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Surface functionalisation of diamond can produce negative electron affinity (NEA), where the conduction
band lies higher in energy than the vacuum level. Hydrogen termination is well-known to produce NEA
on diamond but can be removed by temperatures above ~700 °C, making it unsuitable for diamond-
based thermionic applications, where high temperatures are converted into electricity via an electron
emission process. In this review article we give an overview of thermionic emission, describe the po-

tential applications of diamond-based thermionic energy converters, then review the different surface
termination schemes that can provide a diamond surface with NEA. We discuss the relative merits of the
different NEA surfaces that have been developed both computationally and experimentally as alternative
cathode materials for thermionic devices.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

A number of advanced technological applications rely for their
operation upon controlled electron emission sources. These include
emissive flat-panel displays, spacecraft ion engines, high-power
microwave amplifiers, X-ray sources, electron microscopy and
electron-beam lithography techniques [1-8]. To be emitted from a
surface, electrons must possess sufficient energy to overcome the
potential barrier situated at the surface-vacuum interface. This
potential barrier is known as the work function, ¢, which is defined
as the energy difference between the Fermi level (the electro-
chemical potential of electrons inside the material) and that of the
vacuum level. For semiconductors at normal operating tempera-
tures, the conduction band (CB) is usually empty of electrons while
the valence band (VB) is partially or fully occupied. The two bands
are separated by an energy band gap of a few eV (e.g. 1.1 eV for Si
and 5.47 eV for diamond). This means the work function for most
metals and semiconductors is also typically several eV. Thus, pho-
tons in the UV region of the electromagnetic spectrum or
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temperatures >1500 K are required to provide sufficient energy to
emit electrons at the Fermi energy in the VB directly into the vac-
uum or to excite them into the CB to be subsequently emitted from
there.

For some semiconductors and insulators, however, an alterna-
tive emission pathway can occur if the conduction band minimum
(CBM) lies higher in energy than the vacuum level. This rare situ-
ation is known as negative electron affinity (NEA). In this case, any
electrons located in the CB have no emission barrier to overcome to
escape the surface. Bulk electrons residing in the VB, or in mid-
band-gap states as a result of p- or n-type doping, only need to
be excited into the CB for emission to take place. Consequently,
materials with NEA are highly desirable for next-generation elec-
tron-emission applications.

Fig. 1 shows schematically the difference between positive
electron affinity (PEA) and NEA and their relationship to work
function. Most semiconducting materials exhibit PEA (Fig. 1(a)),
where the Fermi level (Eg) sits midway between the top of the VB
and the bottom of the CB. The energy of the vacuum level (Eyc)
usually sits at an energy higher than the energy of the CBM (Ecgm)
such that any electrons that become promoted into the CB (by, say,
thermal energy or absorption of a photon of the appropriate en-
ergy), still have a further energy barrier to overcome in order to
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Fig. 1. Schematic diagram illustrating the electron affinity  and its relationship to work function, ¢, in relation to a fixed vacuum energy level, E ., for various semiconductor
systems. VB indicates the valence band and VBM its maximum energy, CB indicates the conduction band and CBM is its minimum energy. The position of the Fermi level, Er, in the
band gap varies depending upon whether the semiconductor is p- or n-doped. (a) PEA, (b) true NEA, (c) true NEA in a p-doped material with downward band bending, (d) effective
NEA where the downward band-banding pushes the CBM below the vacuum level, and (e) PEA in an n-doped material where upward band banding has pushed the CBM above the

vacuum level.

escape the surface and be emitted into the surrounding vacuum.
This barrier is the electron affinity (EA), y (defined as ¢ = Eyac —
Ecgm) and in this case, is positive. From a non-excited state, the
electrons will reside at the Fermi energy and so the total energy
required to emit them from the surface, the work function, will be
(i) - 'X, + EF-

However, in the case of a few unusual materials with large band
gaps (such as diamond, cubic boron nitride [9], AIN, AlGaN [10]),
the CB has an unusually high energy such that it lies above the
vacuum level. In this case the EA is negative, and this situation is
known as ‘true’ NEA (Fig. 1(b)). In this case, any electrons promoted
into the CB can be emitted into vacuum with no barrier, and indeed,
may emerge with substantial kinetic energies equivalent to the NEA
value of a few eV.

This is a rather simplified example. When considering the band
structure of a semiconductor, the bands of a material are often
depicted as bending up or down at interfaces. This ‘band bending’ is
not a physical effect, but rather a representation of the energy offset
due to a charge imbalance at the interface. If the material is p-type
doped, the Fermi level is pinned near the VBM, while the CB and VB
are pulled downwards at the surface. If the new CBM still remains
above the vacuum level, then we still have true NEA, as shown in
Fig. 1(c). However, if the position of the CB is such that the new CBM
induced by band-bending at the surface is now below the vacuum
level, this leads what is known as ‘effective’ NEA. Here, any elec-
trons promoted into the CB in the bulk (e.g. by heat or photoexci-
tation), in theory, have enough energy to escape to vacuum.
However, as they approach the surface they will either (i) ther-
malise to the surface CBM and become trapped there by the small
surface energy barrier, or (ii) tunnel through the barrier to escape
into vacuum. Because electron emission from an effective-NEA
surface requires electron tunnelling from the bulk, emission is
lower than for a true NEA surface. For n-type semiconductors, the
situation is reversed. Now the bands bend upwards and the Fermi
level is pinned close to the top of the band gap, near the bulk CBM
(Fig. 1(e)). This means the work function can be quite low, however
this does not mean that electron emission is facile. Any electrons
excited into the bulk CB that do not immediately emit into the
vacuum (for example because they are too far from the surface),
will start to thermalise to the local CBM. Bulk CB electrons will
rapidly end up at the bulk CBM and so face a positive energy barrier
(i.e. PEA) to escape the surface.
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As a result, thermionic emission from semiconductors is a
complex process. For ease of electron emission, an n-doped mate-
rial is desirable due to its reduced work function. However, the
upward band-banding at the surface induces a PEA which may
reduce or prevent electron emission. A p-type material may seem
undesirable at first due to the need to overcome the large band gap,
however if the downward band banding is large and there is also a
large NEA, the energies needed to excite and emit electrons may
become reasonably small.

2. Thermionic emission

For thermionic emission to occur, a material is heated (typically
in vacuum) to a temperature sufficient to allow electrons to be
emitted from the surface. Thermionic emission from metals was
first studied by Richardson in 1901 [11], and resulted in the
Richardson-Dushman equation [12]:

)
kT
where | is the emission current density, T is the absolute temper-
ature of the emitting material, ¢ is the work function, k is the
Boltzmann constant and Ag is known as the Richardson constant.
This equation highlights the crucial role in emission played by the
work function. For most metals with ¢ ~3—5 eV, the minimum
temperature required to obtain usable electron current densities in
devices (>1 A cm2) is typically >1500 °C [13,14], which is haz-
ardous, difficult to attain practically and has high energy re-
quirements. These issues have hindered the development and
application of thermionic emission devices for decades. In contrast,
for NEA materials, such as diamond, temperatures as low as 800 °C
can be used to attain the same current densities, opening the door
for a range of practical thermionic devices.

The Richardson constant has been theoretically derived for
metals, giving a value of:

J(T) = ArT? exp( - (1)

4mmk?e [ h* = 1202 Acm™2 K2 (2)
where m and e are the mass and charge of the electron, respectively,
and h is the Planck constant. The derivations of Eqgs. (1) and (2)
assume uniform work function and temperature across the sur-
face, and the model uses a Maxwell-Boltzmann distribution of
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electron energies, which is only valid for metals at high tempera-
tures. As a result, the true value of Ag may deviate from the value in
Eq. (2), and so often needs be multiplied by an experimentally
determined correction factor dependent on the exact nature of the
material and surface. Nevertheless, the simplicity of Eq. (2) means it
is still widely used for comparison of materials. Table 1 provides a
list of common emitter materials and their thermionic emission
characteristics, such as melting point, work function, Richardson
constant, and emission current densities calculated from these
values. Note that due to lack of experimental emission data per-
formed at comparable temperatures, these emission current den-
sities are predicted values based on Eq. (1) using T = 1500 K; no
account has been made of the stability of the material surface at
1500 K or under electron emission conditions.

Recently, a non-equilibrium Green’s function model has been
used to consider emission from semiconductor materials such as
diamond [15,16]. This model is able to predict properties, such as
the Richardson constant, emission onset temperature, and the ef-
fect of NEA more accurately than the Richardson model.

3. Thermionic energy converters

Thermionic emission can be utilised for energy generation by
employing a thermionic energy converter (TEC). A brief summary of
these devices is provided here but more detailed reviews of TECs
may be found in Ref. [17,26,27]. As shown by Fig. 2, in a TEC, elec-
trons emitted from a heated cathode (the emitter) travel across a
vacuum gap and are captured by a cooler anode (the collector). The
difference in work function between anode and cathode creates a
potential difference (self-bias) between the electrodes. Connecting
the two electrodes allows an electric current to flow from the anode
back to the cathode, driving a load. Thus, heat can be converted
directly into electricity within a solid-state device that has no
moving parts.

