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The effects on the electronic emission of the pres

of)anoscale steps on a tungsten surface
are investigated for the first time using three dimensi allﬁlantum mechanical models. The plane
wave periodic version of the density functionald‘%\igused to obtain the electronic wavefunctions
and potentials for flat and corrugated stru&k@tal and averaged emitted current densities are
obtained from them using time depenN@urhation theory. The orders of magnitude of the
averaged current densities resulting((\th\h e calculations are similar for both flat and corrugated
cases, however, strong enhancemN observed on the local current densities near the edges

of the steps. These numeritakgesults are compared with those of the analytical Fowler-Nordheim
type models. The slopés of'the Fowler-Nordheim plots are in good agreement for both numerical

and analytical m?ls, u{ th?magnitudes of the emitted currents are significantly different. This
is related to weak Nt
models. )

description of the electronic structure of the metal in the analytical
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Publishihg INTRODUCTION

There has been recently a revival of interest in the nuclear fusion industry community!?
on the problem of electronic emission induced by static electric field®* because it can cause
electrical breakdown in vacuum. This poses challenges to the desigh of vacuum insulation
structures in high voltage systems. These are parts of the heatinén ms of magnetically
confined plasmas in tokamaks which are based on high energy d&en or deuterium atoms
accelerated by the electric field of high voltage systems. Unfo%\KatQ , the performances of
such heating systems are limited by damaging electron Cu@;@lc d by field emission'® 7.
These currents can be reduced by raising the pressuré in the vaguum system, typically from
ultrahigh vacuum to pressures of the order of 10‘{:91 : P;’M. This gas effect, known for

quite some time, has been investigated recently i taTP; for tungsten carbide and tungsten

cathodes!®20

. Accurate first principles emigsion déts are required to understand better
the correlations between emission prope&ﬁ%\d‘c anges induced on the surface by the

presence of the ambient gas. Unfortuna&hN\mUs-t of the models currently available are too
~

crude to provide such detailed infornyati
Indeed, our understanding o \}Q{ )ic emission still relies mainly on the historical
Fowler-Nordheim model®?!, ¢ MKin ref. 22, extented to thermo-ionic emission by Mur-
phy and Good in ref. 4 g(ﬁrve emitters in ref. 23. A generalization using the local
rfac

density of states at the has been proposed in ref. 24. Convenient simplifications
of the analytical %Ve een given in ref. 25 and a universal formulation in ref. 26.
We refer to thej dels o/bally as FN type models, sometimes distinguishing within them
between the @the historical Fowler-Nordheim one®*?!) and the MG one (Murphy
I
£

and Good#). as been used widely and successfully over the years as a fitting model

of exp Q{n al déta, recent examples of applications are given in the citations of ref. 27.
However, this model relies on a crude description of the emitting electrode by a single pa-
T m?fer, work function. It is more a semi-empirical model than an ab initio one and
it, ¢ no> correlate emission to surface structure details such as the presence of defects or
déorbates.
ore quantitative models have been designed recently, in particular in the context of the
development of carbon based nanomaterials and two-dimensional materials (for reviews, see

ref. 28,29). Some are improvements of the FN analytical models®*3!. Others are based
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Publishimg + Density Functional Theory (DFT) calculation of the Hartree and exchange-correlation

potentials which drive electron emission, followed by emitted electron time dependent?3234

or time independent3®#> dynamical models. In particular, we presented in a recent paper?’

a method using plane wave DFT followed by electronic wavepacket time propagation within

the perturbation theory framework to compute currents emitted ffom structures modeled
atom-by-atom. This method was tested on the emission from t-?mg n.

