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We studied the work function of cesium deposition and co-deposition with the electronegative element on the
plasma grid (PG) using the first-principles calculations. The impurity particles may exist in the background
plasma and vacuum chamber wall, and the work function of the PG will be affected. The results indicate that the
minimum work functions of pure cesium deposition on Mo (110), W (110), and Mo (112) are reached at a partial
monolayer. They are 1.66 eV (6 = 0.56 0), 1.69 eV (6 = 0.75 0), and 1.75 eV (c = 0.88 0), respectively. An
appropriate co-deposition model consisting of cesium with electronegative elements can further decrease the
work function. The coverage of cesium and electronegative elements are both 0.34 0 in all the co-deposition
models. The F-Cs co-deposition model where the Cs atom and F atom are aligned along the surface normal
obtains the lowest work function. They are 1.31 eV for F-Cs on Mo (110), and 1.23 eV for F-Cs on W (110),
respectively. The change in work function is linearly related to the change in dipole moment density with a slope
of —167.03 VA. For pure cesium deposition, two factors control the change in dipole-moment density, one is the
electron transfer between adsorbates and the substrate, and another one is the restructuring of surface atoms.
There are two additional factors for the co-deposition model. One is the intrinsic dipole moment of the double
layer, the other is the angle between the intrinsic dipole moment and the surface. The latter two factors play
important roles in increasing the total dipole moment.

1. Introduction

Neutral beam injection (NBI) based on negative hydrogen ion ac-
celeration is one of the most important facilities to heat the magnetic
confinement fusion plasma and drive the plasma current [1,2]. Cesium
(Cs) injection is an efficient way to enhance the extracted current in a
negative ion source[3,4]. This method is the so-called ‘surface produc-
tion’, and another is the ‘volume production’ [3]. The mechanism of
surface production has been investigated by many theoretical and
experimental works, which show the formation of a lower work function
surface by depositing cesium atoms on the plasma grid (PG) contributes
to the production of negative hydrogen ions [5-7]. The change in work
function is not monotonic with the increasing cesium deposition. The

* Corresponding authors.

work function decreases sharply at the beginning and reaches the min-
imum when the coverage, o, of Cs is below one monolayer. As reported
in[4], the maximum negative ion conversion efficiency is reached where
the work function is minimum. Finally, the work function will tend to be
saturated with the further increase of cesium [8,9]. Some theoretical
work has been done by Damone et al.[10] and Rutigliano et al.[11].
Damone et al. researched the microstructure of Cs deposition on Mo
(100) based on DFT and Molecular Dynamics (MD). They reported the
interaction between the Cs atom and the Mo atom using the simple
Lennard-Jones type interaction potential. A surface structure of ~ 0.7
layers coverage of Cs on Mo (100) is determined at T = 450 K. Based on
the result of Damone et. al, Rutigliano et al.researched the H atom
scattering from the cesiated surface using DFT and MD. They have given
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a Mo (5 x 5) surface unit cell (A = B = 18.74 A) and 10 Cs atoms
adsorbed. The coverage is ~ 0.59 layers, and the work function of
cesiated surface has been calculated (1.81 eV).

Langmuir et al. first noticed this phenomenon and introduced a
dipole model to explain it[7]. According to the dipole model, one cesium
atom is assumed to lose its outmost single electron and then become a
positive cesium ion. Naturally, the metal substrate, molybdenum or
tungsten [3], is negatively charged. So a dipole is formed between the
adsorbate and substrate. In the work of Singh et al.[12], a phenome-
nological model has been reported. The decreasing work function A¢ is
derived from the work done by the electric field on the electron, A¢ =
Eeed = E ep = EPcos(f), where d is the distance between adsorbate
and substrate, e is the elementary charge, p = ed is the dipole moment,
and f is the effective angle, made by the dipole axis with respect to
surface normal. This model can intuitively explain why the electrons can
escape from the surface more easily. The work function is the minimum
barrier that an electron has to overcome to escape, which is affected by
the magnitude and direction of the dipole moment. In this phenome-
nological model, the distribution of electrons is deterministic and
discontinuous, at least for the dipole. The amount of charge transferred
between the adatoms and the substrate is also deterministic; for
example, a Cs atom will transfer an electron to the surface in this model.
Many complex factors, such as the interaction between electrons and
surface relaxations caused by adatoms, are not considered.