For a TEC to work there is usually high or ultrahigh vacuum
between the electrodes, otherwise the electrons would likely not
reach the collector. The vacuum both increases the collection
probability and helps thermally insulate the two electrodes from
each other. This insulation is important as it helps to maintain the
temperature differential between the electrodes which is essential
for maximising the device efficiency.

Table 1

Carbon 171 (2021) 532550

e e e e )
e —
vacuum (I}t g I “Space charge | - _F ‘LOAD‘
emitter —f—l
HEAT

Fig. 2. Simplified schematic diagram of a thermionic emission converter.

3.1. Maximising TEC efficiency

If a TEC is considered to be a simple heat engine, the maximum
efficiency is given by the Carnot equation:

Tg
Mcamot = 7 (3)

where Tg and T¢ are the temperatures of the emitter and collector,
respectively. However, a more accurate and realistic method to
estimate the maximum efficiency of a TEC is by expressing it as the
useful output power divided by the total [28]:

 Je(VE — Ve — V)
TR+ H + Je(Ve + 2KkTg) )

Here, Jg is the emission current density from the emitter, Vg — V¢
is the potential difference between the emitter and collector elec-
trodes, Vyy is the voltage loss that occurs from connection of the
electrodes to a room-temperature load wire, R and H represent heat
loss from the emitter through black-body radiation and thermal
conduction, respectively, and k is the Boltzmann constant. To
ensure a forward bias the collector work function, ¢¢c, must be at
least 1 eV lower than that of the emitter, ¢ [19]. Also, ¢ should be
as low as possible to maximise efficiency because the developed
bias depends on the difference between the emitter and collector
work functions, and if ¢g is increased then higher temperatures are
required for the same current density (following Eq. (1)). The col-
lector should also be maintained at a low temperature to prevent
reverse current generation.

The power density of the device is dependent upon the

Properties of some common emitter materials. CNT stands for carbon nanotube. ¢ is the work function, Ag is the Richardson constant, and Ji500 k is the calculated emission

current density at 1500 K.

Material Melting point (K)  (eV) Ar(Acm 2K ?) J1s00 k (A cm 2) Ref.
w 3640 454 55—104 69x 108 -13x107 [17,18]
Ta 3270 4.10 60 23x 10 117]
Re 3440 470 110 40 %108 [17,18]
Mo 2890 415 39 1.0x 10 [17.18]
Pt 2050 5.40 170 2.7 x 10°1° [17]
Ni 1730 4.10 60 23 %10 117]
Ba 1120 2.11 60 112 117]
Cson W - 1.36 3.2 190° [19]
Cs on Si-doped AlGaN - 2.7-32 - b [20]
BaO 2196 1.5 0.1 2.1 18]
LaBg 2480 24-34 57-82 1.1-7.0 x 104 [21,22]
CeBg 2825 239 19 0.4 [23]
SmBg 2673 276 120 0.14 [24]
h-BN/CNT - 422-461 4-1459 60x10%-11x10° [25]
CNT 3823 2 110-120 47-51 18]

4 1500 K is above the melting point of Ba so no emission would be observed.
b It is likely that the Cs layer would have desorbed by T — 1500 K.
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difference between emitter and collector work functions:

dE

P(T) = AgT? exp ( - E) (95 — b0) (5)

and the maximum power output occurs at ¢ = ¢¢ + kTg [29]. This
presents a conundrum: as kTg is relatively small (~0.1 eV), this
suggests that the two work functions should be similar for
maximum power. But, to maximise efficiency, the difference be-
tween emitter and collector work functions should be >1 eV. Thus,
the different requirements for power and efficiency necessitate a
trade-off between the two. Nevertheless, models have predicted
efficiencies in excess of 30% to be achievable [28,30] for thermionic
devices, making it theoretically comparable or an improvement
over other energy generation techniques [30].

3.2. Practical considerations

There are a number of practical considerations when designing a
diamond-based TEC. Many of these can be overcome by clever
design or good engineering, but some are fundamental to the
emission process.

3.2.1. Heating the emitter

First, the emitter needs to be continually heated to maintain
electron emission. The emitter is usually heated from the back side,
meaning that the emitter and any supports must be efficient
thermal conductors to transport the heat through the bulk mate-
rials to the emitting surface. Diamond is an excellent thermal
conductor, but even though freestanding diamond plates of thick-
ness >3 mm are commercially available, it is unlikely that bulk
diamond would be used as the emitter on cost grounds, and due to
the limited availability of large area diamond plates. More realis-
tically, the emitter consists of a substrate wafer (Mo metal or Si)
onto which a diamond layer a few pm thick is deposited via a
chemical vapour deposition (CVD) method. Thus, there are poten-
tial heat losses in the substrate bulk and by conduction to its
mounts, and at the substrate/diamond interface which can be sig-
nificant [31]. If the TEC is clamped to a hot surface to provide the
heat, as in, for example, an energy-scavenging device, then there
will also be losses at the interface between the two. These may be
mitigated using high-thermal-conductivity pastes or gels, but these
may need replacing frequently and would be limited to the lower
end of the usable temperature scale. For solar-power applications,
the heat arrives in the form of IR light from the sun, which needs to
be collected using a solar-tracking array and focused onto the back
of the emitter. Only the IR part of the solar output is required, so the
light could be split using prism which directs the IR to the TEC
while the rest of the visible and UV light goes elsewhere — perhaps
to a conventional photovoltaic cell to maximise usage and effi-
ciency. The IR light that impinges on the back of the emitter needs
to be absorbed — any that is reflected reduces the device efficiency.
Using a black coating on the surface helps the absorption efficiency.
Even better is if the absorbing surface is patterned into micron-
sized needle shapes which trap light. These surfaces are known
as ‘black silicon’ or ‘black diamond’ [32], and can absorb more than
99.9% of the light that strikes them. Whatever absorbing layer is
used, there will now be another interface — with its associated
thermal barrier — to overcome, before the heat can pass into the
bulk. Thus, any efficient emitter will probably have to be comprised
of a complex multilayered structure: a black microstructured
absorbing layer bonded to a supporting highly conducting bulk
layer (diamond, graphite, Si or metal), with an emitting surface
layer (diamond) that has been functionalised to give a temperature
stable, high NEA surface.
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3.2.2. Cooling the collector

In a similar fashion, the collector electrode has to be continually
cooled to maintain the temperature difference between the two
electrodes. Also, if the collector becomes too hot, it may start to
thermionically emit electrons itself — a process called ‘reverse
emission’ — which significantly reduces the device performance.
Cooling can be a tricky problem to overcome because there are
many mechanisms which heat up the collector. First, the collector is
in close proximity to the hot emitter, and will be heated radiatively.
It also absorbs ‘hot’ electrons which collisionally thermalise and
dissipate their kinetic energy as heat into the bulk. Any gases pre-
sent in the gap (see section 3.2.3) may also transport heat from the
emitter to the collector via convection.

Water cooling via pipes embedded in the collector is a
straightforward method to achieve controllable cooling. However,
if the water is pumped through the pipes rather than gravity-fed,
this requires power, which must be taken into account when
calculating the net power generation of the overall TEC.

Further, the collector may not collect all the available electrons.
Some emitted electrons may strike and be absorbed by the side-
walls of the device (although this can be avoided by careful design),
or instead may reflect/scatter elastically off the collector surface. To
reduce this, the collector surface can be patterned or micro-
structured (in a similar fashion to the back-side of the emitter), in
order to efficiently trap electrons and prevent backwards scattering
[33].

3.2.3. The vacuum gap and space-charge effects

A high vacuum needs to be maintained between emitter and
collector, which must maintain its integrity even when the device is
operating at high temperatures (1500 K). This puts a lot of con-
straints upon the materials from which the housing of a TEC can be
fabricated, with stainless steel or a refractory metal, such as Mo,
often being used. For a small, sealed system, a thermal getter can be
used to maintain the vacuum, however for larger TEC systems
continuous pumping is required. Again, the power required to run
the vacuum pumps, gauges, and other associated vacuum periph-
erals, must be factored into the calculations for overall TEC power
usage to ensure the power consumed does not exceed the power
generated.

A significant problem in TEC devices is space-charge: the accu-
mulation of electrons within the vacuum region. A significant
fraction of the thermionically emitted electrons will possess
insufficient kinetic energy to travel across the vacuum gap to reach
the collector. These slow electrons are then attracted back toward
the emitter where they become part of a cloud of electrons that
forms a ‘virtual cathode’ in front of the emitter, greatly suppressing
further emission. In terms of energies, repulsion from this virtual
cathode creates an additional energy barrier, slightly exceeding
that of the vacuum level, that emitted electrons must overcome to
reach the collector. Fig. 3 demonstrates the relative energies
involved.

