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ABSTRACT: Thermionic emission relies on the low work function and negative electron affinity of the, often functionalized,
surface of the emitting material. However, there is little understanding of the interplay between thermionic emission and
temperature-driven dynamic surface transformation processes as these are not represented on the traditional Richardson—Dushman
equation for thermionic emission. Here, we show a new model for thermionic emission that can reproduce the effect of dynamic
surface changes on the electron emission and correlate the components of the thermionic emission with specific surface
reconstruction phases on the surface of the emitter. We use hydrogenated <100> single-crystal and polycrystalline diamonds as
thermionic emitters to validate our model, which shows excellent agreement with the experimental data and could be applicable to
other emitting materials. Furthermore, we find that tailoring the coverage of specific structures of the C(100)-(2 X 1):H surface
reconstruction could increase the thermionic emission of diamond by several orders of magnitude.

KEYWORDS: thermionic, emission, diamond, hydrogen, surface

B INTRODUCTION

Thermionic emission (TE) occurs when certain metals or
semiconductors are heated beyond an emission threshold
temperature, and thermally excited electrons have enough
energy to overcome the surface potential barrier, leaving the

K)'? and therefore became candidates to be low-temperature
electron emitters that would be more energetically efficient
than traditional alternatives.

The capacity of a surface to produce TE relies strongly on
the value of its work function (¢), which ideally should be kept
as low as possible as it represents the surface potential barrier

solid with an associated kinetic energy."” TE has played a vital
role in the technological development of electronic devices
since the early 20th century owing to its use in vacuum valves
for current rectification’ employed in radars and analog
computers. TE was later used in the development of X-ray
sources,” pressure gauges, and thermionic energy converters
for space applications.”® The development of TE-based
technologies was very intense up until the 1980s but then
declined until the development of new materials with novel
electronic properties prompted a revival of the research in this
field. Among these materials were carbon nanotubes’ and
hydrogen-terminated diamond, which could emit thermionic
electrons at significantly lower temperatures®” than traditional
thermionic materials (e.g., molybdenum with T, >1700
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for electrons.'’ Low ¢ surfaces are usually achieved by
chemisorbing specific species to create surface reconstructions
with a strong surface dipole that lowers the surface potential
barrier for electrons. To this end, monolayers of alkali
metals'>'? have been traditionally used to create such dipoles
in refractory metals or semiconductors. In the case of diamond,
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surface functionalization with alkalis'*'® and other metals'®

has also been explored and showed the potential of the
diamond surface to be modified with adsorbates. However,
hydrogen termination, which generates a negative electron
affinity surface,'” has been the most widely studied owing to its
simple fabrication process.'*™>' Yet, both alkali and hydrogen
have a weak bond that causes thermal desorption from the
substrate at high temperatures.22 As a result, potential TE-
based devices have to either make use of complex reservoir
systems to continuously replenish the surface adatoms and/or
operate at low temperatures at a low emission regime.

The Richardson—Dushman model, shown in eq 1, is
commonly accepted as the theoretical basis of any model
that describes the TE current from a surface,” but it was
initially derived for ideal stable surfaces with a constant ¢,
disregarding any surface changes during the emission process.
As a result, changes in the surface reconstruction phases of the
emitter due to thermal desorption of the adsorbed species and
its effects on TE are not reproduced by the Richardson—
Dushman model or any current TE models. There is a
significant body of work published in the field of barium
cathodes in which the problem of barium depletion from
impregnated barium cathodes is discussed”*™>® as well as its
effects in emission with several models being propo-
sed.””**Nonetheless, although the causes for the decrease in
the TE current at high temperatures have been studied
previously,” there is little understanding of the interaction
between the processes that are in play, ie, TE, desorption
kinetics of the adsorbates, and changes in the surface
reconstruction.