This phenomenological model contributes to our understanding of
the physical mechanism behind the phenomenon. There, however, are
still some classical and inappropriate assumptions. According to quan-
tum mechanics and density functional theory (DFT), the distribution of
electrons is continuous and expressed in terms of electron density. The
diploe moment should be p = [zp,(2)dz in a continuously distributed
electron gas. The situation will be more complex for different kinds of
the multispecies adsorption system. The accurate treatment of this sys-
tem requires a precise theoretical calculation based on DFT [13,14]. The
DFT calculation based on numerical solution still needs to divide the cell
into finite-volume elements. Three parameters will control the number
of grid-points in the direction of the three lattice-vectors. Therefore, the
charge distribution calculated by numerical solution is not continuous,
either.

In negative ion sources, a non-ignorable deposition model that
hydrogen atoms will co-adsorption with cesium on the PG surface
should be noted due to the ubiquitous hydrogen particle during the
plasma discharge. In addition to hydrogen, other impurities, such as
H»0, hydrocarbon, and O, can be easily emitted from the walls of the
neutral beamline during plasma discharge and beam acceleration.
Additional elements such as oxygen or carbon would be introduced
[15-18]. These unavoidable impurities may cause great uncertainty to
the performance of the negative ion source. They will be ionized and
impact the caesiated surface or the chamber wall with certain energy
due to the background plasma temperature and plasma sheath[15]. If
the ionization occurs downstream of the extraction electric field, the
energetic backstream positive ions will be produced [16]. These ionized
particles will deposit on the surface or sputter out surface atoms
dependent on their energy. Both deposition and sputtering will affect the
surface work function.

Some experimental works indicated that additional hydrogen or
oxygen co-deposition with Cs could further decrease the work function
[19-21]. The co-adsorption model consists of electronegative and elec-
tropositive layers, and the cesium is always on the up-layer [19,20]. The
charge transfer and surface structure will be extremely complex in this
model and taken for granted causing a double dipole layer in compari-
son to pure cesium adsorption. Therefore, a quantum mechanics
computation that gives theoretically an ideal surface model and precise
electron distribution is necessary and pressing.

In this work, we are concerned that these particles are deposited on
the surface and completely relaxed. A large number of the adsorbates
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deposited on various substrates are studied using the first-principles
calculations based on density functional theory (DFT). The monolayer,
6 = 1, corresponds to a surface-atom density of 4.8 x 10" ecm2 [22,23]
in this work. In section 2, the computation details and analysis methods
are described. In section 3, the simulation and analysis results will be
described. Section 3.1 for pure cesium deposition and section 3.2 for
cesium co-deposition with impurities. Finally, section 4 is the summary.

2. Computational methods

For this calculation work, the Vienna ab-initio simulation package
(VASP) [24] based on density functional theory (DFT) is used with the
local density approximation (LDA) [25] for the exchange-correlation
functional. Compared with the generalized gradient approximation
(GGA) [26], LDA is better for work function calculation. The projector
augmented wave (PAW) [27] method with a cutoff energy of 650 eV is
used to describe the ionic core. The tetrahedron method with Blochl
corrections [28] is used and it requires dense k-points, so the I" centered
Monkhorst-Pack scheme [29] with k-points of 4 x 4 x 1 is adopted by all
calculations. All the two-dimensional systems are modeled by using
supercell approximation with a vacuum space of 25 A along the z-axis to
ensure the electrostatic potential is convergent. The atomic positions
and the cell are fully optimized with the convergence criterion that the
calculations will be continued up until the force acting each atom be-
comes less than 0.02 eV A™1,