There have been various methods reported to minimise space-
charge. One approach is addition into the inter-electrode region
of low-pressure caesium vapour [28] or gases such as Hy [34,35] or
CH4 [36]. Cs readily ionises to Cs™ ions, partially neutralising the
negative cloud. H, and CH4 can absorb electrons to form negative
ions, and then shuttle these electrons from the emitter to the col-
lector, thereby preventing electrons from lingering near the
emitter. Adding H; gas to the inter-electrode region was reported to
increase emission current while also enabling stable emission at
increased temperatures compared with vacuum operation [35].
This improvement was probably due to the renewal of the surface
hydrogenation, with new H atoms from the gas continually
replacing those lost from the surface by thermal desorption.
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Fig. 3. Energy diagram of a TEC device showing the detrimental effects of space-
charge. Electrons in the emitter raised in energy from the Fermi level (Eg) may
escape if their energy is greater than the vacuum energy E, ... But there is an additional
barrier (Esc) due to the space-charge effect in the inter-electrode region. The work
function of the emitter, ¢g, must be larger than the work function of the collector, ¢,
for a forward voltage to be generated. The voltage generated, Vi, is the difference
between the Fermi levels in the emitter, Er and collector, E'r

Alternatively, use of a hydrocarbon gas, such as CH4 [36], is prob-
lematic, as the molecules can fragment into carbonaceous residues
or polymerise when exposed to high temperatures and electron
impacts — either of which will adversely affect the operation of the
TEC. Despite the possible performance benefits, adding any gas or
vapour to the interelectrode spacing has the undesirable effect of
increasing heat transport from the emitter to the collector, which
may require external power to maintain the electrode temperature
difference. For larger systems where the vacuum gap is continu-
ously pumped, any gas additions must be performed continuously,
by bleeding tiny flows of the gas into the cell during operation. This
comes with the usual increased cost, complexity, and power usage
considerations.

Another method to reduce space-charge is to decrease the dis-
tance between the two electrodes. The optimal distance is typically
a few micrometres [37], which is a compromise between reducing
space-charge and minimising radiative heat transfer from the
emitter to the collector. An electrode material with NEA, such as
diamond, is highly beneficial because the energies of the electron
population within the conduction band exceed the vacuum energy,
thus minimising the effect of an increased energy barrier from
space charge.

Space-charge can also be reduced by applying a small (~10 V)
external bias to the TEC cell, to assist in charge extraction at the
collector [38]. Similarly, a combination of magnetic and electrical
fields on grid or annular ring electrodes placed in the gap has also
been used to successfully mitigate space-charge [19,39—41]. Most
recently, Bickerton & Fox [42] reported a TEC system incorporating
two electric grids which provide opposing electric fields to over-
come space charge while minimising power losses. The design
creates electron beams within the electrode gap providing a more
efficient electron transport from emitter to collector. The problem
with all these inter-electrode grid methods is that the complexity of
the grids, associated vacuum feedthroughs and power supplies,
adds to the cost and decreases the reliability of the overall TEC.
Moreover, adding any external power supply is not desirable in a
device whose purpose is to generate power, not consume it.

Croot et al. [43] recently demonstrated that the space-charge
effect may be reduced by utilising reverse emission from a p-
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emitting collector. B-radiation is the emission of high-energy
electrons from the radioactive decay of unstable nuclei, such as
63Ni and C. Croot et al. observed that the peak current from an n-
type H-terminated diamond emitter was enhanced by a factor of
2.7 on average when using B-emitting ®*Ni as the collector
compared with a°®Ni control. This was despite the B-electrons
being emitted in the reverse direction (i.e. from the collector to-
wards the emitter). It is still unclear why this reduced the space-
charge, or whether the improvement in performance was down
to other effects. Nevertheless, this is an interesting and unusual
development which merits further research.

3.2.4. Emitter surface morphology

There has been little work reported describing the uniformity of
thermionic emission across a diamond sample surface, or the effect
of local surface morphology upon emission performance. In the
case of field emission, the applied electric field is concentrated at
sharp points or edges on the emitter surface, lowering the effective
barrier for electron emission. As a result, most field emission de-
vices are fabricated using microstructured needles [44] or tips (e.g.
Spindt tips [45]) and the electrons are emitted from the top of these
tips. However, in the case of field emission from diamond, there is
evidence that the presence of nanoscale graphitic inclusions on the
surface of the polycrystalline CVD diamond films is more important
than edges or tips. The nanoscale sp>-carbon inclusions situated in
grain boundaries locally lower the barrier for emission. Thus, field
emission is believed to originate mainly from the grain boundaries
surrounding crystallites rather than from the top of the grains
[46,47].

In contrast, the mechanism for thermionic emission from dia-
mond is less well understood. Robinson et al. [48] used a hemi-
spherical energy analyser to measure thermionic electron-energy
distributions from boron-doped diamond emitters at elevated
temperatures. The results showed that emission occurred at
different points on the surface from regions with differing work
functions. The relative peak intensities, representing each work
function, changed with temperature indicating instability in the
emitter surface chemistry. At higher temperatures, a residual gas
analyser attached to the chamber suggested that hydrogen adsor-
bates were desorbing from the diamond surface, creating patches
of hydrogenated and bare diamond surface.

Using a similar set-up, Uppireddi et al. [49] measured the
thermionic electron emission distribution from nanocrystalline
diamond (NCD) films from 700 to 900 °C, and the data were fitted
to a free-electron-theory model. The films had a consistent effective
work function of 3.3 eV, but also exhibited some emission peaks
corresponding to higher work functions, which the authors sug-
gested were related to instabilities in the NCD surface chemistry.

Experiments using energy-filtered photoemission electron mi-
croscopy (EF-PEEM) were used to measure the work function of AlO-
terminated diamond surfaces as a function of annealing temperature
[50]. As shown in Fig. 4, the work functions are relatively uniform
across the sampled area, although the emission is rather patchy. This
shows that non-uniformity in the AlO coverage, together with slight
imperfections and scratches on the surface, can significantly affect
the electron emission. These results seem to suggest that thermionic
emission is an extended surface phenomenon, and not localised to
particular surface structures, such as edges, tips or grain boundaries.
However, much more work needs to be done to identify the nature of
the thermionic emission sites and to understand the emission
mechanism with relation to local morphology.

3.2.5. TEC applications
Despite the various practical problems outlined above, TECs still
promise a route to produce power efficiently, continuously, and
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Fig. 4. EF-PEEM images showing the work function measured from (100) and (111)
diamond terminated with AlO. The emission is broadly uniform, although there are
patchy areas due to incomplete coverage by AlO. Taken from Ref. [50] with permission.

reliably, in a compact solid-state device with no moving parts. Not
surprisingly, one of the most successful applications of TECs to date
is for powering spacecraft. The Soviet Union used TECs to generate
power as part of the 5 kW TOPAZ nuclear reactors, which were used
for two missions in 1987 [26]. More recently, use of TECs have been
considered for missions to the Sun and Mercury [51]. By concen-
trating solar heat using a sun-tracking parabolic reflector, TECs
could be an alternative for renewable energy generation terrestri-
ally [27,36,52,53]. Alternatively, TECs could be combined with
existing combustion-heated systems for domestic electric-power
co-generation, and waste-heat scavenging [54,55]. Small, portable
TEC devices have also been suggested as method of reducing the
heat signature of military vehicles, making them harder to detect
by IR thermometry or target with heat-seeking weapons.

Photon-enhanced
thermal distribution

Normal
thermal distribution
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3.2.6. TEC enhancements and variants

The efficiency of a basic TEC device can be improved by using
either light or additional electrons to enhance the electron emis-
sion process. In the first approach - photon-enhanced thermionic
emission (PETE) - photon absorption and thermal energy both
contribute towards energising electrons into the conduction band.
As shown in Fig. 5, in the cathode (emitter), photons with energy
greater than the band gap excite electrons from the VB into the CB
creating a photon-enhanced population. Simultaneously, the
heated substrate thermally excites electrons from the Fermi level to
the CB, creating a corresponding thermal population. These two
populations combine and thermalise at the emitter surface. The
highest-energy electrons are now above the vacuum level, so are
thermionically emitted.

Elfimchev et al. [56] studied this photon-enhancement effect
and reported that electron emission increased by several orders of
magnitude at lower temperatures, but had a smaller enhancement
effect at thermionic temperatures. Despite the improved emission
efficiency, PETE devices generally require that the sunlight strikes
the front of the emitter rather than the back side. Thus, they need to
be designed with a UV-transparent window into the vacuum cell,
and with unrestricted line-of-sight from the window to the emitter
surface, adding significantly to the complexity and cost. A solution
to this was proposed by Sun and co-workers [57], which consisted
of a PETE structure where the emitter surface was directly illumi-
nated through a transparent collector. They also examined the in-
dividual contributions of photo- and thermionic emission, and the
effects of the interface and interlayer conditions [58,96].

For solar applications involving PETE, the large band gap of
diamond (5.47 eV or 225 nm) means it is transparent to solar ra-
diation. To solve this, Bellucci et al. [59] proposed an electrode
structure using a blue/black p-type diamond layer on an intrinsic
diamond substrate as the absorption layer, and a hydrogen-
terminated diamond layer on the emission surface. In subsequent
papers, they discussed the fabrication of a nanotextured diamond
surface [60,61] to enhance solar absorption. They have also pro-
posed forming graphitic microchannels to improve conductivity
through the diamond layer [62], as shown in Fig. 6.

Incoming
Photon

Emitter (cathode)

Collector (anode)

Fig. 5. Schematic energy diagram for PETE.

537



M.C. James, F. Fogarty, R. Zulkharnay et al.

