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Abstract

In this letter we demonstrate that improved low energy electron absorption
is achieved by suppressing the crystallinity of chromium thin-films grown on
WI[110], which points to a promising route for achieving highly-efficient
thermionic energy converters (TECs). Using low energy electron microscopy
(LEEM) and in-situ film growth, we show that substrate temperature control
permits well-controlled fabrication of either epitaxial Cr[110] films or nano-
crystalline Cr layers. We show that the work function of cesium saturated
nano-crystalline Cr thin-films is ~0.20 eV lower than that of epitaxial Cr[110]
films. Our LEEM measurements of absorbed and reflected currents as a
function of electron energy demonstrate that nano-crystallinity of cesiated
chromium films results in 96% electron absorption in the range of up to 1 eV
above the work function, compared to just 79% absorption in cesiated
crystalline Cr[110] films. These results point to metal films with suppressed
crystallinity as an economical and scalable means to synthesize nano-
engineered surfaces with optimized properties for next generation anode

materials in high performance thermionic energy converters.
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Thermionic energy converters (TECs) are heat engines, operating under
vacuum, that directly convert heat to electrical power. The underlying
physical mechanisms are well understood and are based on heating an
electrode, typically a refractory material, to high temperature so that
electrons gain enough thermal energy to overcome the vacuum barrier.?
These electrons are then driven by a work function difference across a
vacuum gap between the cathode and a low work function anode where they

are collected to provide electrical power output. The electrons emitted from

the hot cathode obey the Richardson-Dushmann equation (/=AT2€XP(#)),

where A is the Richardson constant, k the Boltzmann constant, T the
temperature and @ (eV) the work function of the emitter.? As electrons are
emitted into the vacuum gap, a significant space charge layer can be
formed, which acts as potential barrier that lowers the output power and

therefore the conversion efficiency of a given TEC. 3

One key approach to mitigating space charge layer formation is decreasing
the gap distance between the cathode and anode. Numerical results
reported by Lee et al.? show that energy conversion efficiencies of 50% or
more may be achievable in optimized micro-gapped TECs, and the
construction of devices with such gap sizes is possible today via
microfabrication. However, this approach may introduce new efficiency
limitations such as parasitic heating losses associated to heat transfer
through micro meter gaps. As recently discussed by Lim et al.,* controlling
electron reflectivity at the collector surface is an under-appreciated element
in mitigating space-charge losses. In addition to the importance of managing
total reflectivity, they point out that non-specular reflection, such as diffuse
scattering, contributes less space charge than specular reflection, as
electrons fall off outside an escape cone formed upon reflection on the

anode surface. Also, wide-angle reflection may increase the probability of
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collection as electrons bounce on the anode’s surface. *° As predicted by
Islam et al.,” the use of rough anodes may simultaneously reduce reflection
and encourage diffuse scattering of low energy electrons impinging a
surface. ® In the work reported here, we combine low energy electron
microscopy (LEEM) and current absorption measurements using LEEM
together with low energy electron diffraction (LEED) under in operando
conditions. We show that this experimental approach, essentially mimicking
operating conditions of a TEC cell inside the LEEM, allows direct assessment
of the key physical parameters of TEC electrode materials, including electron

reflectivity and work function.

LEEM is a surface imaging technique that decelerates an electron beam to
very low energy (0-50 eV) with a retarding field at the specimen’s surface.
Imaging elastically reflected electrons makes the method very sensitive to
the chemical, physical, and structural properties of the first few atomic
layers. ¢’ LEEM combines good spatial resolution (a few tens of nm in our
instrument) with spectral information by recording the intensity of reflected
electrons as function of their landing energy on the surface, namely
intensity-vs.-voltage or I-V LEEM. Pixel-by-pixel evaluation of the electron
reflectivity vs. landing energy produces high-resolution 2D work function
maps. &% Here we use this technique for measuring work function and for
quantifying electron reflectivity of prototype anodes materials for thermionic
energy converters, characterizing anode materials under in operando
conditions, i.e., including variable coverage cesium overlayers which are
used in virtually all conventional thermionic devices.! We demonstrate that
appropriate Cr thin-film growth temperatures promote the formation of a
nano-crystalline Cr. After cesiation, this nano-crystallinity significantly
reduces the electron reflectivity in the energy window relevant for TECs,
increasing electron absorption by 33% over otherwise similar epitaxial

Cr[110] thin-films. Our experiments show that not only is specular reflection



suppressed, but the effective cesiated work function is also reduced relative

to epitaxial films.

