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Diamond has an ultrawide bandgap with excellent physical properties, such as high critical electric field, excellent
thermal conductivity, high carrier mobility, etc. Diamond with a hydrogen-terminated (H-terminated) surface has a negative
electron affinity (NEA) and can easily produce surface electrons from valence or trapped electrons via optical absorption,
thermal heating energy or carrier transport in a PN junction. The NEA of the H-terminated surface enables surface electrons
to emit with high efficiency into the vacuum without encountering additional barriers and promotes further development
and application of diamond-based emitting devices. This article reviews the electron emission properties of H-terminated
diamond surfaces exhibiting NEA characteristics. The electron emission is induced by different physical mechanisms.
Recent advancements in electron-emitting devices based on diamond are also summarized. Finally, the current challenges
and future development opportunities are discussed to further develop the relevant applications of diamond-based electron-

emitting devices.

Keywords: diamond, negative electron affinity (NEA), PN junction, electron emission

PACS: 81.15.Gh, 81.05.ug, 07.30.Bx, 07.30.Kf

1. Introduction

Diamond possesses a high refractive index and low ab-
sorption coefficient for visible light, and is transparent in most
infrared and ultraviolet regions. It holds potential applica-
tion value in the fields of optoelectronics, such as visible in-
traocular lenses, x-ray refractive lenses and spectrometers.!!]
Furthermore, it exhibits the highest thermal conductivity
among all known substances, with a maximum value of
1.5x10° W-m L. K~ at 80 K, making it a crucial material for
heat sinks. When in direct contact with an electronic chip, it
can rapidly transfer heat out of the circuit, ensuring smooth
device operation. (21 In addition, with its remarkable mechan-
ical properties and extremely low dielectric losses, diamond
stands as the only material suitable for the power transmission
window in the gyrotron of a fusion reactor. >4

With a face-centered cubic structure, the carbon atoms in
diamond are grouped through sp? hybrid orbitals at the ver-
tices of regular tetrahedra, establishing covalent C—C bonds
with neighboring carbon atoms to produce an endless three-
dimensional structure (Fig. 1(a)).5""! It also has three crystal
planes (111), (100) and (110), and its common crystal shapes
are primarily tetrahedron and octahedron. In addition, the
C-C bond formed in the diamond has a short bond length
(~ 154.45 pm) and a large bond energy (~ 347.5 kJ-mol™!).
Therefore, the Young’s modulus, tensile strength and thermal
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expansion coefficient are the highest among solid materials in

(891 The arrangement of C atoms is also symmetrical

nature.
and all the valence electrons are involved in bonding, which
is the reason for no freely moving electrons in diamond.P!
Doping can improve the conductivity of diamond, which is

10-121 For example, the

initially akin to that of an insulator.!
introduction of boron (B) as a dopant can produce acceptor
characteristics that are conducive to conductivity at room tem-
perature (RT). Phosphorus-doped (P-doped) n-type diamond
possesses a deeper electron donor energy level, but the doped
material is only effective at elevated temperatures. In contrast,
nitrogen-doped (N-doped) diamond creates nitrogen vacancy
(NV) center defects. This is frequently employed in areas such
as sensing and energy-related technologies,!!3 optoelectronic
and quantum computer engineering!'*! and interference-free

(151 More importantly, the dia-

GPS navigation exploration.
mond surface combined with hydrogen terminals exhibits sig-
nificant negative electron affinity (NEA), facilitating electron
emission. Its unique physical properties make it valuable in
various electron-emitting devices, such as spacecraft ion en-
gines and electron microscopes.!!®! Studies have shown that
combining diamond with other substances enhances field-
emission efficiency, lowering the turn-on electric field value
and increasing the field enhancement factor.!'’! Diamond’s
NEA reduces electron emission barriers, protecting the emit-

ter from ion bombardment and extending its service life.!'8]

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Moreover, the charge collection efficiency in diamond PIN
diodes reaches 98%, which is comparable to traditional sili-

con photodiodes and is highly anticipated in power electronic

devices with ultra-high blocking voltages.'"!

Fig. 1. (a) Crystal structure of diamond.?"! (b) Electron affinity of semiconductors and its relationship with work function and fixed vacuum energy
level.['®! VB represents the valence band, VBM is its maximum energy, CB represents the conduction band and CBM is its minimum energy.

The conduction band (CB) of conventional semiconduc-
tors usually lacks electrons, while the valence band is mostly
filled. The Fermi level (Ef) is positioned between the top of
the valence band and the bottom of the conduction band, re-
sulting in a positive electron affinity (PEA) (Fig. 1(b)(i)).[!61]
When the conduction band energy level exceeds the vacuum
level, a negative electron affinity is observed, mainly in wide
bandgap materials such as diamond (Fig. 1(b)(ii)). Band bend-
ing occurs due to charge distribution imbalance at the inter-
face. In p-type doped materials, the Fermi level stays close
to the valence band maximum, lowering both the conduction
band and valence band at the surface. The conduction band
minimum still exceeds the vacuum level, maintaining NEA
(Fig. 1(b)(iii)). However, if the new conduction band mini-
mum induced by band bending falls below the vacuum level, a
different scenario is observed in Fig. 1(b)(iv). In n-type semi-
conductors, the energy bands bend upwards, with the Fermi
level near the top of the band gap, approaching the bulk con-
duction band minimum (Fig. 1(b)(v)).[?!??! This arrangement
results in a reduced work function. N-doped materials are ex-
cellent for enhancing electron emission and the C—H bonds on
the surface of n-doped diamond exhibit negative electroneg-
ativity, leading to the surface being enriched with numerous
electrons, while many holes accumulate in the subsurface. On
the other hand, surface states appear at the valence band edge
of the hydrogen-terminated surface, inducing band bending
upwards by pinning the Fermi level. However, this can lead to
positive electron affinity due to the upward band bend. Con-
versely, in p-type materials with a noticeable downward band
bend, less energy is needed to excite and emit electrons.[?324]