J(T) = AT? /%" (1)

Here, we present the first TE model that reproduces the
electron emission behavior of a functionalized surface taking
into account dynamic changes in the surface reconstruction
phases and desorption kinetics of the adsorbate—substrate
system. We show how the new TE model can be used to
correlate the different TE components with specific surface
reconstructions created by the adatoms and provide their
energy of desorption. These are shown to possess marked
differences in TE performance as well as having dissimilar
bonding energies and surface coverages, which heavily
influence the overall TE from the surface. We use both
hydrogen-terminated <100> single-crystal and polycrystalline
diamonds to validate our model and show how the different
TE components are associated with surface structures, but the
model could be applied to other materials. These results are
supported by ab initio quantum mechanical simulations of
several surface reconstructions and defects in diamond <100>.
Finally, it is shown how, with selective surface modification,
the TE emission from a diamond surface could be increased by
several orders of magnitude, offering a new approach for the
optimization and development of low-temperature TE-based
devices.

B EXPERIMENTAL DETAILS

Diamond Preparation. The diamond used for this study was a
single-crystal diamond (type Ib) with a nitrogen impurity content of
[N] =~ 300 ppm produced by the high-pressure—high-temperature
method and provided by Element6.Ltd. The diamond has a square
shape (= 9.5 X 9.5 mm) and a thickness of ~ 500 ym. One of the
sides corresponding to the <100> orientation was provided polished.
The hydrogen termination of the single-crystal diamond has been

carried out on a microwave chemical vapor deposition reactor under
hydrogen plasma. The plasma conditions were P = 1500 W, pressure
=100 Torr, fy; = 300 sccm, Tyypgpare = 470 °C, and ¢ = 2 min.

Thermionic Emission Testing. Thermionic emission measure-
ments were carried out on a high vacuum chamber with a base
pressure of P = 1 X 107 mbar. The heating of the sample was done
with a linearly polarized CO, laser (Synrad, Firestar V40 series) with a
maximum power of 40 W that was fed inside the vacuum chamber
through a viewport. The temperature of the sample was
simultaneously monitored with a type-K thermocouple placed in
tight contact with the sample and a two-color pyrometer (Spotmeter
R160, Land instruments International. Ltd). The temperature
measured by the pyrometer was the one used for the data presented
in this study. The standard deviation of the two-color pyrometer is 2
Kor U, = +2.5-1073-T, whichever is greater, and taking into account
the whole temperature range of the experiments, it was always below
3 K. The thermionic current was measured by an ammeter (Keithley
2750, Tektronix). The standard deviation of the current measure-
ments is +£6.9 X 1077 A at most. The thermionic current from the
diamond emitter was harvested with a molybdenum collector placed
at a distance of 200 um from the sample. To eliminate the space
charge between the sample and collector and to saturate the
thermionic emission current, a positive bias of 25 V was applied to
the collector. A more detailed description of the thermionic testing
setup, including temperature and current measurements, can be found
elsewhere.*

Total hydrogen desorption experiments were performed by heating
the diamond from 573 to 1193 K at a constant rate of 1 K/s followed
by a cooling down to 573 K at the same rate following a triangular
wave profile. The heating and cooling rate was controlled by a closed-
loop feedback (PID control). Partial hydrogen desorption experi-
ments were performed by heating the diamond from 573 to 1130 K at
a rate of 1 K/s and then cooled again to 573 K at the same rate
following a triangular wave profile. This process was repeated several
times with not more than 15 s between cycles to avoid any hydrogen
readsorption.

Work Function Measurements and Low Energy Electron
Diffraction. The work function and low energy electron diffraction
(LEED) measurements were conducted at the Bristol NanoESCA
Facility (see Supporting Information SI.4).

Computational Methods. Periodic ab initio simulations were
carried out using the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (PBE),>" as implemented in the Cambridge
serial total energy package (CASTEP) code® (see Supporting
Information SLS).