CATHODE

Load contact

Solar

radiation

Photoelectrons

Nano-textured
surface

H-
emitting surface

/
/ bulk

Carbon 171 (2021) 532550

ANODE

terminated

Diamond

Emitted
electrons

Graphite
distributed
electrodes

p-type conductive layer

LOAD

Fig. 6. Diamond-based PETE device concept. The absorption layer surface is nanotextured to enhance the solar absorption and consists of p-type diamond. The emitting surface is
H-terminated. A number of graphitic microchannels are fabricated to enhance conductivity through the material. Reprinted with permission from Refs. [62]. Copyright Elsevier

(2016).

The higher efficiencies make PETE an interesting new area of
research for thermionic materials. While a number of semi-
conductor materials have been studied for PETE devices, diamond
is well placed for use in this technology due to its NEA surface and
because it does not suffer from thermal instability at higher tem-
peratures unlike III-V semiconductors. However, the added cost and
complexity may prove too much of a barrier for PETE devices to be
commercially viable.

Another variant on the basic TEC design involves using electrons
from radioactive B—decay to assist the thermionic process. This
approach differs from the report by Croot et al. mentioned earlier
[43] who used a B-source as the collector, in that, in this case, the B-
source is now the emitter. The idea is that 'C (obtained from waste
radioactive graphite previously used in nuclear power stations) is
burnt in hydrogen to produce HMCH,. This gas is then fed into a
conventional CVD reactor which deposits a layer a few microns
thick of isotopically pure C diamond onto a TEC emitter (made
from metal or doped standard diamond). Being a B-emitter, the
layer of *C continuously emits a stream of electrons with a half-life
of ~6000 years. When used as the heated emitter in a TEC, the f3
electrons and thermionically emitted electrons should combine to
increase the net current flowing and hence the power and effi-
ciency of the device. Few experimental results have yet been re-
ported, but a number of research groups are actively researching
this area.

Variations on this concept which use only the p-layer without
thermionic enhancement are often referred to as a ‘nuclear battery’
or ‘betavoltaic battery’ [63]. Other designs based on layers of

alternating p- or n-doped diamond sandwiched between C dia-
mond emitting layers [64], or that utilise ®Ni or tritium as the
radioactive sources [65], have also been proposed. Such devices
would produce electrical power almost indefinitely (thousands of
years), and can be made into small, portable, sealed solid-state
packages, with no moving parts and which require zero mainte-
nance. The output power per device would be tiny, maybe only a
few uW, but hundreds or thousands of devices could be joined
together in series to produce higher powers, if required. Because
the battery is always on, it could continuously trickle-charge a
capacitor ready for intermittent high-power use, e.g. a burst
transmitter on a spacecraft. Other suggested uses include areas
where replacing a dead battery is difficult, costly or impossible,
such as military applications (e.g. remote surveillance), aerospace
applications (e.g. sensors inside jet engines) or medical applications
(perpetual pacemakers). There are numerous commercial applica-
tions, such as for domestic use (watches, calculators, mobile phone
chargers, etc.), and powering ‘smart’ devices for the ‘Internet of
Things’ [66].

4. Diamond

Diamond is a wide-band-gap semiconductor (Eg = 5.47 eV) with
many favourable properties including hardness, chemical stability
and high carrier mobilities [67]. Diamond films can be grown by
CVD methods or as particles or gemstones by high-pressure high-
temperature (HPHT) methods. Diamond films may be doped p-type
by introduction of boron impurities [68], or n-type by introduction
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Fig. 7. Schematic diagram of the surface dipole on a hydrogen-terminated (111) diamond surface.

of nitrogen [69] or phosphorus [70] impurities. Boron acceptor
states are located 0.37 eV above the VBM, while nitrogen and
phosphorus donor states are located 1.7 eV and 0.67 eV below the
CBM, respectively [71]. As well as changing the electrical conduc-
tivity of the bulk, these dopants also produce band bending at the
surface, and this can have a significant effect upon the magnitude
and sign of the electron affinity. Larsson [72] used DFT methods to
calculate the EAs for a range of terminating species (H, O, OH, NH3,
F) on undoped, p-doped, and n-doped diamond (100) and (111)
surfaces. She found the EA values depended significantly upon all
these factors: adsorbate, adsorbate geometry (e.g. linear or
bridging), diamond surface orientation, and, importantly, bulk
doping type. Thus, care must be exercised when using reported
experimental or theoretical EA values, especially when comparing
values, to ensure that these factors are known in each case. This
problem often arises when measuring EA values using surface
analysis characterisation methods, such as X-ray photoelectron
spectroscopy (XPS), which require an electrically conducting sur-
face to function. For undoped diamond, this problem is often solved
by depositing a thin, B-doped diamond layer (with near-metallic-
conductivity) onto the diamond surface, which can then be
chemically functionalised, as required. But any XPS measurements
of EA from this surface will relate to the B-doped diamond layer, not
the intrinsic diamond bulk, making direct comparisons with theory
problematic.

Diamond is a highly promising material for electron emission
devices because, in addition to its well-known list of superlative
bulk properties [67], diamond can possess an NEA surface if it is
terminated with a suitable chemical species. The most common
species found on the surface of natural diamond and CVD diamond
films is hydrogen (see section 4.1). The small difference in elec-
tronegativity between carbon and hydrogen creates a surface
dipole, where the positive charge is outermost, as shown in Fig. 7.
Thus, electrons are, to some extent, repelled from the negative bulk
and attracted toward the positive H layer and then emitted out of
the surface, with a reduced barrier for emission. This can lead to an
NEA surface if the H coverage is sufficiently high. The hydrogenated
surface can be further functionalised relatively easily by modifying
the C—H bonds using a variety of standard wet chemistry and
plasma techniques [73], to produce new NEA surfaces with
improved emission behaviour and thermal stability, as discussed
later.

Electron emission from diamond has been demonstrated using
different excitation sources, such as from photon absorption
(photoemission [74]), particle impact (secondary electron emission
[75]), thermal energy (thermionic emission [38]) and application of
an electric field (field emission [46]). Although the material re-
quirements for these applications (stable NEA surface, low work-
function, etc.) are similar, in this review we shall focus upon
thermionic emission.

4.1. Hydrogen termination

Hydrogen-terminated diamond possesses an NEA measured
as —1.3 eV for the (100) surface and —1.27 eV for the (111) surface
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[76,77]. CVD diamond is deposited in a hydrogen-rich atmosphere
and so the as-grown surface is automatically H-terminated. For
diamond with other types of termination or a bare surface that has
lost its terminating groups, heating in a hydrogen gas atmosphere
or Hy plasma treatment recreates the H termination and allows
easy and reproducible NEA surfaces to be formed [78].

The CVD diamond growth conditions can be controlled to favour
different growth surfaces - usually the (100), or less commonly, the
(111) surfaces. These H-terminated diamond surfaces have been
widely studied computationally with density functional theory
(DFT), and their structures verified experimentally [79]. As shown
in Fig. 8, hydrogen atoms bond to each surface sp> carbon to satisfy
its four-fold valency. For the (111) surface this produces rows of
single H atoms pointing normal to the surface (Fig. 8(a)), but for the
(100) surface, addition of two H atoms in their usual positions on
adjacent surface carbons would lead to partial overlap of the H's;
thus, on energetic grounds the surface reconstructs into (2 x 1)
dimer rows (Fig. 8(b)).

Table 2 gives the values of two key parameters - adsorption

Fig. 8. Simulations of the (a) (111) and (b) (100) H-terminated diamond surfaces,
respectively. Carbon is grey and hydrogen white.
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Table 2

Theoretical studies of adsorption energies along with corresponding electron affinity (EA) of adsorbates on the bare diamond surface. ML = monolayer.
Termination Surface Coverage (ML) Eaq (eV/atom) EA (eV) Ref.
H (100) 1 ~414— 536 194 — 22 [88—93]
H (111) 1 ~437 198 [94]

energy and electron affinity - calculated for both H-terminated
surfaces. The NEA values of ~ —2 eV are sufficient for reasonable
thermionic emission; threshold temperatures are typically be-
tween 300 and 600 °C while maximum emission-current density is
typically in the range of 10~ — 107> A cm™2 [30,38,53,80—84].

The adsorption energy, E,q, is an indication of the strength of the
C—H bond; it determines the temperature stability of the surface.
Eaq is defined as the energy of a surface plus adsorbate(s) relative to
their respective energies when isolated from each other. The iso-
lated surface will be in a stable form e.g. dimer rows or Pandey
chains for bare (100) and (111) surfaces, respectively, or the ether
oxygenated surface for addition to (100) O-terminated diamond.
Following standard convention, a negative E,q means the adsorp-
tion process is exothermic. The magnitude of E,4 gives an indication
of how likely the adsorbate is to stick to diamond, and its subse-
quent stability on the surface. The more negative the adsorption
energy, the more strongly the adsorbate is attached to the surface
and the higher the temperatures required for it to thermally desorb.