Diamond’s low work function surface resulting from the
combination of the donor state and NEA significantly reduces
the emission barrier for electrons, reduces electron power
consumption and accelerates emission speed.[”>! Hence, it
is suitable for electron emission applications.!?®! Due to the
strong covalent bonding of C—H, the hydrogen-terminated (H-
terminated) diamond surfaces naturally exhibit NEA in a vac-
uum with very high thermal and chemical stability. The sur-
face remains stable even after exposure to air or heating to over

400 °C.2"1 However, the CBM only contains a small number
of electrons. Therefore, injecting electrons into the diamond
CB is a crucial technology for utilizing the NEA surface for
electron emission.!?®! Applying an electric field to the NEA
surface can reduce the internal potential barrier, and electrons
in the conduction band are emitted from the surface to the

m.[?=31 The electrons are located in the CB, so n-type

S.[32

vacuu
P-doped diamond will also emit electrons.*?! The electron
emission of P-doped diamond film at low threshold voltage is
very limited, 3] but the surface of the diamond film will also
show relatively stable emission after modification.!?%3*! The
ion implantation process is another effective means to enhance
the electron emission performance and help improve the con-

5.13339 Beyond that, other factors

ductivity of diamond film:
such as grain morphology,[***3! substrate material, conduc-
tivity and surface treatment methods will also affect the final
electron emission state of diamond. 37441

In this review, we will analyze the fundamental config-
uration of diamonds, encompassing the energy band and the
PN junction structure. In addition, we concentrate on the sig-
nificant advancements in diamond regarding various electron
emission mechanisms, such as field electron emission, pho-
toelectron emission and thermal electron emission. Further-
more, we elaborate on the potential applications of diamond
films with favorable electron emission characteristics in the
realm of electron sources. Finally, we present the challenges
and potential future paths to address issues related to diamond

devices, along with suggesting strategies for resolution.

2. Diamond PN junction

The Schottky PN diode represents a unique power device
with the ability to independently control blocking voltage and
on-resistance.*! The diamond PN structure facilitates elec-

[46

tron injection, 46! presenting a new opportunity for creating

efficient electron emitters.
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2.1. Diamond PN junction

In 2001, Koizumi achieved the successful preparation of a
B and P-doped diamond PN junction through epitaxial growth
on a single-crystal diamond substrate. The device demon-
strated clear diode characteristics and exhibited the emission
of ultraviolet light with a wavelength of 235 nm.*”] Under
forward bias, electron emission was observed when the diode
was conducted, with the emission becoming more pronounced
as the forward diode current increased. Conversely, no elec-
tron emission was observed under reverse bias, confirming
that electron emission is driven by electron injection at the
PN junction interface.*3! The PN junction demonstrates rec-
tifying diode characteristics, and electron emission from the
p-type layer is observed when the diode is in forward biased
state. The initial device displayed an electron emission effi-
ciency of 0.64%, and this was later enhanced to 1.4% through
improvements in the crystal quality of the semiconductor dia-

In Fig. 2(a), the current of electron emission is observed
within the H-terminated PN junction diamond diode, and the
electrons in the N layer migrate towards the P layer under
forward bias, which are detected from the NEA diamond
surface through the total photoelectron yield spectrum, lead-
ing to exciton-derived photoelectron emission.>?) This phe-
nomenon is attributed to exciton diffusion under forward bias
(Fig. 2(b)).P192 In Fig. 2(c), it is evident that electron emis-
sion is positively correlated with forward diode current. Sig-
nificant leakage current is also observed, but no electron emis-
sion is observed under reverse bias. This confirms that elec-
tron emission is driven by electron injection at the PN junction
interface. When electrons are injected from the n-type layer,
they will move in the conduction band of p-type diamond and
fill empty surface states on the hydrogen-terminated surface.
If the energy of these electrons exceeds the vacuum energy

mond layer.[*] level, some of them will be released into the vacuum. 4%}
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Fig. 2. (a) Schematic diagram of diamond PN diode.Y (b) Emission current of diamond (001) PN junction diode.’!1 (¢) Electron emission

and diode characteristics of diamond PN junction cathodes.[*]