7

and thus emission levels. Recently, FN type models have e} extended to such systems®”.
ds*have been obtained for un-

It is well known®6 that surface corrugation enhances IOKG external electric field
n

Typically, local field enhancement factor g of several hun
—

or copper® surfaces, wherea§ 3 of ssve al tens have been measured

for titanium, molybdenium® and niobium?!, fo@gosi

polished stainless steel*®

f the order of ten nanometers

or more. The role of protrusions has already“heen @idered from a theoretical point of
view (for a review see for instance ref. 52 .W‘ nt study'®, we considered from a theo-
retical point of view the correlations between'surface corrugation at the nanoscale and field

—~—

enhancement. In the present paper,we want to go further by addressing the more difficult
correlations between corrugation and }s‘fc’n enhancement. To our knowledge, the present
study represents the first app icatl\ FT-type models beyond flat structures on corru-
gation in the field emission cg\cKNNe describe in section II the computational method
which we have implemented We present in sub-section IT A the formalism and we explain
ialsedh

how to use the pote he states resulting from a DFT calculation to propagate a

wavepacket in ti 1 ﬁin ,perturbation theory. Then, in sub-section II B, we provide de-
tails about the CZI: tational implementation of this formalism. In section III, we show the
results of t '@ementation of the method for a W surface, either flat or corrugated by
nano-scalg steps. “khe comparison between both calculations allows to obtain information
on the'effect cérugation on emission. We also compare the results of our model with the

ongs 1 ultiné from the FN type methods.

)

Q\
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A. General framework

We consider the electrons of a metallic slab at 0 K temperature., This slab is infinite in

the x and y directions but it is not necessarily of constant thickdess in z and can present

periodic features. Such features can be for instance periodic steps @n thessurface or adsor-

bates. This slab is subjected to an external field F parallel t&x\@
S

W
current flowing from the metal into the vacuum. Bol a(% sym

—
corresponding standard symbols refer to their normsg We assume that this current is weak

h induces an electronic

Is refer to vectors, the

enough so that the perturbation theory can be used mobel accurately this process and

we use its time dependent version.

We assume that the electrons occupy orb'taNm.Q = 0) which are the Bloch functions
(p. 179 in ref. 53) defined by : \\
\

(T+U(x,F=0)¥,&F=0)=¢,9,(r,F=0) (1)
\
T is the electronic kinetic ene opetator and U(r, F = 0) is the total potential energy

in the absence of external ﬁeﬁK&fe’\éien ed by an electron of the material located at r. m

is a composite index which compriSeg the electron momentum in the first Brillouin zone (p.
37 in ref. 53) and the, band number. Periodic conditions are applied at the boundary of a
volume € consisting{of [V, uitig cells, where Ny is the number of k-points used to sample the
first Brillouin z?ﬂ/ﬂh I‘b/itals are normalized such that they correspond to one electron

charge over

e external field is applied, the electrons experience a potential U(r,F) given

by : U(r, F)/= (%r, F=0)+ AU(r,F). AU(r,F) is the perturbation associated with the

ﬂ
external fiel

pfactice, observe stability problems in the DFT calculation at large field. Therefore,
we mpslte the potential for a lower reference field Fg (typically 1 V/nm) and we obtain

it vanishes inside the metal and it is linear far away from the metal. In

w(gF) by linear extrapolation : AU(r,F) = FEOAU(I“, Fo).
s a result of this perturbation, metal electrons can tunnel and leak into the vacuum.

The leakage rate of each orbital is a "state current” I,,, given within the frame of the time
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PUinShitﬂfgj endent perturbation theory as the Fourier transform of the correlation function C,,(t) :

e -emt

I, =— dte' v Cy,(t) (2)

[ THAU(r.F) +Uac

Conlt) =< Byl

D, > (3)

Upae is the vacuum potential (the work function if the 0-energy is the“ermi energy), e the

Qction Cy,(t) is a matrix

electron charge, h the reduced Planck constant. The correlatio

ng potential. It involves the state
|®,,(r, F) > which results from the action of the pertu z;iu\on the field-free electronic
orbitals : |®,,(r,F) >= AU(r,F)|U,,(r,F = 0) >.[ [®,,(x,

element of the evolution operator associated to the perturbi

> is expelled quickly into
vacuum and the correlation function C, () decreg‘sis quigkly to 0, allowing for a converged
Fourier transform (eq. 2) on a short time wind (t@cally of the order of a few 10 fs).

However, on some occasions, a tail of the yevap *két'remains stuck in the metal region,

Y

enlarging Fourier time window and slowing“do omputing speed. We therefore added a

repulsive potential in the metallic regiN& re fast convergence, and we checked that

/

this modification does not significant \cpa.uge the current values.
The total current emitted by (NS« /% 2> I, (the factor 2 is due to spin degeneracy)

and the corresponding averaggsi\&fnt density is : J = Nkil , where A, is the emitting

area of the unit cell. A %ed rrent density J,, can be defined similarly from I,,, for

each state U,,(r, F =0).

ldcal current densities J(z,y) from the correlation function C.,(t).