For H on diamond, the relatively low value of adsorption energy
of ~ —4 eV means that these surfaces are only stable to around 600-
800 °C — after which the H atoms begin to desorb leaving a bare
surface with a PEA and a corresponding decrease in the emission
current. As shown in Fig. 9, even cycling the temperature to 600 °C
will cause a decrease in the maximum emission current and an
increase in the emission onset over time [43]. The hydrogenated
surface also oxidises in air or water over a period of hours or days,
and can undergo surface transfer doping with airborne adsorbates
[85], all of which result in loss of the NEA. It is therefore of interest
to find a suitable diamond surface termination that exhibits similar
NEA properties to hydrogen-terminated diamond but with greater
stability under ambient conditions and/or at higher temperatures
in vacuum [53,83,86,87].
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Fig. 9. Thermal cycling of a H-terminated diamond cathode up to 600 °C shows the
peak emission current decreases and the threshold temperature for emission increases
with an increasing number of emission cycles. Adapted from Ref. [43] under the CC BY
licence.

540

4.2. Thermionic emission from diamond

There have been a number of thermionic emission experiments
performed using H-terminated diamond. A summary of this
experimental work is provided in Table 3. The diamond is often
doped to improve conductivity; in particular, n-type doping is
desirable for thermionic emission as it raises the Fermi level (recall
Fig. 1(e)). Despite nitrogen having a deep donor position of 1.7 eV,
this is not such a problem at the elevated temperatures used for
thermionic devices. Thermionic experiments performed using N-
doped H-terminated diamond have reported Richardson constants
in the region 68—70 A cm % K2 with associated work function
values of 1.99 eV [82] and 2.88 eV [30]. Nitrogen-doped diamond
typically achieves current densities of 1—5 mA cm™ at tempera-
tures between 500 and 700 °C [38,52,82]. Ultrananocrystalline N-
doped diamond samples have shown particularly low work func-
tions of 1.29-1.67 eV but have small values of the Richardson
constant of between 0.69 and 3.67 A cm 2 K2 [34,81,84].

Phosphorus-doped diamond has shown a lower work function
than nitrogen-doped diamond at 0.9 eV for polycrystalline dia-
mond [29] and 0.67 eV for (100) single-crystal diamond [30].
However, the associated Richardson constants were low, measured
as10°Acm 2K 2and 10 7Acm 2K 2, respectively. This meant
the samples had relatively low emission currents, which was
believed to be due to high resistivity and low mobility as a result of
the low P doping concentrations of ~10% em 2. A higher Richardson
constant of 15 A cm™2 K2 was observed with a doping level
5 x 10%Y cm 3, achieving an emission current density of 8 mA cm 2
at 600 °C [95].

Because the diamond is grown up to a few microns thick upon a
substrate, the material properties of the substrate and the interface
region also play a part in the emission process [96]. A comparison of
different substrates showed that CVD diamond deposited hetero-
epitaxially onto rhenium substrates had larger values for the
Richardson constant and current density than diamond deposited
on either molybdenum or tungsten substrates. This was attributed
to the fact that during CVD, Mo and W form thin carbide layers
between the metal and diamond. Although only a few nm thick,
this electrically resistive carbide layer impedes the flow of electrons
from the back contact to the diamond surface. In contrast, Re does
not form a carbide, and so electron transport is unimpaired [80].

Other factors which may affect the emission properties arise
from the varied surface morphology of diamond, which can have
different crystallite sizes, morphologies, and be patterned into a
variety of nanostructures. Unfortunately, very little has been re-
ported in the literature about the effect of surface morphology
upon thermionic emission. Regarding crystal size, ultra-
nanocrystalline diamond (UNCD) or polycrystalline diamond is
formed from heteroepitaxial CVD. The inclusion of grain bound-
aries generally assists with emission by improving electron trans-
port to the surface. Indeed, for field emission it is now believed that
the electron emission originates from grain boundaries at the sur-
face which lower the local effective barrier to emission in the
presence of an electric field [46,47]. However, thermionic emission
does not utilise a significant applied field, and so this mechanism
will not apply. The nature of the emission site(s) in thermionic
emission, therefore, remain unproven, and suggests excellent
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Different studies of electron emission properties using a H-terminated diamond cathode. UNCD = ultrananocrystalline diamond, ¢ = work function, Az = Richardson constant,

and Jys00 k is the calculated emission current at 1500 K.

Dopant Crystal Substrate Concentration (cm ) ¢ (eV) A (Acm 2K 2) Jisoo k (A cm 2) Ref.
N UNCD Mo ~10?! 1.29 0.84 88 [84]
N UNCD metallic - 1.67 1.33 7.3 [34]
N UNCD Mo - 1.42 0.69 26 [80]
N UNCD W - 1.39 1.19 57 [80]
N UNCD Mo/Re - 1.40 3.67 160 [80]
N Polycrystal Mo - 2.22 5.96 047 [86]
N Polycrystal Mo 4 % 10"° 1.5-1.9 0.1-10 0.093-210 [38]
N Polycrystal n-type Si 24 x 10%° 1.99 70 32 182]
N (100) diamond 33 x 10" 2388 68 0.032 [30]
N (100) diamond 4 % 10" 24 - - [52]
P Polycrystal metallic ~10'8 0.9 10 x 107° 0.021 [53]
P Polycrystal Mo 5 x 10%° 23 15 0.63 [95]
P (100) diamond ~10"7 0.67 23 %1077 0.0029 [30]
P (100) diamond ~10'8 0.84 - - [30]
P (111) diamond 44 x 108 145 0011 033 [30]

possibilities for further research. The same is true of micro- or
nanoscale surface structuring, such as fabrication of tips or needles.
These are known to improve field emission currents, again due to
the enhancement of the applied field at sharp tips or edges — but
the effects of geometry upon thermionic emission from diamond
surfaces has yet to be studied in detail. However, we can predict
that the larger surface areas available in patterned films are likely to
increase the emission current compared to that from smooth
surfaces.

When compared to other thermionic materials in Table 1, it can
clearly be seen that diamond is a highly promising material for
thermionic applications, with the potential for exhibiting emission
currents as high as 210 A cm 2 at 1500 K making it comparable to
carbon nanotubes or to Cs on W, while outperforming conventional
emitter materials such as LaBg and CeBg by several orders of
magnitude.

4.3. Alternative surface terminations

Among the multiple factors which influence the electron affinity
of a diamond surface, the physical and chemical properties of any
adsorbates are often key. The process of replacing one or more
terminating H atoms with other atoms or bulky groups, perhaps
with very different chemical properties to that of the diamond bulk,
often results in surface reconstruction which can aid or hinder
thermionic electron emission. Moreover, these surface modifica-
tions can vary with time, either by desorption of surface species,
loss of dopants via in diffusion, or gradual relaxation of the surface
into a different structure. Such thermionic ‘aging processes’ have
been studied on barium-impregnated tungsten cathodes [97], but
very little work has been done on diamond. A recent report by
Dominguez-Andrade et al. [98] is one of the few papers to inves-
tigate the interplay between thermionic emission and
temperature-driven dynamic surface transformation processes. To
model thermionic emission, they used a modified Richardson-
Dushman equation which included new terms for the extent of
adsorbate coverage on the surface linked to variable work function
values for different surface features. The model successfully
reproduced the thermionic emission behaviour of H-terminated
diamond surfaces, replicating the effect of dynamic changes in
surface phases due to successive thermal desorption of the H from
different surface sites. For the case of hydrogenated (100) single-
crystal diamond, the model allowed the authors to identify the
fully terminated dimers of the C (100)-(2 x 1):H surface recon-
struction on flat terraces - the most thermally stable form of H on
that surface - as the origin of the majority of the emission. The
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model also worked for thermionic emission from the more
complicated surfaces of polycrystalline diamond films.

Although these adsorbate-induced changes to the surface
structure are the true key to understanding electron emission,
these are very difficult to study without the use of surface science
techniques with atomic-level resolution or advanced computer
modelling. A rather simple but nonetheless useful approach,
however, is to compare the difference in electronegativity (EN)
between the carbon atoms in the bulk diamond (Pauling EN = 2.6)
and that of the adsorbate forming the outermost layer. If the ter-
minating atom is more electropositive than C, for example H, a
surface dipole will be created with the outermost layer being
slightly positively charged. Such surfaces tend to exhibit NEA.
Conversely, surface atoms which are more electronegative than C
(e.g.N,Q,S, and all the halogens) create a dipole with the outermost
layer being slightly negatively charged. In this case, the surface
usually has a PEA because the negative outer surface makes it more
difficult to extract electrons from the bulk. As a generalisation, the
larger the difference in EN, the greater the NEA or PEA values.
Pauling EN values for selected elements are given in Fig. 10. Ele-
ments with EN < 2.6 include all metals, especially those in Group I
and II, in addition to some metalloids and non-metals. Therefore,
there is considerable scope for finding an alternative to H-termi-
nation for use in thermionic devices. It should, however, be noted
that many of these elements will not adsorb or react with a dia-
mond surface, and even if they do, they may subsequently oxidise
or delaminate.

For surface terminations involving molecular groups such as
amine (NH;) or hydroxyl (OH) groups, the value and sign of the net
dipole is often not so obvious, but can be calculated using ab initio
methods [ 100]. For more complex terminations such as these, there
may be sequential layers of opposite charges present near the
surface; whether the surface ultimately ends up as overall PEA or
NEA depends on the nature of the bonding and the structure of the
adsorbed layer (see section 4.3.7).