2.2. Diamond PIN junction

The deep level of P donors in n-type diamond needs to
be activated at temperatures between 200 °C and 300 °C,[>?!
which is a primary challenge limiting the operation of dia-
mond electron emitters at RT. Furthermore, the higher the cur-
rent, the higher the electron emission derived from excitons,
combining the strong binding energy of free excitons and the
small Bohr radius with the result that PIN junctions are more
suitable for enhancing excitonic properties than PN junctions
and function as an indirect transition semiconductor. A high-
quality thick intrinsic layer (I-layer) can increase the radiative
recombination surface area of free excitons. >34 A heavily P-
doped N top layer reduces the series resistance and increases

30551 Increasing the doped donor

the net current of the diode. !
concentration reduces the series resistance of the PIN junc-
tion, allowing higher current injection and maintaining lower
temperatures. °%-58] Furthermore, the high-level doping signif-
icantly decreases contact resistance, whereas low-level doping
enhances carrier lifetime and mobility in the active layer of the
junction devices.[62-6%

The I-layer in the PIN structure contains a high density

of free excitons, providing clear advantages.®% Carriers or

excitons injected into the I-layer have a broad distribution area
and a relatively long lifetime. Thus, a thicker I-layer with a
similar carrier distribution area is expected to achieve higher
emission efficiency.®>> Undoped I-layer is grown as a PIN
junction of the active layer, achieving stronger exciton emis-
sion intensity. The I-layer sandwiched between the P-layer
and N-layer supports high reverse blocking voltage. The high-
est breakdown voltage of 11.5 kV was reported as having been
achieved using a PIN structure. [%°]

Tatsuya et al. fabricated PIN diodes with high (B =
102 ¢cm™3) and low (B =2 ~ 4 x 10'8 cm™3) B doping,
respectively.[®3] As can be seen in Figs. 3(a) and 3(b), upon
increasing the bias voltage, both the diodes’ I3 and I, show sig-
nificant increase from the built-in potential of 4.5 V, suggest-
ing that upon diode activation, electrons within the diamond
are emitted into the vacuum under the influence of NEA. In the
case of PIN* diodes, the electron emission efficiency also rises
with increasing forward bias voltage. However, for PTTINT
diodes, the electron emission efficiency declines when the for-
ward bias voltage exceeds approximately 10 V. In the I3 depen-
dence diagram of the electron emission efficiency, the maxi-

mum forward current level is limited to 4 x 1073 A for PIN*
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diodes and 10~! A for P**IN* diodes. This confirms that
the electron emission efficiency of heavily doped samples is

2-3 orders of magnitude inferior to that of lightly doped PIN*
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diodes. %3 It is shown in Figs. 3(c) and 3(d) that under the for-
ward bias of the PIN diode, the current increases to 400 mA

and the electron emission current exceeds 7 pA. 04
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Fig. 3. (a) PIN", PTTIN™ dependence of diode current I and emission current I on applied voltage and Iy dependence of electron emission
efficiency. %] (b) Electron emission of diamond PIN, PIN-nanoC diode.[%*!

Takeuchi et al. fabricated PIN diodes!®>¢7! and found
that the “excited state” of the diamond diode induced electron
emission and photoelectron excitation, with electron emission
ultimately observed exclusively in the hydrogenated device.
The higher the diode current (I3), the longer the free exci-
ton lifetime, demonstrating that the short lifetime issue is ad-
dressed through deep recombination of indirect semiconduc-
tor properties, 7 = 0.2% was achieved in RT experiments,

tion, suggesting that electron emission is the result of NEA on
the diamond surface. In addition, no I, was observed in the
reverse-biased region in the relationship between the obtained
n and /g, and it is believed that the apparent “excited” state of
the diamond diode with forward current is what triggers elec-
tron emission and photoelectron excitation. It is shown that
electrons injected from the N layer to the I layer contribute to
electron emission and exciton-derived electron emission may

while no electron emission was observed before hydrogena- be associated with high current injection regions.[6%67]
TIME [sec) g TIME [sec]
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Fig. 4. (a) Schematic diagrams of different diode structures. (b) Relationship between the forward current of different diodes and the voltage

applied to the diode. (%%

In Fig. 4(a), when the NIP junction is on the P top layer,
as the bias voltage increases from —20 V to +4 V, the capac-
itance gradually increases, indicating the presence of a space
charge layer that extends to the P and N layers, and becomes

narrower as the bias voltage increases.[®8] Figure 4(b) illus-

trates the NIP' and PIN™ diodes and the current—voltage de-
pendency of diode emission. Before hydrogenation, there was
no observed electron emission, demonstrating that the diode
emission is correlated with the NEA of the diamond surface.

Following hydrogenation, electron emission began to be ob-
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served under forward bias. The diode utilizes an N™ layer,
which significantly reduces contact resistance. Hence, the ob-
served emission threshold voltage is nearly the same as the ex-
pected built-in potential. Overall, the emission process begins
when the applied bias voltage creates flat-band conditions, and
C-V tests demonstrate carrier injection into the I-layer. Both
diodes show an increase in efficiency and a non-linear increase
in emission current as the diode current rises. This indicates
that the efficiency of the electron emission mechanism de-
pends on the diode current level rather than the conduction
type at the top of the high current injection region.

3. Diamond-based electron emission

The exceptional physical properties of diamonds hold sig-
nificant potential for electron-emitting devices, and the formed
NEA surface is frequently employed in electron emission re-
search. Depending on the different physical mechanisms of
induced electron emission, it can be categorized into photo-
electron, thermal electron and field electron emission.[®! At
times, the electron emission modes are combined to achieve

optimal device performance.!”"!