B RESULTS AND DISCUSSION

A New Thermionic Emission Model. To understand the
effect of the dynamic surface changes on the TE current and its
relation with the different surface reconstructions, a new TE
model was developed (see Supporting Information SI.1 for
more details on the model). Upon functionalization of the
surface of a monocrystalline material, certain adatoms will
bond and modify the surface by changing the bond length of
the surface atoms and causing a charge transfer between
surface atoms and the adatoms. This process ultimately results
in the formation of reconstructed phases on the surface with a
defined structure and an associated surface dipole. These
individual surface dipoles will cause the local ¢ to be modified,
which in the case of some adsorbate—surface systems, would
mean that the dipoles cause a reduction in the local ¢ when
compared to that of the bare surface and the presence of a
negative electron affinity. Therefore, given the appropriate
temperature, these localized structures with low ¢ will act as
electron emission centers as they present a less energy-
expensive route for electrons to escape the surface. Moreover,
the various surface phases will possess different properties
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depending on the type of reconstruction, which include bond
length, desorption energy (E;), and ¢. Thus, at elevated
temperatures, each of these emission centers will thermioni-
cally emit electrons according to its ¢ with their thermal
stability being dictated by its E4, while the contribution to the
total TE of a surface is given by the associated surface coverage
(0). Hence, the TE current from a functionalized surface
taking into account surface changes due to thermal desorption
effects from different surface phases can be described by

J(T,0,¢) = ZAiTZe—fﬁ.(H.(T))/kT
“ (2)

where ¢, is a function of the coverage 6,(T) for the surface
reconstruction i to account for the initial linear work function
decrease at low coverages upon surface functionalization and
the subsequent work function increase due to depolarization
effect of the dipole—dipole interaction™ at medium-to-high
coverages. Conversely, the evolution of the surface coverage
with temperature can be described by

_ T2 w —EJkT

O(T) = 6y — ‘/Tl vhe ' dT (3)
where 6,_; is the initial coverage, n is the order of reaction, v; is
the frequency factor, k is the Boltzmann constant, and Ey; is the
energy of desorption. Equation 2 along with Equation 3 will
herein be called the modified Richardson—Dushman model
(MRM) and in general is valid for any adsorbate—surface
system with TE capabilities.

Thermionic Emission from the Single-Crystal Dia-
mond. The validity of the MRM was tested with a hydrogen-
terminated nitrogen-doped single-crystal diamond. A nitrogen-
doped diamond was chosen for this tests as it is a well-known
thermionic emitter that exhibits a n-type semiconducting
behavior at moderate temperatures (T > 300 °C). TE is
enabled in the nitrogen-doped diamond by the functionaliza-
tion of its surface with hydrogen, which causes a significant
decrease on its ¢ and the presence of a negative electron
affinity. Moreover, the hydrogenated diamond surface is
thermally unstable at elevated temperatures (T > 600 °C),
which makes this surface an excellent material to study the
effect of dynamic surfaces on TE. The TE from the <100>
facet of a single-crystal diamond doped with nitrogen ([N] =
300 ppm) and hydrogen termination is shown in Figure 1A.
The TE plot corresponds to a thermal heating cycle starting at
Tiow = 573 K, rising up to Ty = 1193 K and then decreasing
back to Ty, = 573 K following a triangular pattern. The
heating and cooling rates were 1 K/s. The plot shows that TE
starts at Ty, =~ 723 K and grows with an exponential trend
until it peaks at T},,,, & 1060 K producing a maximum current
of Jiax & 1.53 mA-cm ™2 This maximum is followed by a steep
decrease of the current despite the fact that the temperature is
still increasing. After the first heating cycle, no further TE
current was detectable in subsequent heating cycles due to the
loss of hydrogen termination. The traditional Richardson—
Dushman model (eq 1) does not reproduce the observed TE
behavior due to the dynamic character of the surface properties
(see Figure S1 in Supporting Information SL2). As we show in
Figure 1A, the MRM successfully reproduces the experimental
data for a single-crystal diamond with two convoluted
components (J1 and J2), corresponding to two hydrogen
surface reconstruction phases in the surface of the diamond
with J2 accounting for most of the emission. The agreement
between the experimental data and the modified Richardson
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Figure 1. Thermionic emission from the hydrogen-terminated <100>
single-crystal diamond fitted with the modified Richardson model.
The hydrogenated single crystal was heated to from T, = 573 K to
Tnax = 1193 K with a heating rate of # = 1 K/s and cooled (at a rate of
p =1K/s) to Ty = 573 K following a triangular pattern. The
measurements were performed under high vacuum with a base
pressure of P = 1 X 107® mbar. (A) Thermionic emission current from
the hydrogenated <100> single-crystal diamond shown in solid gray.
The dashed red line shows the fit by the modified Richardson model,
while the dashed green and blue lines represent the two components
of the fit. The Richardson constant was calculated by the model to be
A; = A, =79 A-em™ K", The standard deviation for the thermionic
current measurements is o; < 6.21 X 1077 A and o7 < 3 K for the
temperature. (B) Desorption rate (r) plot for atomic hydrogen
deconvoluted from the thermionic emission current by the application
of the modified Richardson model. The solid red line represents the
total desorption rate, whereas the dotted lines are the components of
the total rate. These are correlated to the thermionic components, as
indicated by the color coding and have an associated energy of
desorption Ey. Their frequency factors were obtained from the MRM
fitting and found to be v, = 3.4 X 10" s  and v, = 2.7 X 10" s~ and
the initial coverages 6,_, = 6,_, ~ 0.43.

