an increase of the total TE intensity
(Figs. 2a, c and 6) and by a change of the electron affinity and work
function of the diamond film surface (Fig. 7). A decrease of the hydrogen
concentration or an absence of excited molecular or/and atomic hydro-
gen atoms leads to a decrease of the TE as can be seen in Fig. 5. The TE
reduction could be an effect of desorption of hydrogen from the film
surface. The low TE observed on our cathodes after exposure for a longer
period at ambient conditions is presumed to be an effect of surface con-
tamination and passivation. Partial adsorption of oxygen-based species
like water or other contaminants is also expected to occur which would
result in a lower TE current.

On the other hand it was suggested [19] for diamond single crystals
that the surface layer may suffer from transition from sp3 hybridization
to sp2 hybridization (during thermal adsorption–desorption cycles).
Consequently, it is expected that surface graphitization decreases the
TE. This effect may be irreversible and is potentially responsible for
the permanent decrease of the TE level obtained after each regeneration
process.
5. Conclusions

We performed a systematic study of the influence of hydrogen expo-
sure on in situ reactivation of thermionic electron emission fromnitrogen
doped diamond films after being exposed for different times to an ambi-
ent air atmosphere.We showed that it is possible to reactivate thermionic
electron emission by annealing cathodes at temperatures of 400–500 °C
for 30–100 min in hydrogen in a pressure range of 10−4 to 10−8 mbar.
This process can be performed in situ during operation of TE cathodes
which can replace ex situ pretreatment of cathodes in hydrogen plasma.
Our results show that recovery of thermionic electron emission is more
efficient when atomic or/and excited hydrogen generated by the hot
filament cathode of the ionization gauge is present over the hot cathode
surface leading to effective adsorption of atomic hydrogen on the dia-
mond surface as has been suggested in the literature. Based on these
data we suggest that the TE enhancement is related to the formation of
a C−–H+ surface dipole layer through an increase of the surface density
of the C−–H+ dipoles during hydrogen exposure, which is more efficient
in the presence of excited/atomic hydrogen. Our TEED results as a func-
tion of hydrogen exposure show that TE activation is related to a decrease
of the cut-off energy and effective work function for TE. We assume that
other effects may also be involved during activation in hydrogen atmo-
sphere including desorption of oxygen based chemical species. Specifi-
cally, XPS analysis of the chemical composition of film surface during
TE reactivation showed that a portion of the adsorbed oxygen is
desorbed during the cathode activation which may further contribute
to the magnitude of the NEA and larger TE current.
Prime novelty statement

In situ reactivation of the agedfilm surfacewas achieved by introduc-
ing hydrogen at a pressure of 1.3 × 10−4 mbar and using a hot filament
of a nearby ionization gauge to generate atomic and/or excited molecu-
lar hydrogen. After 2 h of exposure with the sample at 500 °C, the sur-
face exhibited a stable emission current density of ~2.3 × 10−6 A/cm2

(an increase by a factor of ~1300).
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