3.1. Field-induced electron emission

Field electron emission (FE) primarily functions to miti-
gate the surface barrier of an object by imposing an external
electric field. This reduces the height and narrows the width
of the surface barrier, facilitating electron penetration and an
escape through the tunnel effect. The key targets for optimiz-
ing FE are achieving high emission current and low operating
voltage.!”'-73] The reduction in operating voltage is achieved
through field enhancement and emission microstructure opti-
mization, involving the creation of whiskers,”* pyramids!’>!
and cones!”®! on the diamond surface. The formation of sharp
protrusions on the diamond surface is expected to enhance
the electric field, allowing the extraction of electrons at lower
electric fields. Another approach involves the utilization of
diamond semiconductors with NEA.U778 For instance, the
vertically aligned diamond sample fabricated by Zhang et al.
demonstrated outstanding FE characteristics with a low turn-
on field and a high emission current density.[”")

Figure 5(a) displays the spectral responsivity of micro-
crystalline diamond (MCD), sub-microcrystalline diamond
(SMCD) and nanocrystalline diamond (NCD) in the FE
configuration.!®"! Region A corresponds to a direct inter-band
transition within the diamond band gap (5.6 eV), which de-
creases in SMCD and NCD due to the increase in the mid-
bandgap state. Region B corresponds to the transition from
the valence band to the mid-bandgap state 0.5-0.7 eV be-
low the conduction band and is associated with point defects,
sulfur doping and grain boundaries.!®*! These transitions are
enhanced in SMCD and NCD, increasing the responsivity in

the B region. Region C is related to the NEA of diamond,
wherein the termination of H in diamond forms heteropolar C—
H bonds, generating negatively charged H (surface side) and
positively charged C (film side), which reduces the work func-
tion of the material.[8%33] Figure 5(b) shows that UPS with-
out applied voltage indicates an upward bending of the energy
band, suggesting an internal potential barrier at the surface.
When the applied voltage is 250 V, a FES peak appears. The
field-emission electron energy at the UPS and FE peak posi-
tions is VL, suggesting that electrons pass from the conduction
band through the NEA surface and are then emitted. The peak
position of FES shifts to the low-energy side, indicating a re-
duction in the internal potential barrier, signifying that the ex-
ternal electric field reduces the internal potential barrier height
and promotes FE.["!]

Undoped polycrystalline diamond (PCD) particles with
sharp edges display electron emission at relatively low turn-
on fields (0.8-2.0 V-um™"), while no emission is detected for
their single-crystal counterparts (Fig. 5(c)). This implies that
carrier transport in undoped PDP could potentially take place
through grain boundaries within the particles.!3!! Defects in
diamond can decrease the turn-on field for electron emission,
suggesting that pure-phase or single-crystal diamond may not
necessarily outperform mixed-phase diamond emitters. (0] P-
type diamond exhibits low-threshold FE properties,!”!! but the
emission of electrons from the p-type diamond NEA surface
necessitates a higher electric field.!®”! The addition of nitrogen
to CH4/H; plasma has been reported to enhance the formation
of nanographite phases in grain boundaries. This effectively
reduces the size of diamond grains from micron to nanoscale,
thereby improving film conductivity and FE performance. %3]
On the one hand, the grain boundary conduction improves the
FE performance of N-doped NCD films, but on the other hand,
the insulating NCD diamond grains restrict the conduction at
grain boundaries. In single-crystal diamond and PCD, P can
act as a donor and be integrated into different positions within
the grains and can be directly doped into the diamond lattice,
making the diamond grains conductive.3) N-type P-doped di-
amond contains electrons situated in the conduction band and
is also anticipated to emit electrons.!”!! However, observing
electron emission at low threshold voltage/field using P-doped
PCD films is indeed challenging, although relatively low field-
emission threshold was achieved for heavily P-doped diamond
films. 13!

The P and N co-doping is proposed to produce NCD films
and results in the acquisition of a large quantity of diamond
grains with conductive grain boundaries under varying N
concentrations.®?! Figure 5(d) illustrates that with an increase
in N; content, E decreases sharply, while the current density
shows a significant rise. In addition, at a N ratio of 0.5%, the
electric field that the film can activate reduces by half, which
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is presumed to be linked to the film’s broader grain bound-
aries. Conductive atomic force microscopy (C-AFM) analy-
sis has shown that the intensity of the contrast in the images
corresponds to the magnitude of the emission current, with a
notably higher emission current observed at the grain bound-
aries of the sample. Electrons in diamond films exhibit a pref-
erence for utilizing the grain boundaries as a pathway to as-
cend from the bottom of the film to the surface, where they are
subsequently emitted.[®”) When the particles are conductive,
they facilitate the transportation of current through themselves
and subsequent emission from the crystal faces. Therefore,
the presence of a high density of localized electron emission
sites in the NCD, indicative of the formation of conductive
nanochannels at the grains and grain boundaries, consequently
leads to enhanced field-emission efficiency.°!! The nickel (Ni)
ion implantation process can also change the EF performance
and surface morphology of NCD films, forming a “pine for-
est” phase sp> C=C bond, thereby improving the EF perfor-
mance. In addition, the Ni injected into the film surface forms