model in the current decrease at T > T}, is especially relevant
as, to the author’s knowledge, it has never been previously
reproduced by any other model.

The desorption kinetics parameters (Eg, v;, and 6,_;) for
atomic hydrogen on the <100> diamond surface as well as the
Richardson constant were used as fitting parameters for the
MRM and then used to elaborate the plot of Figure 1B. Figure
1B represents the desorption rate (r) of atomic hydrogen, and
it shows two distinct components denoted as R1 and R2 with a
respective initial coverage of 6,_; = 6,_, =~ 0.43. These
components are respectively correlated with the thermionic
current components (J1 and J2) shown in Figure 1A and have
an associated desorption energy of E;; = 3.24 eV and Ey, =
3.51 eV with an energy difference of AE; = Eq; — Eg, = —0.29
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Figure 2. Thermionic emission from the hydrogen-terminated polycrystalline diamond fitted with the modified Richardson model. The
hydrogenated diamond was heated to from Ty = 573 K to Ty = 1130 K with a heating rate of # = 1 K/s and cooled (at a rate of # = 1 K/s) to
Tt = 573 K following a triangular pattern. This heating cycle process produced a partial desorption of the adsorbed hydrogen and was repeated
several times without the rehydrogenation of the surface. The measurements were performed under high vacuum with a base pressure of P = 1 X
107 mbar. (A, C) Thermionic emission plots of the first and third heating cycles, respectively, shown in gray solid lines. The dashed red line
represents the fitting of the modified Richardson model to the data. The other dashed lines represent the different components of the fit. The
standard deviation for the thermionic current measurements is 6; < 6.21 X 1077 A and o7 < 3 K for the temperature. (B, D) Desorption rate (r)
plots for atomic hydrogen deconvoluted from the thermionic emission current by the application of the modified Richardson model. The solid red
line represents the total desorption rate, whereas the dotted lines are the components of the total rate. These are correlated to the thermionic
components, as indicated by the color coding and have an associated energy of desorption Egg. The initial coverages for the components in the first
cycle are 6,_, = 0.207, 6,_, = 0.206, 0,_; = 0.203, O,_, = 0.197, and 6,_g = 0.184, whereas those for the third cycle are 6,_, = 0.183 and §,_; =

0.177.