As shown in Fig. 1, three kinds of surfaces are used to research the
relationship between the work function of PG and cesium coverage, they
are Mo (110), W (110), and Mo (112), respectively. Mo and W are
excellent candidate materials for PG manufacturing, and their (110)
surfaces have a very high intrinsic work function. On the contrary, Mo
(112) surfaces have an extremely low intrinsic work function [30]. The
sizes of the slab for all surfaces are 4 x 4 with 6 layers and the nether-
most two layers are frozen. A smaller (3 x 3) with 6 layers slab is used to
calculate the double layers adposition, as shown in Fig. 2. Two kinds of
double layers models are taken into account. They are Fig. 2 (a) where
the cesium atom and the electronegative species are aligned along the
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Fig. 1. The diagrammatic drawing of cesium atoms deposition on a) Mo/W
(110) surface; b) Mo (112) surface. The green atom represents cesium and the
blue atom represents molybdenum or tungsten for a) and molybdenum only for
b). The coverage ¢ of cesium in this figure is: a) 1.13 6 for molybdenum and
1.12 0 for tungsten, respectively; b) 1.10 6 for molybdenum only. A different ¢
determines a different surface structure, especially for the positions of cesium
deposition. There is just a slight difference between the Mo (110) surface and W
(110) surface, but we just give one picture of Mo (110) to represent them all for
reasons of space. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. The diagrammatic drawing of cesium atoms co-deposition on Mo (110)/
W (110) with the electronegative element. The green atom represents cesium,
the blue atom represents molybdenum or tungsten, and the red atom represents
H/C/O/F. a), the bonds H-Cs, C-Cs, O-Cs, and F-Cs are perpendicular to the slab;
b), the angle between the bonds and slab is a and shows a state of tilt. Different
electronegative element and different slab determines a different structure, we
just use the Mo-O-Cs model to represent them all for reasons of space. These
models are almost the same as models a) or b), except C-Cs perpendicular to the
Mo slab. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

surface normal, and Fig. 2 (b) where the cesium atom and the electro-
negative species are not aligned along the surface normal, respectively.
The difference between these two surface structures stems from the
different initial unoptimized structures. In the beginning, we first pre-
pared an optimized surface as the substrate. And then an electronegative
atom is placed on the substrate. For the structure of Fig. 2 (a), the cesium
atom is placed at the top of the electronegative atom, that is they have
the same initial x and y coordinates. Only the z coordinates of the ce-
sium atom and the electronegative species changed after the geometry
optimization. They are still aligned along the surface normal. For the
structure of Fig. 2 (b), on the contrary, a minor change was made to the
initial x coordinates of the cesium and resulting in a ~ 0.1 A horizontal
distance between these two atoms. The cesium atom and the electro-
negative atoms are no longer aligned along the surface normal after
geometry optimization. Generally, the model Fig. 2 b) is more stable
than a), except for the Mo-C-Cs system in this work.

The work function is the difference between vacuum electrostatic
potential and Fermi energy. As said above, the change in dipole moment
density will induce a change in work function. Leung et al. [13] com-

bined the dipole moment density p = f;o/ 2 2p,(z)dz with Poisson equation

V2V = —p/ep, and derived a mathematical expression relating the
change in the work function and the change in the surface dipole
moment density, ¢ —¢, =-180.95(p —po), where 2 and c/2 are a point
deep inside the slab and the center of the vacuum respectively. ¢, (¢)
and py (p) are the work function and dipole moment density of the clean
(contaminative) surface, respectively. p,(z) = (1/A) “‘ dx f dyp(x,y,
z), is the total surface charge density, and A is the cell surface area.
The surface average electron density difference Ap(z) =
p(2) —[ps(2) +pq(2) ], indicating the charge transfer between the slab and
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the adsorbates, where p(z), p,(2), and p,(z) are the surface average
electron density of the adsorption system, the surface average electron
density of the slab, which is generated by removing adsorbates from the
slab, and the surface average electron density of adsorbates, respec-
tively. The change in dipole moment induced by the electron density

2 zap()dz = [ 2p(z)  py(2) + pa(2) |}z =
p—(ps + pa), and then p —py = (ps —Po) + Pa + Ap. So, at least three
factors control the total dipole moment density: (i) the charge transfer
between surface and adsorbates; (ii) the restructuring of the surface

atoms; (iii) the intrinsic dipole moment of adsorbates [13].