We can also de
Indeed, is obtai et%‘0 imensional spatial quadrature which defines C,,(t) in eq. 3 can
separated in @men nal quadrature in z and in 2 dimensional one in x,y quadratures.

To do so.ve intreduce a local correlation function ¢, (z,y,t) :

s
- ) e, y,1) = / o (1, F)e— 20 e gy (@)
ﬁ

s that :3

giz @mz/m/@%m%w (5)
S
]

ocal state current density J,,(z,y) can be obtained from the Fourier transform of

cm(z,y,t) .

Inwg) =15 [t ot (

—00
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Publishiific total local current density is then : J(x,y) =23 Jn(2,y). It is easy to check that :

J = Jde]dy J(zy)

N A , as expected.

The present formalism has similarities with the Bardeen Transfer Hamiltonian (BTH)
model of tunneling® because it also relies on a perturbative formalism. The BTH formalism

is an ingredient of the Tersoff-Haman model®® used in the contez({ of scanning tunneling

nsbty &, y) maps can be

obtained from the present formalism in the context of electrorig

microscopy to obtain current density maps. Similarly, local

field emission. Current

maps obtained by application of this new formalism will e~3re ted below.
—~

—
B. Numerical implementation k&
We now illustrate the use of our method oﬁngs en, and we consider emission from

o .
sten is a commonly used material for

flat (001) surfaces as well as corrugated O%
electrodes and has already been the subjeNn rous studies using DFT (see our recent
work, ref. 17-20 and references therein). %ious results concerning electronic emission

w’)n\i;he context of experiments'®. The effect of the

include the effect of carbon adsorptio
nano-corrugation of the surface o al field enhancement was considered in ref. 19 and its
effect on field emission is the foqu the present paper.

The flat structure comsidered hetre is shown on fig. 1. It is a slab of 7 atomic planes
bounded on both sid s{;;\‘&‘}l) surface. Its thickness is 3a, where a is the lattice pa-
rameter. The slab, %’c on both side to the same static electric field parallel to z,
so that one of té&grfj s is the cathode and simultaneously the other one is the anode.

Using such symefric structures is important for the DFT calculation to converge rapidly
with respéct to the supercell size along z (see section 4.7 in ref. 56). Following our previous
work!Zethe Tagticé parameter is chosen as a = 3.179 A and the work function is ¢ = 4.25 eV.

The ¢ 'rugaﬁfd structure considered here is shown on fig. 2. It is obtained from bulk bcc

ﬁ
cut along the (101) plane. The surface consists of 3(001)x3(100) steps-terraces,
this“s.a’simple generic form of corrugation at the nanoscale. The corrugation is periodic,

ifh periods b = 3v/2a and a along = and y, respectively. It defines ridge and trough lines
parallel to the y axis. As for the flat case, the structure is symetrized to ease numerical
convergence, one of its side is a corrugated cathode and the other one is the anode. The

electric field is applied along an axis perpendicular to the (101) plane, chosen as the z axis.
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Publishiﬁg( structure shown on fig. 2 is the symetrized structure with minimum thickness to reduce
the length of the computations. From our DFT calculations (see below), its work function
is 4.02 eV. On fig. 1 and 2, the z,y origin is left front corner.

The ab initio total-energy and molecular dynamics program VASP (Vienna Ab initio

Simulation Program) developed at the Institut fiir Materialphysi%f the Universitat Wien

has been used for all DFT calculations® %, We use this programeina wayyery similar to the

one already described in refs. 17,19,20. The electron-ion interacti ILior tungsten is described

by the projector augmented wave potential (PAW)%1-62, leg -correlation energy is
calculated within the generalized gradient approxunatlo 62:@!‘& ) using the revised form

of the Perdew, Burke, and Ernzerhof functional (P )63 6% We consider six 5d6s valence
electrons for each tungsten atom. Fractional occ anc1es calculated using a second-order

Methfessel-Paxton smearing function® with a 053.2 eV. All plane waves of the basis

set are expanded up to a kinetic energy cuto M\f\/. For the flat case, the use a supercell

of size (a,a,26a) along (x,y,z) and a k point grid. For the corrugated case,
the supercell size is (3v/2a, a, 14a) pomt grid is reduced to (6 x 16 x 1) as the
structure period along x is larger han longwy. In presence of the external field, an artificial

(gb\t e vacuum region to allow for periodicity of the
electrostatic potential between \Bonders of the supercell.