coming a new extremely conductive channel. These channels
induce significant electron emission from the film surface, thus
bringing excellent conductivity and enhanced EF performance
to the Ni-doped film (Fig. 5(e)).®*! In addition, the FE of di-
amonds can not only decrease the required electric field for
activation through doping, but also be controlled to turn on
and off, and the intensity of current can be extracted as desired
by exposure to light.[”?! Figure 5(f) shows that when the H-
terminated conductive diamond surface is illuminated by vis-
ible light at RT, the field-emission intensity increases by an
order of magnitude with increasing illumination intensity un-
til a specific photon flux is reached. This phenomenon implies
that the emitted light is not simple, as it consists of low-energy
photons well below the diamond band gap, and the emission
is insensitive to the photon energy. Nonetheless, regardless of
the exact mechanism of triggered field electron emission in di-
amond under illumination, the observed enhancement of field
emission under illumination offers a straightforward means to
rapidly modulate the emission current, thereby opening up a

a uniform network structure and rich nanographitic phase, be-  wide range of potential applications.[”?!
L[ ——
(a) (eV) ——MicD (b) () S ——
12—56 50 44 732"39 . oF N (X) P<3x10° Pa, £=3.3 Vium
10 £ £ 0F 3
@ A :.; s = < /(Y) Po2=0.1 Pa, £=2.4 Viym
x 8 T £ = = 107k 4
%‘ A . = s < g 40
6 = =z o ~
< Z B = =30
2 5 8 =1 £ i
2 4 £ ‘ > O 520
g B i ‘ [ & 310
a 2 g P 5N N ] 4
S [ E oL 3
€ 9 c L~~~ | sovl of ® imermin
220 240 260 280 300 o 5 10 15 20 25 0 %0 5 20 25
Wavelength (nm) K tic energy relative to VBM (eV) Time /h
(d) @F 1o2%N, v (€) 1a0of (f) 50 .
11.0.35% N, : 1200
10 b 11.10.5% N, r = 404
o IV.1% N, I ~1000F E -
= 9 > =
GRCH 3 V.2% N, 3 800+ 73 0.4 06 0510 é 30
> < 1/E (ym/V) 8 L]
=T 2 600F p
210 ~ S 204
= 400F 38
10* 200+ & 101
10° 0 3 1 6 8 10 0 0 1 2 3 4 5

40

E(V/um)

60 80 100

E

5
(V/um) lllumination Power [mW]

Fig. 5. (a) Spectrum of sulfur-doped diamond in 200-300 nm.® (b) Ultraviolet photoelectron and FE spectra of P-doped H-terminated
diamond under different applied voltages.!”!! (c) PDP FE current versus time. Inset is the current response to the electric field during sample
operation.!3!! (d) Fowler-Nordheim diagram of FE current density as a function of applied field and the corresponding J-E characteristic

curve.!82l (e) FE characteristics of nickel-doped diamond films.[33! (f)
voltage with 800 V.[7?!

3.2. Photo-induced electron emission

Photoelectron emission (PE) is a surface-dominant pro-
cess in traditional semiconductor materials. Figure 6(a) illus-
trates the schematic diagram of the process of PE.[”?] The rel-
ative intensity of the electron emission peak changed notice-
ably with the particular photon energy in comparison to the
highest emission at the Fermi level. The energy roughly cor-
responds to the photon energy. The photoelectrons are excited
from states near the Fermi level, and the discrepancy between
the emission peak and the excitation energy suggests that the

Photoelectric FE current of illumination power (green light) at a fixed

scattering process impacts the emission. Optical transitions in
diamond occur through the absorption of photons along with
phonon absorption or emission. On surfaces with NEA, op-
tically excited electrons in the conduction band of the bulk
material can diffuse to the surface and be emitted with mini-

e.93941 For example, photoelectrons are excited

mal hindranc
from near the Fermi level, while under the same experimental
conditions, no PE was observed on the bare molybdenum sub-
strate, indicating that the electron emission originates from the

diamond.[®?!
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Diamond films with and without a diamond buffer layer
(BL) were fabricated at various deposition temperatures. ®>!
The sample grown at the highest deposition temperature ex-
hibited the highest PE current (Fig. 6(b)). PE and TE proper-
ties of the sample were improved by the presence of the buffer
layer, which dictates the single-grain morphology and low sur-
face roughness.

In addition, the emission performance is influenced by
the deposition temperature since it impacts the shape and size
of the grains. The volume fraction of the grain boundaries and
the incorporated hydrogen will induce variations in the surface
electron affinity. Diamond films grown at higher deposition
temperatures were found to have a higher hydrogen content,
resulting in smaller grain size and more grain boundaries. The
higher hydrogen content leads to a very low NEA, thereby fa-
cilitating the efficient escape of photo and thermally generated
electrons.