difference is Ap =

3. Results and discussions
3.1. Cesium deposition

We studied the cesium cover on the same materials with different
index surfaces and the same index surface with different materials at the
first. Cesium deposition was widely used in many fields. In the fusion
engineering field, cesium is mainly applied to cover the PG electrode,
reduce its work function, and then enhance the production efficiency of
negative hydrogen ions. As shown in Fig. 3, the tendencies of the work
function of cesium atoms deposition on Mo (110), W (110), and Mo
(112) are similar. The work function of bare Mo (110), W (110), and Mo
(112) are 4.86 eV, 5.13 eV, and 4.44 eV, respectively. They are close to
the data in the CRC Handbook of Chemistry and Physics (4.95 eV for Mo
(110), 5.22 eV for W (110), and 4.36 eV for Mo (112)) [30]. The lowest
work function in these three cases are 1.66 eV (6 = 0.56 0), 1.69 eV (6 =
0.75 ), and 1.75 eV (o = 0.88 6), respectively. It suggests that the lowest
work function of a partial monolayer of cesium deposition is related to
the original surface index and materials. However, an original lower
work function of the bare surface not always means a lower work
function of a partial monolayer of cesium deposition. The lowest work
function of Mo (110) and W (110) are almost the same. The mechanics
behind this is the change of dipole moment, and we will discuss it below.
The fitting curves with polynomial function with the order of 4, ¢ = a x
6* +bx 6% +cxo? +dx o+ ¢y, are plotted as an eye guide as shown
in Fig. 3. Coefficients are listed in Table 1. As we said before, Rutigliano
et al.reported the work function 1.81 eV at ¢ = 0.59 0 [11], and we
calculated the work function at ¢ = 0.59 6 for Mo(110), W(110), and Mo
(112) using the fitting formula, respectively. They are 1.67 eV, 1.84 eV,
and 1.93 eV respectively. The results are in good agreement.

55 : : . . .
* Mo(110)
—Fitting-Mo(110)
5 + W(110) 1
—Fitting-W(110)
45 * Mo(112) |

—Fitting-Mo(112)

15 ) ) ) . .
0 0.2 0.4 0.6 0.8 1 1.2

o (0)

Fig. 3. The work function as a function of the coverage o.
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Table 1

The polynomial coefficients.
Surface a b c d $o
Mo (110) —2.65 0.59 10.58 —11.30 4.86
W (110) 5.14 —16.62 22.02 —13.85 5.14
Mo (112) 3.26 -9.80 13.20 -9.27 4.43

As mentioned above, the slope should be 180.95 VA theoretically.
Nevertheless, this is an ideal situation cause the Fermi level is set to a
constant for all models during the derivation. The shift of the Fermi level
should be taken into account for a 2D slab due to its finite thickness [14].
The shift sometimes could be beyond 1.0 eV in this work. In Fig. 4, the
negative ¢ —¢, values correspond to the decrease of work function
induced by an increased dipole moment along the z-axis. After linear
fitting of these scattered points, a curve with a slope of 167.03 VA is
obtained. This difference in slope attributes to the shift of the Fermi
level. There is a good linear relation between ¢ —¢, and p —py, which
means that the change in work function and the change in dipole
moment are inextricably linked.

As shown in Fig. 5, the change tendencies of p —p and Ap of the Mo-
Cs system are the same, and the maximum is reached at 6 = 0.56 0 where
the minimum work function is reached. In the whole process of
increasing the dipole moment along the z-axis, Ap always plays a deci-
sive role, with the contribution of p, being zero and the contribution of
Ps —Po being negative. We can conclude that the electron transfer is first
increased and then inhibited with the increasing coverage of cesium. It
explains the phenomenon that the work function reaches the minimum
in the partial monolayers and is finally convergent[3]. To show more
details, we plotted Fig. 6 and Fig. 7 including p —po, ps —Po, Pa, Ap, and
the electron density along the z-axis for ¢ = 0.19 ¢ and for ¢ = 0.56 0,
respectively. The coverage with 0.56 ¢ has a larger total dipole moment
than 0.19 9, which means a lower work function as shown in Fig. 3. The
increment of dipole moment induced by surface atoms restructuring
(ps —po) is ignorable for both cases because the changes in the position of
the surface atom caused by these deposited atoms are extremely limited.
Similarly,