The VASP calculatio

dipole parallel to z must be ad

ides two kinds of physical quantities necessary for the emitted

current calculation. m:.he is the Kohn-Sham orbitals U,,(r,F = 0), see eq. 1. They

are provided in (\?{ ’{, tlyir expansion on a plane-wave basis. We obtained the values of

these orbitals on axgﬁﬁx/t 1 grid using our implementation based on fast Fourier transforms
sing

Q .

these or tals/on

avetrans®

of the post- . Moreover, we use in the following the projections of
:al spd atomic orbitals which are atom centered spherical harmonics to
analyze physieg 11{ the results of our computations.

Hl econh kind of physical quantities provided by VASP are the potentials AU(r, F), for
7810 and&non—zero fields. The electric fields are obtained straightforwardly these potentials
%de tvation in the Fourier space. The potentials obtained from the present DF'T approach

er\from a serious shortcoming, which is that charge-image interaction is not taken into

account properly : in the flat case, in the absence of external field, the potential has an

1

T one near the metal in
TEQ 2

exponentially decreasing character instead of a Coulombic —

vacuum. This deficiency is common to all DFT approaches which are local or semi-local.
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Publishifigiple phenomenological fixes can be implemented in the flat case : they consist in switching

smoothly from the DFT potential inside the metal to the standard analytical charge-image

68-70

interaction in vacuum It is not clear however how to implement such fixes in the

corrugated case. More rigorously, one could use fully non local DFT approaches, like the

71,72

weighted density™ ™ or the many body GW™ ™ approximations. Sich non local approaches

however lead to extremely difficult and lengthy calculations, %\“\urrenﬂy available

computational ressources for the large systems considered herew, We therefore use in the

present study the semi-local PBE approach. Although t bsolute values of the currents
the rel

may require corrections, we believe that the comparison
-

of flat and corrugated surfaces presented here is meal ingfuls

ative emission properties

Moreover, we have observed sometimes conv@nce blems in VASP at large fields,
Le%)mpolation method from low field

as already described in ref. 20. The same“i
calculations which converge easily to large field ones has been used.

near

The correlation functions defined in gq. 3 age obtained by time propagation of the modi-
fied Kohn-Sham orbitals |®,,(r, F) us;}tw 284 order split operator method™. Typically,

the states are propagated in timeup “fs with 400 steps. The total current is obtained
%@{ a non negligible decay rate, they are expected to
have energies within a limited b}a'mund the Fermi energy. We could achieve convergence

by using the interval |-1, +0.2 eV] (the 0 energy being the Fermi energy), for both the flat
and corrugated case %at case, there are 1372 states inside this band, taking into
account the degengraci
only 192 states zt\s\ . For the corrugated case, there are 2180 states in this band, in

by summation over the states,whi

Fo
{ ind/lced by the symmetries of the k-point space allows to propagate
the

this case the —Qnt space has a lower symmetry and 545 states have to be propagated.

I11. U S/

Fig. 3 shows the z component of the induced electric field along z, for selected x,y

ocations on the flat and corrugated surfaces. These fields have characteristics consistent
J?h\fhose already observed in ref. 19. In the flat case, the field has, as expected, little
dependence on the surface x,y location. It decreases from its asymptotic value to 0 on a
layer 2-3 A thick above the topmost atoms, due to the screening of the external field by the

delocalized metal electrons. For the corrugated case, also as expected, the field is enhanced
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Publishi:’mgt ne ridge region and expelled from the trough one. The enhancement factor is maximum
near 3 A above the ridge and reaches 8 &~ 1.5. This result is quantitatively consistent with
the result of ref. 19 which provides a simple power law for the enhancement near right angle

9

3 .
ridges : 0 ~ (@) 3 as a function of a reduced distance z = 2&=2im)