eV. The values for the frequency factors are v; = 3.4 X 10" s
and v, = 2.7 X 10" s7" and are in close agreement with the
theoretical value of v = 1 X 10" s7'. Additionally, the
Richardson constants for J1 and J2 found by the MRM are A,
= A, =79 A-cm > K™!, which are very close to the theoretical
value of A = 120 A-~em™ K™%

Desorption energies with values of 3.44°* and 3.15 eV,>
both with a v = 1 X 10" 57!, have been reported previously for
hydrogen on the <100> diamond surface, which are somewhat
in the same range of our values. On the other hand, some
authors reported lower values of the order of 1.60°° and 1.69
eV*’ but both with a v = 3 X 10° s™' that deviates greatly from
the theoretical value. Hence, we are inclined to believe that our
results are more comparable with the first two values as their
frequency factor is equal to the theoretical value and very close
to v; and v,.

The fact this manuscript reports two desorption energies as
opposed to the literature that reports only one desorption
energy for the <100> diamond surface might be caused by the
fact that the experiment and MRM presented in this study are
extremely sensitive to hydrogen desorption, so it allows for a
straightforward deconvolution of the desorption parameters.
The MRM was found to be fairly sensitive to the fitting
parameters, especially to the desorption energies Ey; and the

26537

initial coverages 6, ;, as a change of just 1% on their value
would cause the value of the current | of the MRM to deviate
more than 50% from the experimental data. Therefore, their
values could be considered to have less than a 1% uncertainty
(see Supporting Information SL6).

Regarding the work function used in the MRM for the fit of
experimental data, we used a coverage-dependent work
function in the shape of a linear piecewise function (¢ = ¢
(0)). In our case, we assumed that the work function of all
emitting areas of the surface would follow the same piecewise
function, despite having different kinetic desorption parame-
ters as to simplify the application of the MRM to the
experimental data. This function can be defined with just three
pairs of coordinates (6, ¢) for & = 0, 0.5, and 1. The work
function values used for the function were ¢, = 7 €V, ¢ = 1.5
eV, and ¢, = 2 eV. These are discussed in more detail in
Supporting Information SL.7. While ¢os and ¢, were chosen
based in experimental and literature values, the value of ¢, had
to be increased with respect to the value reported in the
literature (4.7 €V)*® in order for the MRM to fit the
experimental data at low coverages. The increased apparent
value of the work function at low coverages is most probably
caused by the effect on the work function of having a “patchy
surface” at low coverages,3'9 while a decrease on the surface

https://dx.doi.org/10.1021/acsami.0c01677
ACS Appl. Mater. Interfaces 2020, 12, 26534—26542


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01677/suppl_file/am0c01677_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01677/suppl_file/am0c01677_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01677?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01677?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01677?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01677?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c01677?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

o J.Full dimer in terrace ﬁ”b

-0.04 ] Full dimer in atomic step
’>\ -0.23J. Adatom .
v Vacanc
— -0.48]. vacan Yo
©
w
<

-1.49]9. : .. ©Partial dimer

B - Dimer structure -

Full dimer
in terrace

! !

Vacancy Adatom

Partial dimer Full dimer
in atomic step

@ Hydrogen atom

o Carbon atom

<100> diamond surface

Figure 3. Ab initio simulation of desorption energies for atomic hydrogen in <100> single-crystal diamond. (A) Energy of desorption difference
(AE, = Eg — Eg,) of atomic hydrogen desorbing from different sites normalized to the desorption energy of a full dimer Ey,. (B) Structure of a fully
terminated carbon dimer on the <100> surface. (C) Diagram of the different surface bonding structures of hydrogen in the <100> diamond surface
that were simulated in this study. Dark spheres represent carbon atoms, while dark blue spheres represent hydrogen atoms. The atomic
representations in this figure were generated with the 3D visualization program VESTA.*