-1 T T
Mo(110)Cs y

*
o W(110)Cs 4
Mo(112)Cs Mo%CsJ,
¢ Mo(110)XCs \
-1.5}F * w(1o)xcs ¢ -
—& - &, = -167.03(p-p,)-0.2374 M°?scf

- - & - b, =-180.95(p-p))

- b, (V)

24 L N N L L N
-4
20.022 -0.02 -0.018 -0.016 -0.014 -0.012 -0.01 -0.008 -0.006

-(p-p,) (€/A)

Fig. 4. The change in work function plotted as a function of the change in
dipole moment density induced by adsorbates. The X represents H, C, O, or F.
The black solid line with a slope of 167.03 VA is a fitting curve by fitting scatter
points. Some surface structures are marked by corresponding indexes. For
example, MogsCs; means that the computational model includes 96 Mo atoms
as the surface and 1 Cs atom as the adsorbate.
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Fig. 5. The p —p, and Ap as a function of the coverage ¢ in the system of Mo
(110) covered by Cs.

P-p,=9.70x10°° e/A |

1
T

—p,

- =P

P Py=-4.36x10° e/A

T

(@)

0 5 10 15 20
Distance from Mo substrate center (A): o =0.19 0

Fig. 6. (a) The dipole moment density (p) of the “contaminative” Mo (110)
surface and the dipole moment density (po) of clean Mo (110) surface, blue
atoms represent the Mo layer, and green atoms represent cesium atoms. (b) The
dipole moment density (ps) of unrelaxing Mo (110) surface and py. (c¢) The
intrinsic dipole moment of (p,) adsorbates. (d) The dipole moment density (Ap)
is due to electron transfer between adsorbates and the surface. (e) the electron
density difference along the z-axis, the space near the surface is divided into 3
zones by the red dashed line, the yellow regions (I and III) represent electron
depletion and the cyan region (II) represents electron accumulation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

all cesium atoms are at the same height due to the small number of
adsorbates, so there is no polarization along the z-axis and then no extra
dipole moment (p, = 0). So the main difference is the amount of elec-
tron transfer. Fig. 6 (d) shows that the Ap is a positive value preferring to
decrease the work function. The magnitude and tendency of Ap are



H. Li et al.

p-py=1 76x1072 e/A
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Distance from Mo substrate center (A): o = 0.56 0

Fig. 7. The same as Fig. 6 but for ¢ = 0.56 6.

determined by the electron transfer in (e) of Fig. 6 and Fig. 7. In the
yellow region of the lowest graph, Ap always increases monotonically.
On the contrary, Ap always decreases monotonically in the cyan region.
A larger magnitude of region I is not effective to increase the dipole
moment along the z-axis due to electron conservation. We prefer region
III has a larger magnitude to increase the dipole moment along the
normal. Comparing Fig. 6 (e) and Fig. 7 (e), we can find that the amount
of electron transfer in Fig. 7 (e) is about two times that in Fig. 6 (e). More
electrons transfer from III to II is the most important factor for
decreasing the work function. The direction of charge transfer is deter-
mined by the electronegativity of the element, as shown in [30], the
electronegativity of molybdenum is 2.16 on the Pauling scale, and ce-
sium is 0.79. So cesium always shows electropositive when close to the
molybdenum. This means that the difference in electronegativity be-
tween atoms is also an important factor.
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3.2. Cesium co-deposition with electronegative elements

Cesium is extremely low electronegative so cesium always loses its
outermost electron and becomes positively charged when near an
electronegative element as mentioned before. Although there is no
reference report about the Fluorine atom in NBI, we have still chosen it
in this work due to its strongest electronegative, and we hope that the F-
Cs double-layer will enhance the charge transfer between the electro-
positive layer and the electronegative layer. Based on these reasons, we
will discuss the double adsorption layers in consist of electropositive
atoms (Cs) and electronegative atoms (H, C, O, and F). Compared with
the works of C.A. Papageorugopoulos et al. [19-21], our models shown
in Fig. 2 don’t correspond to the minimum work function conditions for
the Cs covered Mo/W with electronegative co-adsorbates. Rather than
finding the minimum work function, we want to determine qualitatively
the effect of co-adsorption on the work function and the dipole moment
in this work. The ultimate goal of this work is to explore the physical
mechanism of dipole moment change and finally the change of work
function under the double-layer co-adsorption condition.