. Zim corresponds to the
repulsion distance and is the barycenter of the induced charge, typ}éllylg C zim = 2.13 A, s0

that z ~ 0.13 at the maximum enhancement. This model provi

agreement with the present numerical result.

e3: 1.51, in excellent
d

Fig. 4 and fig. 5 are images of the local current densi by the unit surface cell

N1
for an external field at large distance F'=15 V/nm. Th 4}r?l%'sm density is scaled by F?

for consistency with the Fowler-Nordheim plot whic \;;ll presented on fig. 6. In most
cases, images are presented in the context of Sganning neling Microscopy (STM) and
are obtained with the help of the Tersoff-Harhan rnoLd:e)%. Assuming a localized tip wave
function, the tunneling current becomes dirégtly preportional to the local density of states

(LDOS) at the Fermi level of the samw\ study. A 2D image is obtained by plotting
propi

\
the LDOS on a plane located at anga iate height above the surface LDOS, typically
the height of the tip above the s<nil ur<present model is specific to field emission and

is free from such an adjustab pa\\te , indeed the anode which collects electrons is set

at infinity. \

In the flat case (fig. 4, topmost layer (layer # 7) atom is at the center of the figure
(x,y =a/2,a/2), ato szé:\@g to layer # 6 are at the corners. The highest emission point
is located at th?@p 4 aiym, lowest emission points are at the layer # 6 atom locations.

However, the co twt een low and high emission is limited, less than 7 %, as expected
cDThe averaged current density is 1.69 x 107> A/nm?. Fig. 5 corresponds

b

5 and the troughs at x = 0 and

to the cofrugated-ease. The ridge line is located at = =

or{s facing vacuum are depicted by disks increasingly larger and darker as

the z,y ?cation, the density at the ridge is more than one order of magnitude larger than
thetroughs. Interestingly, although atoms from both layers #7 (at z,y = b/2,0 and
q :\b/2, a) and #6 (at z,y = b/2,a/2) are located on the ridge, only limited variations of
the current density are observed along this line. In fact, the current density is found slightly
larger in the vicinity of the atom at the center of the cell which belongs to layer #6 than
in the vicinity of the atoms belonging to layer # 7 (at z,y = 0/2,0 and z,y = b/2,a). The
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Publishimgraged emitted current density Jis 1.81 x 107° A/nm?, which is only 7 % larger than the
emitted current density in the flat case. Although corrugation induces field and electronic
emission enhancements locally, it barely modifies global emission from the surface.

Fig. 6 is a Fowler-Nordheim plot which compiles our numerical results for different field

strengths. The averaged current density J is shown for the flat a@d corrugated cases (full

lines without markers). In the corrugated case, the current n;’ty ends strongly on

the emission points. It is shown for the trough (z,y = 0,0) ridge (z,y = b/2,a/2)
locations as dashed lines connecting, respectively, upward nward pointing triangles.

a function of the inverse field

The scaled current densities represented in lin-log scale
—

have the usual linear behavior typical of the Fowler-Nordheimh model, with the addition of a
saturation effect visible above 15 V/nm in the co@ate e. Interestingly, this saturation

does not appear in the flat case nor in the VlC\‘%tg; E}Ptrough for the corrugated case. In
the latter case, it appears on the ridge currentsdensity which it is very high in this area as well
as on the averaged density, as a conse uen:\f?& important contribution of the ridge to
it. A similar saturation effect at lar mo been observed in other emission models.
One of them is the simple self consisténtfonte dimensional DFT calculation performed with
a local exchange-correlation f nctql%wv ere the metal is modeled by a jellium, i.e. where
the nuclei localized positive cha\sare replaced by a uniform distribution (fig. 4 in ref. 37).
ir'be compared with those of the Fowler-Nordheim (FN)32122 and
Murphy-Good (MG)#mo 1’:\n
location and is ib/al c{ as i

3X ) e <_i (2_m) w_@>> -

16m2hp(t(yr 3e \ h? BF
1
3 2
(47r‘i:§)