conductivity due to hydrogen desorption”' and the temper-
ature dependence of the work function® might contribute to
this behavior to a certain extent. Overall, the matter with ¢,
means that the MRM is somewhat limited at low coverages as
it does not take into account the effects mentioned above in its
present form. Nonetheless, the MRM still provides a very
significant improvement when analyzing thermionic emission
data when compared to just using the Richardson equation.
Thermionic Emission from the Polycrystalline Dia-
mond. The existence of the different diamond surface phases
observed when applying the MRM was further tested by
applying the model to the TE produced by hydrogenated
nitrogen-doped polycrystalline diamond as it has a more
complex surface. In this case, the heating cycle was performed
similarly to the single crystal with the exception that the
maximum temperature was slightly lower (Thigh = 1130 K).
The consequence of this change was that several heating cycles
were necessary to desorb all the hydrogen present in the
surface. The results of this experiment are shown in Figure 2
where the TE fitted with the MRM and the deconvoluted
desorption plots for the first (Figure 2A,C) and third (Figure
2B,D) heating cycles are plotted. The MRM was successfully
applied to the polycrystalline diamond and could reproduce
the experimental data, but it still required a minimum of five
components on the first heating cycle due to the elevated
number of surface phases on its surface. Subsequent heating
cycles continue to desorb the remaining hydrogen of the
surface, causing the surface phases with a lower desorption
energy to reduce their coverage or disappear. This can be
clearly observed in Figure 2C,D where we can see that the
current and desorption rate components PCD-J1 (PCD-R1),
PCD-J2 (PCD-R2), and PCD-J3 (PCD-R3) have completely
disappeared. On the other hand, the components PCD-J4
(PCD-R4) and PCD-JS (PCD-RS) are still present but their
surface coverage has decreased as well as the thermionic
current produced by them. Remarkably, these components

maintain the same Eg; in all the heating cycles where the MRM
is applied independently and only the surface coverage is seen
to decrease. This shows that the modified Richardson model
can produce consistent results even in complex surfaces.

Ab Initio Simulation of the Hydrogenated <100>
Diamond Surface. An ideal hydrogen-terminated <100>
single-crystal diamond presents a C(100)-(2 X 1):H surface
reconstruction where carbon atoms form dimer rows across the
atomically flat terraces and are terminated by hydrogen atoms
with single bonds [HC—CH].*" There are some reports about
the existence of a C(100)-(1 X 1):H reconstruction;"”
however, its existence is still uncertain®® and the consensus
in the literature is currently the C(100)-(2 x 1):H
reconstruction.”***~** Hence, the ab initio simulations of this
study are focused on the latter. This reconstruction was found
to be present on the hydrogenated <100> single-crystal
diamond used for this study according to low energy electron
diffraction experiments (see Figure S2 in Supporting
Information SI.3). However, real surfaces have multiple
defects, i.e., atomic step edges, vacancies, and adatoms, and
these might cause the formation of alternative hydrogen
surface reconstructions deviating from the ideal case of a
perfect defect-free surface. Hence, to correlate the components
J1 (R1) and J2 (R2) of the TE current in the hydrogenated
<100> single-crystal diamond with the present surface phases,
quantum mechanical ab initio simulations of the reconstructed
surface and several surface defects were performed.

The desorption energy of the ideal C(100)-(2 X 1):H
surface reconstruction and other surface structures and defects
obtained with ab initio simulations are shown in Figure 3
normalized to the desorption energy of the full dimer Eg,.
These show that the most stable surface reconstruction is the
C(100)-(2 x 1):H, corresponding to a fully hydrogenated
dimer [HC—CH] on a flat terrace as it has the highest
desorption energy (Eq. terrace) among the studied structures.
As a result, we believe that the component J2 of the TE
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Figure 4. Proposed desorption path for hydrogen on the <100> surface of single-crystal diamond. Hydrogen desorbs from the fully terminated
dimer with a desorption energy of E4, = 3.51 eV, generating a partially terminated dimer and a hydrogen radical. Then, another hydrogen from a
partially terminated dimer diffuses (Egq) across the surface to form a fully terminated and an unterminated dimer. Dark circles represent carbon

atoms, while white circles represent hydrogen atoms.

current, which experimentally shows the highest desorption
energy, originates in the fully hydrogenated dimers [HC—CH]
on a flat terrace.