The release of electrons from diamond into a vacuum
has been extensively researched, but the ejection of electrons
into a liquid has remained largely unexplored. Previous stud-
ies have proposed that stimulating diamond with intense laser
pulses nearing 100 mJ could cause the photoreduction of wa-

ter and graphene oxide.”®! When the H-terminated diamond
surface is exposed to light with energy of hv > 5.5 eV, ex-
cited electrons can move to the surface and be emitted di-
rectly into the vacuum with minimal potential barriers, making
diamond a solid-state electron source.®”! This characteristic
enables diamonds to release electrons (a highly effective re-
ducing agent) directly into the solution without requiring the
transportation of the reactants to an electron source.!'’ Ex-
posing H-terminated diamond to light causes the injection of
electrons into the reactive liquid, demonstrating the poten-
tial application of conventional continuous light sources as
photocatalysts.!'! In Figs. 6(c) and 6(d), the emission of elec-
trons from diamond into water can create a solvation electron
pool, which can trigger high-energy reduction reactions, such
as reducing H™ to H:, which subsequently reacts with Nj to
form Ny H and ultimately NH3. The most direct way to detect
electron emission from diamond into water is to monitor the
resulting solvated electrons.*®! A pulsed UV laser is utilized
to irradiate the sample, where the intensity of the transmitted
632 nm light rapidly decreases. Subsequently, as the solvated
electrons undergo recombination and other reactions, the in-
tensity returns to its original value with a decay time of ap-
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proximately 92 ns. With the addition of a small quantity of
phosphoric acid, there is a decrease in pH value, the duration
of the temporary signal diminishes, and the temporary absorp-
tion signal nearly vanishes under acidic conditions (pH 2).[°°!

Diamond films were grown on niobium metal substrates.
Although the initial electron yields of the samples were
similar, the lifetime of the solvated electrons significantly

102] Silver nanoparticles impact the photocatalytic

decreased. !
properties of diamond. The diamond film contains metal
nano-silver particles, and both above and below, the diamond
bandgap energy was heightened. This increased absorption
and scattering amplifies the diamond’s capacity to release elec-
trons and trigger electron-induced reduction of nitrogen to
NH3.['931 Furthermore, as depicted in Fig. 6(e), heavily N-
doped diamond sheets were fabricated. The electrons emit-
ted upon deep ultraviolet light excitation traversed the H-
terminated diamond surface, entered the CO;-saturated aque-
ous solution, and effectively catalyzed the reduction of CO,
to CO.[°71 These results emphasize the substantial potential of
H-terminated diamond with high reducing capability in solid-
state electron source applications. The efficiency of diamond
as a solid-state electrochemical reducing agent can be im-
proved by enabling diamond to absorb visible light or by uti-

lizing diamond samples with various doping (Fig. 6(f)).[°7-104]

3.3. Thermal-induced electron emission
3.3.1. Thermionic emission

Thermionic emission (TE) necessitates heating the ma-
terial within a vacuum to the temperature at which electrons
can be emitted, ensuring that the electrons acquire sufficient
kinetic energy to escape from the surface. This method ef-
ficiently generates electricity by directly converting heat into
electrical energy without the use of moving parts (Fig. 7).[1%6]
However, the high operating temperatures limit its application
in professional fields, such as communication traveling wave
tubes, space thrusters and scientific instruments. It is possible
to obtain thermionic emission at low temperatures because the
minimum value of the diamond conduction band is higher than
the vacuum electron energy.!'%7]

The NEA property of diamond counteracts the poten-
tial barrier due to band bending, enabling electrons to pass
through the barrier with sufficient energy input.[>>! By op-
timizing the material parameters of the electron emitter and
collector, it is possible to achieve conversion efficiencies ap-
proaching those of the Carnot cycle. These parameters can be
defined by the Richardson—-Dushman law, which quantifies the
material’s ability to release electron current at a specific tem-
perature as a function of the emission barrier or work func-
tion and the emission or Richardson constant. In summary,
the emission current of metal depends on the material parame-
ters, work function (&) and emission parameter (AR).1*! The

Richardson-Dushman equation theoretically summarizes the
direct relationship between the electron emission current den-
sity J(T') and the material parameters

D
J(T) = ART? e T | (D

where J represents the emission current density, 7 is the ab-
solute temperature of the emitting material, kg is Boltzmann’s
constant and Ay is Richardson’s constant.[**] The & plays a
crucial role in emission. For most metals with a @ of approx-
imately 5 eV, the minimum temperature required to achieve a
usable electron current density (> 1 A-cm™2) in the device is
generally higher than 1500 °C. This is challenging to attain
in practical applications and necessitates high energy require-
ments.

vacuum “Space charge | -

emitter

HEAT

Fig. 7. Simplified diagram of the TE process.[!610]

The NEA surface of diamond is essential for TE, while
electron affinity of the diamond surface typically ranges
around —1.1 eV.l'%) The H-terminated diamond can gener-
ate thermionic current, enabling material stability and efficient
device operation even at low temperature.!!9-1101 Effective
thermionic converters can be realized using doped-optimized
diamond electrodes, and operating at elevated temperatures
can mitigate the Schottky barrier at the diamond collector con-
tacts. Although P doping does not alter the surface state, it
can reduce the space charge width of the band-curved surface
and enhance hot electron emission performance through heavy
doping. The secondary ion mass spectroscopy (SIMS) demon-
strates even distribution of P atoms in the film, with a maxi-
mum doping concentration of 5x10%° cm™3, which serves as
the cathode material for thermionic emission.!"!! Figure 8(a)
depicts that the TE begins at approximately 2 V under differ-
ent temperature conditions and saturates at around 6 V. The
saturation current density increases with rising cathode tem-
perature, reaching a maximum current density at 600 °C. Fur-
thermore, TE current is only observed on the H-terminated
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surface, and the emission repeatability is confirmed within the
specified temperature range.