Uyac—e

The present results

both cases, the current density is independent of the x,y

In th ; in the MG model, it is a function of the variable y =
be xpressed in terms of complete elliptic integrals but it can also be approximated

snnp r expressmns2 . Also : t(y) = v(y) — %y%. Fig. 6 shows the results of these
Wels or two couples of input data : ¢ = 4.25eV, f =1 and ¢ = 4.02eV, g = 1.5,
ich correspond to the flat surface and to the corrugated surface near the ridge. As is well
known, the attractive charge-image interaction reduces the tunneling barrier and enhances

the emitted current density in the MG model which includes it, as compared to the FN one

which neglects it. In the present case, saturation is reached for the MG model, especially

10
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Publishiwg( n 3 = 1.5. The results of our numerical model are larger than the FN ones and smaller
than the MG ones. A similar result has already been observed for instance in the one
dimensional DFT model of ref. 37 (see fig. 4 there). Interestingly, the FN current density
for p = 4.02¢V, B = 1.5 is very close to our averaged density in the corrugated case. This

may be fortuitous, the FN density is expected at best to model téaé one at the ridge. The

slope of the FN plots is directly related to the work function and

1 3
2m\ 2 ¢2v(yr)

031 field enhancement and
is given by % (h—Q) — in the FN and MG models. Theﬁg&yticzﬂ models reproduce
t1

reasonably well the slopes of our numerical results : i ar, due to a larger field

P'?n",""b-he decrease of the emitted

enhancement near the ridge and slightly smaller work fun

is smaller in the corrugated case than in the flat one in ;:h merical and analytical models.

Similarly, in both types of models, the slope of thé currentsdensity is smaller near the trough

than near the ridge where the field enhancemé!t{;@er.

Although the global emitted current densigy from the FN analytical model and our nu-

merical model look qualitatively similal\thbe‘\’ ersignificantly if more detailed observables
tion

like emitted current density energy gdistri (CDED) are considered. In the FN type
models, the ED is given by (eq. in&\

dJ _ em(erl=e)
de  2n%h

1Y

A20)
4 (2m %(QO—FGF—E)%U(?J)
T3 (n— GF ) (®)

It is shown on fig. 7. emjase of the CDED (as energy increases) far below the Fermi
level is controlled bythe ttmnel transmission, and its decrease close to Fermi level by the
decrease of the defisityof stdtes of the 2 dimensional free electron gaz describing the metal
electrons. Th D}BQ shown for 2 field strengths, 15 V/nm and 4 V/nm. For 4 V/nm,
the distributi rresponds of course to lower amplitudes due to weaker tunneling, but is
also moréonfine energy in the vicinity of the Fermi level.

In four nu éal model, the continuum of electron metal states is discretized and the
e r.gy&@ ution becomes a set of points (e, J), each associated to an orbital ¥,,(r, F)
(eq. 1). ‘5Fhis set of points is shown on fig. 7 for the external field 15 V/nm. The current
‘d&ys&es have been premultiplied by the degeneracy of the states. The total current density
is\thus the sum of the 192 individual densities shown on the figure. This distribution has
two striking features. First, its shape resembles more the FN CDED for 4 V/nm than for
15 V/nm. This may be related to the fact that the field experienced by the metal electrons

is much smaller than 15 V/nm in the vicinity of the metal, as shown on fig. 3 : the external

11
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Publishifigd is screened by a space charge layer of the order of 3 A thick. Tt is this screened field
that the electrons experience when tunneling away from the metal.

The second striking feature of the CDED is the great variability of the state current

density on energy : in a narrow energy band, the state current density can fluctuate from

almost 0 to large values. This means that characteristics of the st?t/es |V, (r, F) > different

from their energy must be important factors influencing the cu density level. To inves-
tigate this further, we consider for the flat surface case on fig. fid fig. 9 the projections
of the states |¥,,(r,F = 0) > on selected orbitals. We sideragnly orbitals centered on

in“thé vieinity of the metal-vacuum

—~
interface, which corresponds to the area expected to have ths largest influence on emission.