In natural diamond or diamond produced by high-pressure
high-temperature or CVD techniques, the surface carbon atoms
are usually terminated with monovalent species such as H or OH, or
multivalent species such as O or N that bond to multiple carbons.
All such terminating species attach to one or more carbon atoms
using conventional covalent (sigma) bonds, which behave identi-
cally to covalent bonds in other molecules. Standard chemical
procedures or plasma treatments can break these bonds and
replace the surface adsorbates with new ones tailored for a
particular application. Depending on its chemical nature and
physical structure, the new adsorbate may attach to the diamond
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Fig. 10. Periodic Table of the elements and their respective Pauling electronegativity values [99]. An NEA surface on diamond requires surface groups with EN < 2.6, while PEA

requires EN > 2.6.

surface in a variety of ways, including conventional sigma bonds,
covalent bonds with substantial ionic character, or metal-carbon
multi-centre bonds. We now discuss several such surface termi-
nation strategies that have been reported to produce an NEA sur-
face suitable for thermionic emission.

4.3.1. Metal terminations

The most straightforward method to produce an NEA surface on
diamond is to deposit an element (usually a metal with EN < 2.6)
directly onto the bare diamond surface. This can be achieved in
ultra-high vacuum (UHV) by first heating the diamond to remove
the existing surface termination and then using techniques such as
evaporation, sputtering or atomic layer deposition (ALD), to deposit
the metal. The sample is usually then annealed at high temperature
in vacuum to make the metal react with and bond directly to the
carbon. Monolayer or sub-monolayer coverage is preferential since
thicker layers result in bulk adsorbate characteristics affecting
electronic structure at the surface.

Relatively few metal adsorbates have been studied experimen-
tally to date, but several of those that have show promising
thermionic characteristics. Nemanich and co-workers demon-
strated that thin (<10 A) layers of Co, Cu and Zr on diamond exhibit
small NEA values, measured between —0.15 eV and —0.70 eV
[101—103]. Ni on (100) and both Ti and Ni on (111) diamond also
exhibit NEA [104,105]. Thermionic emission from a 3 A Ti layer on
N-doped diamond gave a ~2 x increase in emission current relative
to a comparable H-terminated diamond sample. This was due to
the greater thermal stability of the surface allowing a temperature
of 950 °C to be reached [106] without the surface layer desorbing. A
similar result was found with Zr-terminated diamond [107].

By contrast, a wider variety of metals have been studied theo-
retically; a summary of calculated adsorption energies and electron
affinities of these metal adsorbates on diamond is provided in

Table 4. The findings show that direct metal-carbon bonds tend to
produce large NEA values but the different metal reactivities to-
wards carbon greatly affect their properties. Metals that form car-
bides (e.g. Ti, V, Al) tend to be favoured, because a smaller M—C
bond distance improves both the NEA and thermal stability of the
surface layer. Conversely, metals such as Cu that do not form car-
bides, exhibit poor NEA, and in addition, will generally oxidise
readily in ambient air or simply desorb at elevated temperatures.

Fogarty used DFT calculations to study a wide range of Ti
structures on bare, oxygenated and nitrogenated diamond (100)
surfaces [108]. For the bare surfaces, the titanium termination
effectively creates a (sub)monolayer of titanium carbide (TiC) on
the surface, with the titanium outermost. The Ti adopts a variety of
linear or bridging geometries depending upon the coverage, as the
surface reconstructs to minimise steric hindrance. The adsorption
energies and EAs varied greatly depending on the TiC structure
adopted. Table 4 shows data for two of the most promising TiC
structures. The most stable TiC structure calculated was for a
quarter monolayer (Eaa = —9.7 eV) which also had an NEA
of —0.7 eV. The lowest EA was for a half-monolayer Ti coverage
(—1.6 eV) — equalling that of the H-terminated surface — but with
greater stability than the H-terminated surface. Both these TiC
surfaces, therefore, are ideal candidates for further study, if
methods can be found to obtain these specific surfaces
experimentally.

Finite-temperature time-dependent DFT has been used to
explore the thermionic behaviour of Li and H terminations [109].
Using an N-doped (100) diamond slab, a Richardson constant of
1.4 A cm 2 K 2 was obtained for Li-terminated diamond, higher
than the value of 1 A cm~2 K2 predicted for H-termination. Using
predicted values for thermionic current in addition to work func-
tion and temperature, the maximum theoretical efficiency was
determined to be 36% for a device operating at ~2500 K with a Li-

Table 4

Theoretical studies of maximum absorption energies, E,q, and corresponding electron affinity (EA) of various metal adsorbates on the bare undoped diamond surface.
Termination Surface Coverage (ML) E.a (eV/atom) Electron Affinity (eV) Ref.
Li (100) 1 -3.26 —2.70 [91]
Li (111) 1 ~150 ~0381 [116]
Ti (100) 0.25 ~-471 ~0.90 [117]
Ti (100) 0.25 -9.70 ~0.70 [106]
Ti (100) 0.5 ~-7.80 ~1.60 [106]
v (100) 05 ~6.60 -0.76 [115]
Ni (100) 0.25 -425 -0.29 [115]
Cu (100) 1 -293 ~0.55 [115]
Al (100) 1 ~4.11 ~1.47 [92]
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terminated diamond emitter and H-terminated diamond collector.
Despite the authors acknowledging this temperature is too high for
practical use, this computational method nevertheless presents an
interesting new approach to compare terminating species.

4.3.2. Metalloid terminations

Recently, experimental work at La Trobe University in Australia
has shown that both Si [110,111] and Ge [112] exhibit small but
stable NEA values (—0.86 eV and —0.71 eV, respectively) when
directly bonded onto (100) diamond. Moreover, the Si adsorbate
retained its NEA even when further oxidised, making it a very
promising candidate for air-stable TEC devices [113], along with
surface transfer doping applications [114]. However, no electron
emission experiments have yet been published.

Although boron is commonly used to p-dope diamond, B also is
slightly less electronegative than carbon (recall Fig. 10), such that a
B-terminated diamond surface has the potential for NEA. A Chinese
group recently reported the results of a theoretical study in which
the NEA was calculated for B-termination on bare and oxygenated
diamond (001) surfaces [93,115]. For 1-monolayer coverage, a B-
terminated bare diamond (001) surface had an NEA of —1.39 eV,
with corresponding adsorption energy of —6.85 eV per B atom. This
energy is larger than that of a hydrogenated diamond (001) surface
by 1.49 eV, suggesting that the B-terminated surface may be stable
to temperatures suitable for thermionic emission. However, the
stability of this surface to ambient air or oxidation has yet to be
measured. The same group reported that B-termination onto an
oxidised diamond showed a PEA of up to 3.21 eV.

Overall, there has been very little work reported, either exper-
imentally or theoretically, on adsorbates onto bare diamond. Given
the large number of possible adsorbates yet to be tested, this pro-
vides an excellent opportunity for future research.

4.3.3. Metal-oxygen terminations

Some of the problems associated with the metal-diamond sys-
tem can be overcome by depositing the metal onto an already
oxidised diamond surface [91]. While it may appear counterintui-
tive to surface terminate with electronegative O (EN = 3.5), pro-
vided a sufficiently electropositive metal is bonded on top of the
oxygen layer, the overall combination can produce a net NEA. The
surface charge distributions, however, are often complex and no
longer resemble a simple dipole structure. Fig. 11 shows examples
of the surface charge distribution (electrostatic potential) for three
different diamond termination schemes calculated using DFT
methods [118]. A structural overlay is included to show the relative
positions of the bulk atoms and adsorbates within the slab struc-
ture. In each simulation the vacuum level is set to 0 eV. Within the
bulk diamond there is a weakly modulated potential on top of an
average well of depth ~14—16 eV, depending on the system. In
contrast, the surface region exhibits a strongly oscillating potential
that corresponds to the surface charge distribution induced by the
adsorbates. In these plots, the curvature of the potential gives the
charge density at that point. Therefore, using current sign
convention, the peak regions correspond to higher local negative
charge and the trough regions to higher positive charge. Thus, in
Fig. 11(a) for hydrogenated diamond, there is a small dipole struc-
ture oriented perpendicular to the surface with the positive side
(labelled ‘A’) situated on the H atoms facing the vacuum. For the
Li—O-diamond case (Fig. 11(b)), a much larger dipole can be seen
with the positive part located on the Li (‘B’) and the negative part
(‘C’) now located between the C and O bonds. A more complex
example is shown in Fig. 11(c) for the Na—O-diamond surface. Now
there is a much more complicated charge distribution, with oscil-
lating positive and negative regions, however there is still a large
positive charge located outermost (‘D”), which is necessary for NEA.
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Fig. 11. DFT calculations of the plane-averaged electrostatic potential with a structural
overlay to show the position of the diamond (100) surface atoms relative to the surface
dipole features: (a) H-terminated diamond surface; (b) 1 monolayer of Li adsorbed
onto an oxidised diamond surface; (¢) 1 monolayer of Na adsorbed onto an oxidised
diamond surface. Labels A-D show positions of interest discussed in the text. Plots (b)
and (c) are adapted from O'Donnell et al. [ 116]. Copyright (2015) American Chemical
Society.
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Fig. 12. Different possible interactions between a metal (M) and O-terminated diamond. (a) Covalent bond with oxygen, (b) ionic bond with oxygen and (c) dipolar interaction with
oxygen. In each case, the metal can bond to a single O or bridge across two or more O atoms.