Kataoka et al. introduced a configuration with layers of
low-resistance P-doped and N-doped diamond in a stacked
emission structure.!!'?] The /-V shows that the current den-
sities were nearly identical in different electrode areas across
the entire temperature range, indicating uniform current distri-
bution under the electrode. With the temperature increasing to
873 K, P-doped and stacked films exhibit notably lower resis-
tance compared to N-doped films. In the thermal electron-
emission /-V curves, the high work function of the metal
within a specific temperature range leads to electron emission
from the opposing metal electrode being negligible, indicating
that the emission current likely originates from TE from the
diamond emitter. The current increases with voltage and tends
to saturate at 8 V, and significantly increases in the stacked
structure, demonstrating the significant enhancement of TE in
the stacked structure.

The P and N implanted diamond was fabricated on
molybdenum substrates, 3] and the N-doped diamond film
showed a significant increase in the emission current density,
as depicted in Figs. 8(b) and 8(c), with the Richardson con-
stant reaching approximately 10.7 A-cm~2-K?. Subsequent
vacuum emission indicated that the introduction of methane
led to a significant increase in current, attributed to the ioniza-
tion process resulting from resonant electron capture, estab-
lishing transient negative ions, and enhancing charge transfer
at the emitter surface. The introduction of methane also led
to a significant increase in power output, coupled with a shift
in maximum power towards lower load resistance, demon-

(a)

strating that space charge mitigates the ionization process of

(1131 Introducing low-resistivity N doping into

gaseous species.
the ultra-NCD interstitial layer can regulate the resistivity of
the diamond emitter.['%® 90—100 nm NCD film doped with B
was grown on a heavily doped p-type silicon substrate, which
preferred structural characteristics, comparatively low internal
resistance, and the electrons can be emitted directly from sp>
bonds, facilitating electron transport to the sp> electron emis-
sion site. In Fig. 8(d), it was observed that using the con-
centrated light source resulted in an approximately 80-fold
increase at 600 °C, indicating enhanced thermionic emission
due to sunlight absorption. Furthermore, when the tempera-
ture exceeds 600 °C, the impact of photons in enhancing the
thermionic emission mechanism begins to diminish, with it
transitioning to a pure thermionic emission state.[!14]

The metal substrate reduces the overall emitter resistivity,
resulting in a notable rise in emission current density. Refrac-
tory metals, such as molybdenum and tungsten, are widely
utilized in thermionic emitter devices for forming interfacial
layers. In the carbon-rich environment where diamond is
grown, these interstitial layers might become unstable due to
increased resistivity and decreased Richardson constant, lim-
iting emission current density. A rhenium interstitial layer
that does not form carbides and has low carbon solubility can
enhance the thermionic emission of nitrogen-doped diamond
emitters.[!%%] The electron emission of PDD samples grown on
water-cooled molybdenum substrates under sub-bandgap illu-
mination on diamond was confirmed to have been enhanced

(Fig. 8(e)).[107]
(c)
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3.3.2. Photon-enhanced thermionic emission

A new concept, as shown in Fig. 9, where photon-
enhanced thermionic emission (PETE) has also been recently
proposed, combines the advantages of photoexcitation and TE
processes. 161 Tt consists of two parallel plates — an electron
emitter and a collector — separated by a vacuum gap, and sun-
light illuminates the emitter to induce PETE. The p-type semi-
conductor used combines the advantages of photovoltaics and
hot electrons, using photoinduced quasi-Fermi level splitting
to reduce the effective electron emission barrier while provid-
ing high output voltage. It also utilizes the thermalization pro-

cess to help electrons escape from the material.l!7-!1]
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Fig. 9. Schematic diagram of PETE.['7:115]

The PETE occurrence process is divided into three sim-
ple steps: first, the electrons in the PETE cathode are excited
by solar radiation and enter the conduction band; second, they
are rapidly heated to equilibrium heat distribution in the con-
duction band according to the temperature of the material and
diffuse to the entire cathode; thirdly, electrons from the sur-
face with energy greater than the electron affinity are emit-
ted directly into the vacuum and collected at the anode, thus
producing an electric current. Therefore, each emitted elec-
tron collects photon energy to overcome the material band
gap and thermal energy to overcome the material’s electron

affinity. Due to this “thermal boost”, the total voltage gen-
erated can be higher than that of photovoltaic power genera-
tion with the same band gap, making fuller use of the solar
source. Diamond’s NEA surface significantly contributes to
PETE efficiency.!!1>-117]