the atoms facing vacuum to probe the electron densit

We show on fig. 8 the projections on the orbital§ pointi long z toward vacuum (p, and

d.2 spherical harmonics) on fig. 9 the project&%(f; LtE)se pointing toward the surface (p,

and d,, spherical harmonics). The orbita s%%; toward vacuum are expected to trans-
fer electrons from the metal to vacuu f&*ﬁnh ce electron emission, whereas the ones
pointing toward the surface are exp Ctmne the electrons in the metal. The results
shown on fig. 8 and 9 confirm this hy esis : there is a correlation between state current
density and the weight of the co&b&t{o of the p, and d,» orbitals to the emitting state,
and on the contrary an anti—corm for the p, and d,, cases, as indicated by the signs of
the slopes of the linear wn on these figures. As the weights of the z-pointing orbitals

differ greatly from omwe state to'another one even in a narrow energy interval, the emitted

£

current can vary gre be}aween states even close in energy. Such fine detailed properties

of the emitting states _caniot be accounted for in the simple FN type models.

IV. CONCEUSION
= £

Wethave s"udied the effect of the presence nanoscale steps on the electronic emission of a
-
t ngstenssur ace using a three dimensional quantum mechanical model using periodic DFT

VA coupled to a perturbation theory wavepacket propagation method. The orders of
ﬁgn\ltude of the averaged current density emitted from the corrugated surface are similar
to the ones obtained from the flat one. However, strong enhancements are obtained on local
current densities near the edges of the steps.

Both the present numerical DFT type models and the FN type analytical ones thus

12
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PubliShi]]]g) ride results in qualitative agreement, but they have different strengths and weaknesses.
The DFT type models have the advantage to provide results relying only on the definition
of the emitting structure at the atomic level, without any additional adjustable parameter.
From this point of view, they provide ab-initio emitted current densities. This class of
methods has a large flexibility of applications : it has been used hete to study the effect of

corrugation on emission, but it could be used as well to study er preblems such as the

8 or anomalous emission propexties from 2D materials®.

effect of contaminants on surfaces!
On the other hand, in many engineering applications, t mitting structure is not fully
controlled at the atomic level and it is difficult to obtai luable information from DFT
models in this context. The FN type analytical mo ls‘,:mre hen still very valuable in that

they allow to grasp an essential part of the phys"cs"‘of t oblem with a few parameters.

)
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the z axis chosen perpendicular to t b.

SN

N
&

s

17


http://dx.doi.org/10.1063/1.5063901

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishing
Q [+

o o

000 000 ©0®©

00000 00000 ®O0®

0000000000000 ®DO®

NOOOOO® GOBO® oag
000 P00 »

o @ o

<€ > ‘)
b ~ad
ﬁ
. b
FIG. 2: The corrugated tungsten structure considered<in.the present study. It is bounded by
(101) surfaces consisting of 3(001) x 3(100) te ra&:ﬁp& The slab is symetrized with respect
to a mid-plane to facilitate convergence of t g% ulation. A minimum thickness has been

chosen for the structure to ease computatignat-eanyergence. The slab is periodic, with periods

0008060

b = 3v2a and a. Light and dark gr \bﬂor\s re used to help distinguishing tungsten atoms

belonging to successive layers. Th ernal field F is applied on this structure parallel to the z

chosen perpendicular to the slaﬁ\\
N
A «f
o

18


http://dx.doi.org/10.1063/1.5063901

AllP

Publishing

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

24 -

224 N
0] b/2, al2! ‘L F(0)= 15 V/nm
18- ! g

16 4 'al2, al2 b

14 - ! f\\ S I
oo T~

12- '

7~
N\

F (V/nm)
FI\
)

oON B O
AN
N
“

0 ZS :_Zat (6A) 8 10

FIG. 3: z component ofi theiinduced electric field as a function of the height z — z4; in the vicinity

of the flat (full li?) d/f:ory ted (dashed lines) surfaces. The far field amplitude is 15 V/nm.
¢

h% at the corner (= 0,0) and the center (= a/2,a/2 and = b/2,a/2
for the flat m@;;orru ted structures, respectively) of the unit cell. The reference height, z,,

depends th? chosen line of observation. In the flat case, it is the height of the topmost atomic

The chosen z,y

layer. Jn-the ru'gated case, it is the height of the ridge for z,y = b/2,a/2, and it is the height of

the troughs fc} z,y = 0,0. The height of the ridge is defined as the one of the topmost atom for
ﬁ

= b/s 0 and the height of the trough as the one of the topmost atom for x,y = 0, 0.
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