Metals can bond with O-terminated diamond surface in three
different ways: covalent bonding, ionic bonding or a weaker dipolar
interaction (Fig. 12). In each case, because the metal is effectively
(partially) oxidised by being bonded to the oxygen on the surface,
its reactivity toward further oxidation is reduced, making the sur-
face more air-stable.

Practically, the M-O-diamond system adds another step for
consideration because the oxygen-terminated surface is believed to
be comprised of a mixture of different bonding arrangements,
including ether (Cs—0—Cs, where Cg represents a surface carbon
atom that is part of the diamond lattice), and ketone (C;=0) con-
figurations, and possibly also hydroxyl (Cs—OH) bonding, the rela-
tive proportions of which vary depending on the oxidation method
used [119]. For covalent or ionically bonded O atoms, in order for
the metal atom to attach, one of the existing Cs—0 bonds first needs
to break. This can be the m-bond of the ketone or a 6-bond of the
ether, and may result in a surface reconstruction. The energetics of
the multi-step metal adsorption process can thus become rather
complex, but recent advances in computational surface modelling
now allow these to be calculated with a reasonable degree of
confidence. Table 5 gives details of computationally derived
adsorption energies and electron affinities of various metal-O-
diamond terminations.

4.3.4. Group I and Il metals

One of the first metal-oxygen-diamond systems studied used
caesium due to this metal being extremely electropositive. It was
reported that CsO-termination possesses an air-stable NEA
[122—124] capable of electron emission at low electric fields of

Table 5

0.2 V um~' [125] but unfortunately it is not thermally stable above
~400 °C[121]. Computational work suggests that this is because the
Cs—O interaction is a weak dipolar interaction, similar to that
depicted in Fig. 12(c). A comparison of the Group I metals Li, Na, K
and Rb, suggests that work function and NEA is not necessarily
proportional to the electronegativity of the different metals, but
lighter elements have a greatly enhanced thermal stability
[91,116,126]. The reason for this is that the larger atoms tend to
protrude from the surface due to steric crowding and so desorb at
lower temperatures. Conversely, the smaller atoms are more tightly
bound with near-ionic bonds (Fig. 12(b)), thus reside closer to the
surface, and so are more resistant to desorption.

With these findings in mind, it is not surprising that the Li—O-
diamond system has received significant attention. Initially, theo-
retical work [91,114] found Li—O-termination, consisting of up to 1
monolayer of Li on O-terminated diamond, possessed thermal
stability similar to that of H-termination (~ —5 eV/atom). Impor-
tantly, the EA was predicted to be more negative than that of H-
terminated diamond, up to —3.89 eV and —3.97 eV on (100) and
(111) diamond, respectively.

Experimentally, two methods, the thick and thin film processes,
have been used to achieve Li—O termination on (100) diamond, as
shown in Fig. 13. In both cases, the diamond surface is first oxidised
using a method such as plasma or ozone treatment. The thick-film
process then involves deposition of 50—200 nm of Li onto the O-
terminated diamond by evaporation or sputtering in vacuum
[94,114]. The sample is usually then annealed at ~600 °C to react the
Li with the O. Any excess (i.e. more than a monolayer) Li that does
not react with O is chemically identical to bulk Li metal, and this can

Theoretical studies of maximum absorption energies and corresponding electron affinities of various metal adsorbates on the oxygenated undoped diamond surface. For the
larger metals, such as Al and Ti, multiple bonding geometries are possible depending upon surface coverage, and the adsorption energy and EA values can vary widely with the
surface structure adopted. In these cases, only one example per report is given (usually the one with the lowest NEA), and the reader is directed to the associated reference for

the others.

Termination Surface Coverage (ML) E.q (eV]atom) EA (eV) Ref.
Li (100) 1 -3.64 -3.50 [116]
Li (111) 0.5 ~4.37 -3.97 [114]
Na (100) 0.5 241 -1.30 [116]
K (100) 0.25 —2.44 —2.44 [116]
Cs (100) 0.25 -2.19 -241 [116]
Mg (100) 05 -3.92 -2.77 [116]
MgO (111) 0.25 -5.27 -3.08 [120]
Al (100) 0.25 ~6.36 -0.37 [92]
Al (111) 0.25 -7.31 -2.17 [118]
Ti (100) 0.25 ~7.60 - -7.80 ~290--3.10 [106,121]
Ni (100) 0.5 -3.80 -0.16 [119]
Cu (100) 0.5 ~2.35 ~1.28 [119]
Zn (100) 0.5 ~1.13 -3.05 [119]
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Fig. 13. Li deposition methods on O-terminated diamond. (a) Thick-film method where a thick Li layer is deposited, annealed, and the excess is removed by washing in water. (b)
Thin-film method where a small amount of Li is deposited and excess (if any) is removed by annealing under UHV conditions.

be dissolved away by simply washing the sample in water.
Although this method is quick and cheap, it proved to have poor
reproducibility. The NEA was patchy across the surfaces, with some
areas exhibiting large NEA values while others gave much lower
values, or even had PEA. The reason for this poor reproducibility is
not yet understood but it could be due a poorly controlled multi-
bonded oxygen layer, that inhibits Li retention and co-ordination
on the diamond surface.

By contrast, the thin-film process deposits a layer of Li < 3 A
thick using a UHV deposition technique, followed by the annealing
step at >600 °C to ‘activate’ the NEA surface. Excess Li that is not
chemically bonded to O desorbs from the surface at this tempera-
ture and is pumped away. Although more expensive and time-
consuming, this thin-film method is reliable and controllable, and
samples can be optimised by transferring them back and forth
multiple times between a metal deposition chamber, an annealing

= 800°C anneal

= 500°C anneal

=~ 400°C anneal
200°C anneal

— 0.4 A Li

- (Clean O-terminated

Photoemission Intensity / relative units

—_

»
=

I | ! T I 1

4 6 8 10 12 14
Electron kinetic energy / eV relative to Eg

Fig. 14. Photoemission intensity from a lithiated diamond surface following different
anneal temperatures. Reproduced with permission from Ref. [125]. Copyright (2013)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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chamber, and a characterisation chamber, all without breaking
UHV. O'Donnell et al. [125] demonstrated NEA explicitly on Li—O-
diamond by annealing at different temperatures, as shown in
Fig. 14. The work function for the clean O-terminated diamond (PEA
surface) was above 6 eV, and decreased as more Li was deposited.
Each subsequent anneal at a higher temperature further lowered
the work function while also increasing the emission intensity. Of
particular interest is the 600 °C anneal which resulted in a sharp
intensity increase, indicative of the transition from a PEA to a NEA
surface, which was further supported by the double peak shown.

Such lithiated surfaces show a 200 x secondary-electron-yield
enhancement compared with a PEA surface [114,127]. The LiO-
terminated surface exhibits true NEA as shown by total photo-
electron yield spectroscopy, and is also confirmed to be air-stable,
and thus does not undergo any surface transfer doping.

Insight into the behaviour of Group I metals on oxidised dia-
mond surfaces was followed naturally by a study of magnesium.
Theoretical calculations of Mg addition to O-terminated (100)
diamond predicted similar adsorption energies and electron affin-
ities to those of Li, but at only 0.5 monolayer (ML) coverage [116].
Subsequently, the Mg—O-terminated surface was shown experi-
mentally to possess a large NEA of —2.0 eV with 1.5 A Mg deposited
using the thin-film method [128]. Unlike Li, no annealing step was
required due to the greater reactivity to O of Mg than Li. This sur-
face was confirmed to be both air and water stable, although the
NEA diminished after air exposure but could be almost fully
recovered after a vacuum anneal. This suggests the loss of NEA was
due to temporary adsorption of atmospheric species such as water
vapour.

Calculated surface geometries of the various Group I and II
metals of Table 5 are shown in Fig. 15. For Li and Mg, the small metal
atoms are located close to the surface, almost lying within the ox-
ygen layer, and have a high surface coverage. Conversely, for larger
atoms such as K and Cs, their larger size and steric hindrance leads
to a lower surface density, and means that these atoms protrude
some distance from the surface.

4.3.5. Transition metals

Nemanich and co-workers have conducted experimental
studies of metal-O-diamond surface terminations utilising selected
transition metals [99—101]. They report a measured NEA of —0.5 eV
for thin (<10 A) layers of Zr on oxidised (100) diamond, but no NEA
was found for Co or Cu. Theoretical calculations by a group at
Newcastle University of Ti, Ni, Cu and Zn on O-terminated (100)
diamond showed that for monolayer and sub-monolayer coverages,
PEA or NEA is often highly dependent on the nature of the
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Fig. 15. Calculated locations of different Group I and Il metal adsorbates in the metal-oxygen-diamond system. In each case, the side-view is on the left and plan-view on the right.
Carbon is blue, oxygen is red, and the metal is yellow. ML = monolayer. Reprinted with permission from Ref. [ 116]. Copyright (2015) American Chemical Society. (A colour version of

this figure can be viewed online.)

adsorption site [119,129]. Metal-O-diamond terminations involving
transition metals have larger adsorption energies than those of
Group I metals or H, which makes them promising candidates so
long as a selective NEA surface is formed.