The investigation focused on the visible sub-bandgap PE
of PCD films. It was observed that the substrate material and
diamond film thickness did not significantly impact the PE
yield. However, the nitrogen doping level and grain size had
a strong effect on the PE yield. In comparison to MCD films,
NCD films exhibited lower electron emission yields due to the
high number of defects present in them, which trap excited
electrons before they can escape into the vacuum, thereby lim-
iting electron emission. The activation energy of the trap level
was determined using the Richardson—-Dushman equation. Ac-
cording to the PETE model (the colored dotted line part of
Fig. 10(a)), the low activation energy of the trap level enables
trapped electrons to be thermally excited back to the CBM
at high temperatures, thereby increasing the overall electron
emission yield. This process is significant only under low in-
jection conditions, where the cooperativity of photoelectrons
is below the trap-level density, and is negligible under high
injection conditions. ']

PETE has the potential to greatly increase the intensity
of hot electron emission in p-type semiconductors, with in-
creasing temperature, and the emission intensity increases by
almost one order of magnitude (Fig. 10(b)).!""°! The undoped
hydrogenated PCD were exposed to different monochromatic
wavelengths at temperatures between 298 K and 873 K, and
kept track of the intensity of electron emission in relation
to temperature. The results obtained were also compared
with the TE of the same sample measured in the absence of
light.
decreasing temperature, the thermionic emission of all wave-

Due to the decrease in electron diffusion length with

lengths decreases as the temperature increases. Note that the
PEEM is contingent upon the wavelength of the incident light
and is more prominent at shorter wavelengths. The rise in
photocurrent with temperature aligns with the Richardson—
Dushman equation.!'!”) The emission intensity increases with
rising photon energy at low temperatures, aligning with expec-
tations of photoelectric emission. Importantly, the strength of
diamond on silicon substrates notably increases with temper-
ature, while the strength of diamond on metal substrates re-
mains relatively constant. The PETE mechanism is consistent
with the heightened emission intensity of diamond films on Si
substrates. The generation and transmission of photoelectrons
may involve a complex process, potentially occurring in the
substrate, a nucleation layer with higher sp?> bond density at
grain boundaries or be associated with lower energy in the Si
substrate due to reduced photon absorption. !
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Fig. 10. (a) Thermal electron and PE spectra of N-doped diamond films.!

intensity of N-doped diamond on Si substrate.!' 1]

4. Summary and outlook

In summary, although diamond has excellent overall elec-
trical and thermal properties, its atomic radius and lattice con-
stant are small, and its band gap is large, which makes the
solubility of many impurity atoms in diamond very low, mak-
ing it difficult for doping, especially n-type doping. N-type
diamond forms the basis for the implementation of numerous
electron-emitting devices, and further research and produc-
tion testing are essential for developing viable and efficient
diamond PN junction electron-emitting devices. Diamond is
essentially insulating, leading to unsatisfactory field-emission
performance of existing diamond devices. The protruding tips
can concentrate the energy of the device and reduce the exci-
tation field strength. The diamond photon-enhanced thermal
ion energy converter combines photo-induced and thermally
induced electron emission, which maximizes the energy con-
version of power, thereby overcoming the limitations of the
two technologies. The H-diamond surface has a low electron
affinity, which can maintain stability at relatively high operat-
ing temperatures. Therefore, the surface of NEA diamond is
commonly used as the emission layer of electron emitters in
experiments.

Accordingly, prospective views and research directions
for further improving the performance of diamond and ex-
panding its application scope are proposed.

1. While numerous techniques have been investigated
for achieving highly doped n-type diamond, only a few have
proven successful. At present, it is feasible to manufacture
device-compliant B-doped p-type PCD films. The manufac-
ture of high-quality n-type diamond films continues to pose
significant challenges, thereby severely restricting the use of
diamond in the semiconductor microelectronics industry.

2. During chemical vapor deposition growth, impuri-
ties tend to preferentially occupy the amorphous carbon grain
boundary positions, leading to undoped grains. To address this
issue, an ion injection method can be employed to dope the
nanodiamond film with P or oxygen ions to uniformly dope
the impurities within the grains. The p-type semiconductor
nature of diamond generally results from the hydrogen-rich
environment during the growth process. If other elements,

L L
500 600 700

800 o
Temperature (K)

18] (b) Temperature dependence of PE spectrum intensity and TE

such as oxygen, are present in the annealing atmosphere, the
H-terminated nanodiamonds can be transformed into oxygen-
terminated nanodiamonds, and the p-type semiconductors can
be transformed into n-type semiconductors. Domestic re-
search teams have conducted initial studies, and further ex-
tensive experimental work is required to validate the potential
application of n-type diamond functionalization.

3. The appropriate amount of chemical doping can en-
hance the physical properties of the device, and highly crys-
talline diamond films can provide good electronic pathways.
However, additional doping gas sources and manufacturing
processes make the manufacturing process more complex.
Scientists should further explore cost-saving production pro-
cesses and reduce the use of toxic and harmful gases and pre-
cious metals.

Diamond in electron emitter devices has enormous po-
tential, and there will be more new technologies in the fu-
ture to improve the production and emission performance of
diamond films. However, the associated costs and structural
complexity may pose significant challenges to the commercial
viability of the launcher. In addition to investigation into the
quality of intrinsic and doped diamond films, there still ex-
ists a large gap between the expected emission performance of
diamond films and reality. In the future, in the study of the-
oretical growth/electron emission mechanisms, it is necessary
to further understand and control the adjustment of the surface
morphology, work function and conductivity of NEA to real-
ize better high-performance diamond electron emitter devices.
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