The W[110] substrate crystal was cleaned by flash heating to ~2000°C every
5 min in 3x10® Torr of oxygen over a period of ~12h, to obtain a surface free
of contaminations. The last flash was performed in UHV (~1x107° Torr) to
desorb the oxygen layer. Chromium films were prepared in situ by e-beam
evaporation on the W[110] crystal inside the LEEM chamber at a base
pressure of 1x107° Torr. The Cr deposition rate was calibrated by monitoring
LEEM-reflectivity oscillations during the formation of the first two atomic
monolayers (ML). Oscillations in backscattered electron current during
deposition indicate atomic monolayer-by-monolayer growth.'**? This layer-
by-layer growth mode is lost after the first few monolayers, so that continued
deposition up to a total thickness equivalent to 20ML results in smooth films
with a high degree of structural disorder, shown by the total absence of LEED
spots. Single crystalline Cr[110] films were prepared by UHV annealing of
the as-deposited Cr films at ~400°C for 40 s, following the recipe described
in ref. '1; LEED and LEEM were used to confirm single-crystallinity and atomic
level smoothness of the resulting epitaxial Cr/W[110] films. Absorption
current measurements were carried out using a Keithley 237 source-
measure unit controlled by MATLAB code. Our W[110] crystal has a small
thru-hole in the center to form a Faraday cup. The total beam current was
monitored with high precision by periodically moving the crystal to collect

the beam with the Faraday cup.

Fig. 1 shows LEEM and LEED images of typical samples as used in this study.
Dark lines separating bright bands in fig. 1a indicate the step/terrace
morphology of the well-ordered bulk-terminated W[110]. As seen in fig. 1b,
after deposition of a Cr dose equivalent to 20ML onto the W[110] substrate
at room temperature the step/terrace substrate morphology is essentially

obscured, leaving only tall step-bunches visible under the rougher and nano-
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granular surface morphology of the Cr film. LEED images of this type of Cr
film (not shown) are completely diffuse and devoid of any reflexes, indicating
a highly disordered, or nano-crystalline structure. In addition, extremely low
specular electron reflectivity at all energies above the work function is
another indication of the disordered structure of this film. Post-growth
annealing at 400°C for 40s leads to crystallization of the Cr layer, forming an
epitaxial single crystalline Cr[110]/W[110] film: the LEEM image and LEED
pattern shown in fig. 1c and 1d, respectively, indicate smooth surface
morphology and sharp LEED spots typical of a single crystalline film, similar
to literature reports. 1113

To study the performance of epitaxial versus nano-crystalline Cr surfaces as
TEC anodes, we turn our attention to the electron absorption/reflection
properties of these surfaces after dosing Cs. The as-deposited nano-
crystalline Cr films remain disordered after cesiation, and LEED images
remained completely diffuse and devoid of any spots, while specular electron
reflectivity remained extremely low at all energies above the work function.
In contrast, cesiation of the Cr[110] surface leads to a LEED pattern
indicating a well-ordered epitaxial overlayer with a supercell that is close to
the (2x2) structure, albeit strained, expected from the Nishiyama-
Wassermann epitaxial relationship. ***> Fig. 1e and 1f show a LEEM image
and a LEED pattern, respectively, after ~ 1.5 ML cesium was deposited at