The literature regarding the simulation of hydrogen
desorption for the <100> single-crystal diamond is mostly
concerned in simulating the desorption energies of the first and
second hydrogen from the monohydrogenated dimer on a
sequential fashion. This is an Eg;y for [HC—CH] — [HC—
C*] + Hyy), and an Egy for [HC—C*] — [*C—C*] +2Hy.
When examining AEy,_, = Eq;y — Egyyy, the reported values are
-1.45,%-1,°-0.7,"'-0.6,"> and —0.27 eV.”> While our
simulation shows a value of —1.49 eV in agreement with the
work of Brenner,” the literature values span over a wide range
with no clear consensus.

Considering the energy diagram in Figure 3, the AE,
between Eggy terrace and other surface defects as well as fully
terminated dimers near atomic step edges is AE; > —0.48 eV
with the only exception of the partially terminated dimer
[HC—C*], which has an AE; ~ —149 eV. Taking into
account that, for the component J1, the experimental value of
the desorption energy difference is AEq = Eg; — Eg, = —0.29
eV, it is in principle not possible to identify a specific surface
structure as the cause for the component J1 by looking at the
surface simulations. Nevertheless, considering that the initial
coverage of the reconstruction responsible for the component
J1is 6y_; = 0.43, the only surface structure that can reasonably
have such a high initial coverage, apart from the fully
terminated dimer on a flat terrace, is the fully terminated
dimer reconstruction [HC—CH] adjacent to an atomic step
edge. This high coverage of step edges in the diamond surface
has been shown by scanning tunnehng mlcroscopy studies of
diamond surfaces by several groups.”* *° Fully terminated
dimers placed adjacent to an atomic step edge will have a slight
structural distortion when compared with dimers further away
from the step edge, causing a small difference in desorption
energy AE; between the two cases. As a result, we could
tentatively assign the origin of the component J1 of the TE
current to the fully terminated dimers adjacent to atomic step
edges.

During the TE process at elevated temperatures, atomic
hydrogen is thermally desorbed from fully terminated dimers,
thus creating partially terminated dimers [HC—C*] that would
subsequently desorb. However, the high temperatures on the
diamond enable hydrogen diffusion across the surface. So, a

hydrogen atom from a partially terminated dimer has enough
thermal energy to hop between dimers until it finds another
partially terminated dimer to form a full dimer, which is more
energetically favorable than having two partially terminated
dimers (see Figure 4). This is possible due to the fact that
diffusion ener%y for hydrogen in the diamond surface is E g &
0.5-1.5 eV,””® which is lower than the Ey for both
components J1 and J2 and that for a partial dimer Eg 0 ~
2 eV.

Predicted Thermionic Emission Current from Hydro-
genated Single-Crystal Diamond for Different Cover-
ages. The parameters (Ey, v, 6,_, and A;) of the surface
dipoles of the hydrogen-terminated single-crystal diamond
were extracted, applying the MRM to the experimental TE
data. As a result, it was possible to exploit the MRM to
investigate the electron emission behavior of the said surface
under different hydrogen surface coverage conditions. Figure 5
shows plots of the TE for the hydrogen-terminated single-
crystal diamond for different coverages of fully terminated
dimers on a flat terrace. These plots mimic the experimental
heating profiles used in the experiments shown in Figures 1
and 2.