In another recent study, Cr and Ti were deposited on oxygen-
terminated boron-doped diamond using the thick-film method,
similar to the process shown in Fig. 13(a), although HCl was
required to remove excess metal [130]. These metal oxides were
stable up to the highest annealing temperature used, 650 °C. The
TiO surface exhibited an effective NEA while the CrO surface
exhibited a true NEA. This is consistent with the calculations of
Fogarty [106] who predicted high stability and large NEA values for
various TiO- coverages, especially in the quarter-monolayer case
where one Ti atom bonds to 4 carbonyl carbons, as shown in Fig. 16.

4.3.6. Aluminium

The Al—0O-diamond system has recently been studied compu-
tationally and experimentally on both the (100) and (111) diamond
surfaces [50,92,118]. Computational work established that Al
adsorption onto O-terminated diamond gave large adsorption en-
ergies on both (100) and (111) diamond at 0.25 ML Al coverage, due
to the strong ionic bond that can form between Al and O. However,
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at larger coverages some Al—Al metallic bonding occurs, meaning
that the Al is less ionic and so the surfaces generally exhibited PEA.
Adsorption energies decreased with increasing Al coverage, which
is desirable for avoiding island formation of the metal on the sur-
face. Another study of different Al:O ratios on diamond also
calculated NEA but determined only slightly favourable adsorption
energy with respect to bulk Al,03 [131].

Experimental work has determined an NEA up to —2.3 eV from
Al deposition onto O-terminated diamond using the thick-film and
thin-film methods [50]. For the thick-film method, HCl was
required to remove excess metal. However, this surface was not
determined to be thermally stable, with the work function varying
with annealing temperature. This was not from Al desorbing from
the surface, instead there was evidence to suggest Al could break
both C—0 bonds of the O-termination and form an aluminium
oxide layer on the diamond surface. This represents a new issue for
forming a metal-O-diamond surface termination that should be
considered for similar elements.

4.3.7. Hydroxyl termination
Standard organic chemistry reactions have been widely used to
functionalise the diamond surface, and present another potential
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(a)

Fig. 16. Calculated geometry for a quarter-monolayer of Ti bonded to an oxygenated
diamond (100) surface. (a) Side view, (b) top view. Green C, red = O, Yellow = Ti.
Reprinted from Ref. [106] with permission. (A colour version of this figure can be
viewed online.)

pathway to give the surface NEA. Hydroxyl (OH) termination can be
viewed as a variant of the metal-O-diamond system but with
hydrogen as the electropositive adsorbate. Different theoretical
studies of hydroxyl-terminated diamond give varying predictions
for the magnitude of the EA. Values of —0.6 eV [132], —0.55 eV
[98], —2.13 eV [90] and —0.4 eV [72] have been calculated for OH on
the (100) undoped diamond surface, and +0.3 eV on the (111)
surface [72]. These values change significantly on n- or p-doped
diamond surfaces [72]. For example, on B-doped (111) diamond
there is a reasonable NEA of —0.9 eV, whereas for n-type diamond
the EAs are large and positive, the largest being +4.3 eV for the P-
doped (111) surface. The wide variation of values may be due to the
difficulties of DFT to model hydrogen-bonding interactions. Hy-
droxyl termination has been formed experimentally e.g. by
annealing hydrogenated (111) diamond surface at 500 °C in water
vapour [133], but thus far no NEA has been demonstrated.

4.3.8. Nitrogen terminations (nitride, amine, ammonium and metal
nitride)

Nitrogen can bond to the diamond surface in many different
ways to satisfy its usual trivalency. These include primary amines
(Cs—NHy, where Cs represents a surface carbon), secondary-amines
(Cs1Cs2NH) where the N bridges across 2 surface carbons, cyano
groups (Cs—C=N), and imino groups (—Cs=NH and —Cs=N—Cj;).
Thus, a ‘nitrogenated’ surface will always be composed of a mixture
of these species, although the primary amine is usually by far the
most prevalent due to its relative stability.

Theoretically, purely nitrogenated surfaces (i.e. those with no
other elements apart from C and N present) have been calculated to
have large PEA values of 3.2—4.7 eV [106] consistent with the
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experimental values [134,135], but with low stabilities.

Amine termination can be formed relatively easily from
ammonia plasma treatment [136] or reaction of chlorinated dia-
mond with ammonia or methylamine [137]. These surfaces can be
protonated by immersion in aqueous HCl solution, to give pre-
dominantly surface ammonium (—NH%) groups [138]. Zhu et al.
demonstrated that both amine- and ammonia-terminated dia-
mond surfaces exhibited NEA (although no values were reported)
in vacuum and in water, and were capable of photocatalysis of N,
into NH;. However, no thermionic emission experiments on these
surfaces have yet been reported. Theoretically, DFT calculation on
the undoped diamond (100) and (111) surfaces gave NEA values
of —0.8 and 0.7 eV, respectively, although these values changed
significantly on doped diamond substrates [ 72]. Recent calculations
by Fogarty [106] report EA values between —0.9 and —2.3 eV for
NH; termination of (100) diamond for a range of bonding geome-
tries and surface coverages.

An electropositive metal can bond to the nitrogenated diamond
surface to form M-N-diamond surface structures. These are anal-
ogous to the MO-diamond structures discussed in section 4.3.3 and
can have an overall net NEA provided the metal is sufficiently
electropositive. One of the few examples reported to date is for Ti.
Calculations show that the TiN-terminated surfaces are signifi-
cantly more stable than the various amine structures, though there
is little difference in the adsorption energies between the different
coverage values or geometries adopted [106]. These surfaces
exhibit EA values of between —1.7 eV and +1.8 eV, which is rather
disappointing. Nevertheless, there are plenty of other metals that
have yet to be tested in this metal-N-diamond termination scheme,
and so these may yet hold out the prospect of finding a
temperature-stable surface with extremely high NEA.

4.3.9. Cubic boron nitride

Recently a Chinese group has reported DFT calculations for
monolayers of cubic boron nitride, with either the B or N layer
outermost, on (111) diamond [139]. They investigated the effect of
further terminating these NB or BN surfaces with H and F. The NBH-
and NBF-terminated diamond both had positive EAs with no in-
bandgap states. Indeed, the NBF-terminated diamond (111) surface
was calculated to have the largest PEA (4.48 eV) reported for any
diamond surface to date, exceeding the EAs of the N- and F-termi-
nated diamond (111) surfaces by 2.53 eV and 1.95 eV, respectively. In
contrast, the calculations predicted the BNH-terminated surface to
have the largest NEA of any diamond surface (—4.0 eV) but unfor-
tunately with an adsorption energy (—3.51 eV) lower than that for H
on the (111) surface (recall Table 2). This means that thermionic
emission applications are probably not really viable for this material,
although it remains a highly promising candidate for low-
temperature electron emission applications.

5. Conclusions

Diamond shows great promise for electron emission devices due
to being able to form an NEA surface. Hydrogen termination is
typically used in electron emission studies, but it is not air-stable
and will desorb from the surface at elevated temperatures. By
modifying the surface with the addition of monolayers or sub-
monolayer coverage of metals or other electropositive adsorbates,
different NEA surfaces can be formed. In particular, the metal-
oxygen-diamond surface structure allows for high thermal stabil-
ity, of interest for thermionic applications. Results to date suggest
that small metal atom adsorbates are preferable to large ones,
because they lie closer to the diamond surface and thus have high
adsorption energies leading to increased temperature stability.
Metals with high electropositivity, or which ionise easily to form
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highly charged ions (Mg>*, A**, Ti**, Sc3*), are good candidates for
further investigation, as are Si and Ge which form strong, stable
bonds with both carbon and oxygen. Boron termination on bare
diamond has been predicted theoretically to be thermally stable
and exhibit a reasonable NEA, however no experimental work has
yet been reported for this system. The related termination approach
using metal-N-diamond has only been reported for Ti, but calcu-
lations show that this, too, can exhibit NEA and high-temperature
stability.

Combined with a suitable n-type dopant, these NEA surfaces
may hold promise for future vacuum-based diamond-based
thermionic power generation or waste-energy-scavenging appli-
cations. However, there are still unsolved problems with regard to
mitigation of space-charge, overall power efficiency and optimal
design of the TEC devices. The lack of supply of commercial large-
area (3-inch or 4-inch diameter) diamond substrates is also a
concern. At present, most diamond suppliers only sell substrates
with areas ~10 x 10 mm, so unless the availability of larger area
substrates increases rapidly this may be a limiting factor in the
uptake of diamond TEC technology.

Along with thermionic applications, novel NEA surfaces are also
being developed that are water-stable, for applications such as
water splitting and photocatalysis [140]. NEA diamond surfaces
with low work functions would also be extremely valuable for field-
emission applications (ultra-fast radiation-hard electronics, bright
wide-angle displays) and secondary-electron emission applications
(night-vision goggles, portable X-ray sources). There are still many
termination schemes that are yet to be tested, and so surface
functionalisation of diamond represents a huge opportunity for
future research.
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