The work function is defined as the vacuum electrostatic potential
minus the Fermi energy. We plot the electrostatic potential along the z-
axis relative to Fermi energy (E; = 0) as shown in Fig. 8. We can see that
whether it is Mo (110) or W (110) surface, the lowest work function is
the case where Cs co-deposition with F and the F-Cs bond perpendicular
to the surface (1.31 eV for Mo, and 1.23 eV for W). The second low is the
O-Cs bond perpendicular to the surface for both Mo and W (1.54 eV for
Mo, and 1.59 eV for W). The third is the H-Cs bond perpendicular to Mo
(110) surface (1.85 eV) and the CCs bond perpendicular to the W (110)
surface (1.62 eV). The fourth is the C-Cs bond perpendicular to Mo (110)
surface (2.19 eV) and The HCs bond perpendicular to the W (110) sur-
face (1.98 eV). We found that the work function is always going to be
low as long as the bond is perpendicular to the surface, except for the C-
Cs. There is little difference between the work function of co-deposition
and that of pure cesium adsorption with the same coverage (¢ = 0.34 )
if the angle between the bond and surface is o (2.18 eV for Mo and 2.28
eV for W, these values are in good agreement with the previous fit
curve).

As shown in Fig. 9, the surface with H-Cs, has a large dipole moment
compared with the bare surface and gives a lower work function (it’s
similar for C, O, and F). The p —p¢ is consist of three components,
including ps —po, pa, and Ap. The restructuring of surface atoms induced
by the additional H-Cs, group is similarly ignorable. Different from pure

()

Electrostatic potential (V)

(b) —HCSl
- -HCs
(43
—CCsl
--CCs
«@
—O0Cs L
--0Cs
[e3
—FCsL
- -FCs
[¢3

—Cs
—Mo/W

_._Ef

12 13 14 15 16 17 18
Distance from Mo substrate center (A)

12 13 14 15 16 17 18
Distance from W substrate center (A)

Fig. 8. The electrostatic potential relative to Fermi level of different surfaces: bare Mo (110) or W (110), Cs on Mo (W), and X-Cs on Mo (W), X represents H, C, O,

or F.
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Fig. 9. The H-Cs bond perpendiculars to Mo (110) surface. (a) The dipole
moment density (p) of “contaminative” Mo (110) surface and the dipole
moment density (po) of clean Mo (110) surface, the subscript means vertical,
blue atoms represent the Mo layer, the red atom represents the H atom, and the
green atom represents the cesium atom. (b) The dipole moment density (ps) of
unrelaxing Mo (110) surface and po. (c) The intrinsic dipole moment of (p,)
adsorbates. (d) The Appcs, due to charge transfer between H and Cs. (e) The
dipole moment density (Ap) is due to electron transfer between adsorbates and
the surface. (f) the electron density difference along the z-axis, the space near
the surface is divided into 3 zones by the red dashed line, the yellow regions (I
and III) represent electron depletion and the cyan region (II) represents electron
accumulation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

cesium deposition, p, makes a vital contribution to p —p, and extremely
matters. For an atom pair containing two atoms, like the H-Cs group, its
intrinsic dipole moment comes from the charge transfer between the
electronegative element and the electropositive element. The p, is also
composed of three items, including the intrinsic dipole moment of the H
atom and Cs atom and the dipole moment induced by charge transform
between these two atoms. There are just two atoms within the H-Cs
group, and the intrinsic dipole moment for the single atom is zero as we
have said above. So just the Apycs, has a net contribution to the p,. As
shown in Fig. 9 (¢) and (d), the p, equals Appcs, . Contrary to the pure
cesium adsorption shown in Fig. 6, the role of Ap in this double-layer
adsorption is very limited, or even sometimes counterproductive for
decreasing work function (Ap is a negative value) as we observed in the
case of O and F. This indicates the magnitude of electron transfer be-
tween the H-Cs; group and Mo (110) is very small. Even the electron
will migrate towards the X-Cs, if there is a very strong electronegative
atom between cesium and substrate, like O and F. Although region II still
gathers high electron density, more electrons come from region I not III,
and as we said before it’s not effective to decrease work function. The
positive charges in region III are so small that the final Ap can’t increase
enough as shown in Fig. 9 (e) and (f). However, finally, p —py has a large
enough value to reduce the work function because of the intrinsic dipole
moment of H-Cs ;. The main reason for Cs co-adsorption with F on Mo
(110) or W (110) to obtain a very low work function is the electroneg-
ativity of F is too strong, and more electrons could be attracted from
cesium and form a strong intrinsic dipole moment along the z-axis.
Unlike pure cesium deposition, there is an additional factor that can
affect the dipole moment and then affect the work function. As shown in
Fig. 8, the normal case has a smaller work function. The reason is the
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projection of the intrinsic dipole moment of X-Cs in the z-direction will
be larger.