As the work function ¢ = ¢(0) is a function of the coverage
(see Supporting information SL7), the effect of an increase of
the coverage from € = 0 to 0.5 will be two-fold. First, the
emission surface per unit area will obviously increase, and
second and more importantly, the work function will decrease
until it reaches a minimum at § = 0.5. Mathematically, this
means that the exponential term in eq 2 approaches 1 at lower
temperatures so that the quadratic temperature dependence of
the TE current starts earlier. In Figure 5, it is shown how this
increase in the coverage has a double effect. First, it lowers the
temperature at which TE starts from T, & 900 K down to
Tyt = 400 K. Second, it increases considerably the TE
current. Both effects are beneficial because they would reduce
the working temperature and increase the power output of a
potential device based on this type of surface. Yet, these
beneficial effects occur up to a value of @ ~ 0.55. After that, a
reversal of these effects is observed with the Ty, increasing
again to 550 K and the TE current decreasing at least a couple
of orders of magnitude. This is the consequence of the
hydrogen dipole depolarization on the dimers due to the
dipole—dipole interaction mentioned previously, which is
included in the MRM. Such a depolarization causes an
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Figure S. Predicted thermionic current from a hydrogenated <100>
single crystal-diamond surface for different surface coverages. These
estimations were obtained with the modified Richardson model by
extrapolating the thermionic current for various degrees of initial
coverages of the fully terminated dimer, and using the desorption
energy, the Richardson constant and frequency factor that were
obtained by fitting the MRM to the experimental data. For the sake of
simplicity, the coverage of any other surface phases was kept as zero,
which means that the predicted thermionic current originates only
from fully terminated dimers. This corresponds to component P2 in
Figure 2 with an E; = 3.51 eV. The gray dashed vertical line at T =
960 K indicates a temperature below which the desorption rate can be
considered negligible (r = 0) so that the hydrogen would be thermally
stable. At this temperature, the current increases with the initial
coverage of fully terminated dimers up to 6, ~ 0.55 where it reaches a
maximum before decreasing again due to a depolarization of the

hydrogen dipoles also known as the topping effect.

increase of the work function of the surface at high coverages
that effectively increases the surface potential barrier for
electrons and lowers the TE.

Our model predicted that, if the surface coverage for the
fully terminated dimer on a flat terrace were to be increased
from 0 = 0.43 (value found in the experimental results) to 0.55
and the operation temperature kept below T &~ 960 K so that
the hydrogen desorption rate is r & 0, then it could be possible
to permanently sustain a TE emission current of ] & 1 A-cm™2.
This is an increase in the current of 7 orders of magnitude
compared to the experimental results presented in this study
and highlights the potential for this type of adsorbate—surface
system to be used as an electron emitter.

B CONCLUSIONS

A new material-independent model for thermionic emission
based on the Richardson—Dushman equation has been
presented and successfully applied to the TE from a
hydrogen-terminated single-crystal diamond. Our proposed
MRM successfully reproduced, for the first time, the TE
behavior of functionalized surfaces in diamond, accounting for
the effect of dynamic changes in surface phases due to thermal
desorption of the adsorbates. It was shown that it is possible to
extract the values for energy of desorption (E;) and initial
coverage (6,) of the hydrogen adsorbed in the diamond
surface with just TE data without using the traditional
techniques for these type of measurements. More importantly,
in the case of the hydrogenated <100> single-crystal diamond,
we identified the fully terminated dimers of the C(100)-(2 X
1):H surface reconstruction on flat terraces as the origin of the
majority of the TE, which is also the most thermally stable
form of hydrogen on the diamond <100> surface. We show

that, according to predictions from our model, a sustained
current of ] ~ 1 A-cm™ could be achieved if the surface
coverage of fully terminated dimers in flat terraces was to be
increased from 6 = 0.43 to 0.55 and the surface temperature
kept below T = 960 K to avoid hydrogen thermal desorption.
Thus, the results presented here provide new insight into the
operation of TE on dynamic surfaces and opens a new avenue
for the study and optimization of thermionic emitting surfaces
for electron generation or energy harvesting applications.
Additionally, we believe that our research could also be
relevant for the understanding of the behavior of rectifying
junctions as our model could be used to factor in
inhomogeneities or degradation in the junction when analyzing
its current characteristics.
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