room temperature on the single-crystalline Cr[110]/W[110] surface.
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Fig. 1 - Bright-field LEEM images and LEED patterns of typical samples. a) BF-LEEM
of W[110] at 7V landing energy. b) BF-LEEM at 3V of 20ML-equivalent nano-
crystalline Cr grown at room temperature on W[110]. c) BF-LEEM at 5V of a post-
growth annealed (400°C for 40s) 20ML Cr[110] film. d) LEED confirms the
homoepitaxial structure of Cr[110] formed after post-annealing in UHV. e) BF-LEEM
at 0.8V of cesiated Cr[110] film similar to the film of panels ¢, d. f) LEED confirms
the Cs superstructure (blue circles) on Cr[110] (orange circles). BF-LEEM images
were taken using a low objective extractor voltage (2kV), field of view is ~15 um.
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Electron reflectivity and work function are the two critical physical
parameters for TEC anode performance, and these evolve as a function of Cs
coverage (Bs). In LEEM -V spectra there is a well-defined steep reflectivity

drop-off as the electron energy is increased above the work function of the
sample, this intensity drop is used to track work function under in-situ anode
preparation conditions. For consistent quantitative work function estimates,

we determine V2, the well-defined steep reflectivity drop-off, by fitting I-V



LEEM spectra with an error function (erfc) as detailed in fig. S1. The energy
scale (horizontal axis) in all I-V LEEM plots in the main part of this paper
includes the calibration offset by the work function of the cathode (

Dcanose 1.4€V). The data analysis procedures and energy scale calibration

are further described in the supplementary materials (supplementary note
#1 and fig.51).

Fig. 2 summarizes I-V LEEM data that show how work function and
reflectivity of two chromium surfaces, nano-crystalline Cr and epitaxial
Cr[110], evolve as a function of Cs coverage. In panels a and b electron
reflectivity is represented in a color scale, to permit plotting the evolution of
reflectivity as a function of electron landing energy (horizontal axis) and
cesium deposition time (vertical axis). Electron reflectivity across the full
range from zero to 100% is represented in colors ranging from black to
white, as shown in the color scale above panels a, b. Both cesiation
experiments summarized in fig. 2 a-b show a similar trend in the work
function evolution as a function of 8... Before the start of cesium deposition,
marked by red solid lines in panels a and b, the work function of the nano-
crystalline and single-crystalline Cr surfaces is around 4.5 eV and 5.0 eV,
respectively. These values are in agreement with earlier works that reported
the work function of polycrystalline Cr*¢ and Cr[110]/W[110].}” With cesium
deposition at constant rate the work function decreases approximately
linearly and a minimum value is reached (green dashed lines), finally the
work function rises again and saturates for higher cesium coverage (blue
solid lines) near the literature values for the work function of bulk cesium.*®
This type of work function dependence on coverage 8., matches prior
observations '°2?° and is well explained in the orbital-overlap model discussed
by Chou et al., ** where the initial approximately linear decrease is attributed
to the linearly increasing density of individual, non-interacting, surface point

dipoles (low coverage). A work function minimum is reached as the cesium



coverage increases and covalent interaction between the alkali adsorbates
increases (intermediate coverage). Finally, the work function saturates at a
value corresponding to the work function of bulk cesium. Detailed work
function measurements are summarized in panels c and d. Here, I-V LEEM
spectra are shown from un-cesiated, cesiated up to work function minimum,
and cesium saturated surfaces are plotted in red, green, and blue curves,
respectively (corresponding color-scale spectra are marked by red, green,
and blue lines in panels a and b). Applying to these data the error-function
fitting procedure as described in supplementary materials (figure S1) yields
the work function values reported in the insets in panels b and c.
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Fig. 2 - I/V LEEM spectra recorded as a function of Cs coverage. Panels a and b
represent reflectivity in color according to scale above, plotted versus electron
energy (horizontal axis) and Cs deposition time (vertical axis). a) cesiation of the
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nano-crystalline chromium surface and b) of the Cr[110] surface. Three regions
highlighted in panels a and b indicate: bare substrate (red line), minimum work
function condition (dashed green line) and Cs saturated condition (blue line). In
colors corresponding to the lines in a and b, panels c and d plot electron reflectivity
as a function of start voltage (//V curves) for several stages of cesium deposition on
(c) nano-grained Cr films and (d) Cr[110] films. Insets in c and d indicate the work
function values extracted by complementary error function (erfc) fitting of the
intensity drop-off (for fitting procedure see supplementary materials). “lo”
represents the intensity of reflected electrons in mirror mode (100% reflection).