As mentioned before, the tilted case is generally more stable than the
normal case, we believe the tilted case is a more general situation in the
negative ion source background.

We also calculated the work function of Cs co-deposition with H
plasma on Mo(100) surface with different coverages as shown in Fig. 10.
The ratio of H to Cs is 1:1 in this calculation. The surface structures of
0.25¢, 0.5¢ and 1.00 are (2v2 x 2\/5) —45°, p(2x 2), and c(2 x 2),
respectively. For 0.750, the surface structure is combined with p(2 x 2)
and (4 x 2) as the initial structure. The work function reaches the
minimum at 0.560 in both tilted (1.51 eV) and normal (1.48 eV) cases.
And in most cases, normal adsorption has a smaller work function,
except 0.750. The result of structure optimization of 0.75¢ normal
adsorption indicates there will be 2/3H-Cs groups that will change their
normal state to tilt. The result of co-deposition indicates the H atom
could further decrease the work function of cesiated surface during
plasma discharge. The partial monolayer condition has a lower work
function for both co-deposition and pure Cs deposition.

4. Summary

We have calculated the work function of different cesiated surfaces
with different cesium coverage and cesium co-deposition with the
electronegative element by using the first-principles calculation based
on density functional theory (DFT). We found that the minimum work
function in pure cesium depiction occurs at a partial monolayer. The
value of the minimum work function and corresponding coverage is
different for various surfaces. The minimum work function of pure ce-
sium deposition is 1.66 eV in our calculation and occurs at Mo (110)
surface with a coverage ¢ = 0.56 6. The electron transfer is first
increased and then inhibited with the increasing coverage of cesium.
The work function of the double-layer adsorption depends on the angle
between the bond and the surface and the electronegativity of the
intermediate-layer atoms. The minimum work function of the double-
layer occurs at the F-Cs bond perpendicular to W (110) surface, which
is 1.23 eV. All these changes in work function are related to the changes
in dipole moment density. A large dipole moment density is formed
along the z-axis by depositing cesium on the substrate. This means that
an additional electric field is formed in the opposite direction of the z-
axis, which contributes to electron escape from the substrate. The dou-
ble layer can further increase the dipole moment density due to the huge
electronegativity difference. Although we get an extremely low work

2.6 T T T

—tilted
—normal

221

¢ (eV)

1.4 . ! !
0.25 0.5 0.75 1

Fig. 10. The work function of Cs co-deposition with H plasma on the
plasma grid.
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function in this simulation work. We have to say, however, that the best
situation is hard to occur in the harsh negative ion source background.
We can also come out with an opposite prediction according to the
physical mechanism, this work function may be extremely increased if
the impurity particle is above the cesium. It relies on the specific envi-
ronment, the type, and the quantity of impurity. Especially for negative
ion sources, even if other impurities can be reduced by vacuuming or
baking, hydrogen plasma is always present and necessary. According to
the result of Cs co-deposition with H plasma on the plasma grid (Fig. 10),
the minimum work function at least can reach about 1.5 eV. The smallest
value is not necessarily achieved at 0.5 layers, depending on the mini-
mum distinguishable interval of the surface adsorption density. No
matter how this work just proposes an explanation and potential and
idealized possibility of forming a double-layer to further reduce the
work function of the plasma grid.
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