In terms of minimal achieved work function under optimal cesium coverage,
the performance potential for TEC applications of nano-crystalline Cr is
similar to Cr[110]: in both structures the work function minimum is ~1.6eV.
However, the nanocrystalline material is more robust since it maintains a
lower work function in over-cesiated conditions: the nano-crystalline material
saturates at a work function of ~1.9eV, which is 0.2 eV lower than the value
of ~2.1eV seen in over-cesiated Cr[110]. The disordered crystalline structure
of the saturated cesium films on nano-crystalline Cr is a plausible reason for
the lower work function compared to saturated cesium on Cr[110]. Our LEED
measurements reported above (fig. 1 and text) provide evidence towards

this interpretation.

Our data reveal additional differences that have important implications for
TEC device technologies. One, we observe that the alkali-coverage at which
work function minima are reached is approximately 2.5 times larger in case
of the nano-crystalline Cr surfaces, as compared to single-crystalline Cr[110]
surfaces (see supplementary information, figures S2, S3), where minimum
work function was associated with coverage 8., 0.55 in ref.?!. The surface of
the nano-crystalline Cr layers is presumably far less densely packed than
Cr[110]. Following the orbital-overlap model discussed by Chou et al.,?* Cs
atoms would interact much more with the less densely packed nano-
crystalline substrate. As a result less Cs-Cs orbital overlap would occur, and
thus more cesium is needed to achieve the coverage regime where point-
dipoles start to become depolarized due to covalent interactions. 22 In order
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to test if indeed the nano-crystalline surface has a higher Cs coverage in the
work function minimum condition, we measured surface composition in both
cases using Auger electron spectroscopy. The Auger spectrum of the
cesiated minimum work function nano-crystalline Cr surface indicates
approximately twice as much Cs than cesiated Cr[110] epi-layers (see
supplementary information, fig. S3). These observations suggest that,
compared to crystalline anodes, the nano-crystalline Cr layers may be more
tolerant to variations in the Cs chemical potential under variable operation
conditions of TEC devices. Another factor that may contribute to delay the
work function minima is weaker Cs-Cs interaction due to higher surface area
of the nano-crystalline Cr film in comparison to the atomically flat Cr[110],

i.e., higher Cs dose is needed to induce covalent interactions.

An additional benefit of the nano-crystalline prototype anodes is suppression
of electron reflectivity over an extended energy range. TEC anodes must
collect electrons, so in operation the key electron energy range is a narrow
window just above the work function. In panel d of fig. 2, the I/V LEEM
spectra do not drop to zero in the energy range above the work function:
evidently, in these cesiated crystalline Cr[110] films reflectivity remains
significant, of the order of a few % up to about 10% in fig. 2d. The case of
nano-crystalline Cr films is very different: in fig. 2c I/V LEEM reflectivity
essentially vanishes at all energies above the work function, under all
conditions of cesiation. 2D work function maps of Cr[110], cesiated Cr[110],
nano-crystalline Cr, and cesiated nano-crystalline surfaces are displayed in
supplementary material fig.54-S7 and are discussed in more detail in
supplementary note #3. This analysis shows that very slight work function
variations of the order of <100mV are observed on the crystalline samples,
and the nano-crystalline surface shows nearly featureless work function
across its surface, with no workfunction “patches” nor significant lateral
variations across the sample. Cesiated nano-crystalline Cr under saturation

conditions exhibits work function variation of <50mV across 12um field of
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view. In the following section we discuss the suppression of electron

reflectivity in more detail.

Due to design constraints of the LEEM instrument used here, the reflectivity
measurements shown in figure 2 include only the specularly reflected
current. Specular reflection is understood to contribute most severely to
space charge induced TEC performance limitation,* but total reflected
current, Iz, might also include off-specular or diffuse reflections that also
contribute performance-degrading space-charge. In our LEEM the total
reflected current cannot be measured directly. However, by measuring the
total absorbed current, I,, we can measure the total reflected current by
accounting for charge conservation, i.e. total reflection and total absorption
must add up to the total beam current /s that is incident on the sample. To
enable precise monitoring of beam current and absorbed current, a
customized W[110] crystal with a pinhole was developed. The sample
current can be measured either with the W[110] crystal exposed to the
electron beam, which results in a measurement of /4, or this sample was
used as a Faraday cup by placing it into a position so that the electron beam

is absorbed through the pinhole, which results in a measurement of /5. This
allows us to deduce the value of the total reflected current as Ix=/3—1, with

good accuracy. Fig. 3 shows quantitative measurements of the total electron

reflection, as a function of electron landing energy.

Fig. 3a shows the current absorbed on the as-deposited and nano-crystalline
Cr film (red solid curve) and after surface cesiation (blue solid curve). In
addition, the black curves labeled FC1 and FC2 are Faraday cup
measurements of the total beam current, acquired by absorbing the beam
through the pinhole in the W[110] substrate. The curve FC1 was measured
before cesiation and FC2 was re-measured after the cesiation, essentially
identical results confirm that the beam current in the microscope is stable
over time. Similarly, fig. 3b shows the absorbed current on the bare Cr[110]
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surface (red solid line) and after surface cesiation (blue solid curve) and,
again, LEEM beam current measured before and after cesiation, FC1 and FC2
(in black solid lines). To estimate the performance potential of these
prototype cathodes in TEC device applications we can compare absorbed
current in the most relevant landing energy range extending from work
function up to ~1 eV above. As indicated by shaded regions, we find that
around 96% of the incoming electrons are absorbed in the cesiated nano-
crystalline Cr, while only about 79% of the beam is absorbed in cesiated
Cr[110] surfaces. A full description of the analysis can be found in fig. S8 and
supplementary note #4.
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Fig. 3 - Absorbed current measurements on nano-crystalline Cr and on single
crystalline Cr[110] surfaces. a) absorbed current on 20ML chromium film (red line),
cesiated 20ML chromium (blue line) and total absorbed current (faraday cup
measurements, black lines) labelled as FC1 (after Cr deposition) and FC2 (after
cesiation of the surface). b) absorbed current on single-crystalline chromium [110]
film (red line), cesiated chromium [110] (blue line) and total absorbed current
(Faraday cup measurements, black lines) labelled as FC1 (after Cr crystallization)
and FC2 (after cesiation of the Cr[110] surface). Blue shaded regions indicate the
electron absorption in the energy-relevant range for TECs.

Power conversion efficiency is a key figure of merit for thermionic energy
converters. Previous optimization efforts used prototype TEC cells. While
such measurements reveal a cell’'s performance characteristics, the cell itself
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remains essentially a “black box” and the physics that controls performance
must be inferred. Our in-operando electron absorption measurements
demonstrate the value of LEEM experiments in “breaking open the black
box”: by testing half-cells in-operando, quantitative observation of electron
reflectivity point to new routes for mitigating performance-limiting space-
charge cloud formation by optimizing the low-energy electron reflectivity of
anode materials. We think the implementation of nano-engineered anodes
with high electron absorption will generate new insights to increasing the
overall efficiency of TECs, opening-up new routes for integration of micro-

gaps into thermionics devices (see supplementary note #5).

In conclusion, understanding electron reflectivity is key to designing new
electron collector materials for next generation of thermionic energy
converters. We have shown that using as-deposited films without long-range
crystalline order reduces electron reflectivity and increases electron
collection at low work function electrodes, and thus presents a strategy for
mitigating space-charging and the associated performance degradation in
TEC applications. Our study demonstrates that cesiated nano-crystalline Cr
films increase electron absorption to 96% compared to just 79% in cesiated
Cr[110] films, suggesting an economical and scalable path toward electron
anti-reflective anodes based on thin metal coatings that is also compatible

for integration into micro-gap based technologies.

Supplementary material

See supplementary material for the complete analysis of work function,

auger electron spectroscopy, and total electron reflection.
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