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First-principles calculation of field emission from metal surfaces

T. Ohwaki! H. Ishida? and A. Liebsch
Ynstitut fir Festkaperforschung, Forschungszentrurilidh, 52425 Jlich, Germany
2College of Humanities and Sciences, Nihon University, Sakura-josui, Tokyo 156, Japan
(Received 13 August 2003; published 23 October 2003

The field-emission current from realistic metal surfaces is evaluated within the density-functional theory
using the Landauer-Btiker approach. The electronic density in the surface region and the potential barrier
induced by the finite electric field are calculated self-consistently using a Green’s-function embedding scheme
and the full-potential linearized-augmented plane-wave method. Application of this formalism(i®thend
(111 faces of Au and Cu demonstrates the sensitivity of the field-emission current to the surface electronic
structure close to the Fermi energy.
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Field emission has recently received renewed attention We have applied our formalism t100) and (111) sur-
because of its importance for modern field-emitting devices.faces of Au and Cu in order to determine the influence of the
Emission from carbon nanotubes is of particular interesgelectronic structure on the field-emission current. While for
since they are currently being investigated for the next{100 surfaces the current arises solely from bulk states, in
generation flat-panel displags® The role of surface carbon the case of111) surfaces both bulk and surface states con-
atoms, adsorbed species, and of localized surface states coffibute to the total current. Despite the nearly free-electron
pared to extended bulk states is so far not well understood. Rehavior of the Au and Cu bands near the Fermi energy, the
microscopic description of the emitted current in terms of theBMission intensities on the11) and (100 faces differ re-

electronic structure of realistic materials subject to an electri(?“arkably: Tlhey _allﬁo differf significsntly rf]rom the currents
field is therefore highly desirable in order to achieve an un- rom equivalent jellium surfaces. T us, the energy and mo-
nentum dependence of the electronic density, as well as

derstanding of the key parameters characterizing the emig’[nss atial distribution in the surface region, are crucial ingre
sion properties and to tailor them to specific technologicaf > SP : - region, ) g
applications. dients for a detailed understanding of the field-emission

Earlier theoretical formulati f field emissi properties.
arier theoretica Tormuiatons of e Smission WEre ™ gor the purpose of evaluating the field-emission current it
based on one-dimensional model potentiasad the non-

. . : ) is convenient to separate the surface region from the bulk
self-consistent  three-dimensional  layer-Kohn-Korringa-,g yacuum as indicated in Fig. 1. Because of the efficient
Rostocker approach® Transport calculations for atoms or screening in metals the bounda® between surface and

molecules between jellium electrodes exposed to a bias pgyyk regions lies typically a few atomic planes below the
tential were performed by several authdrs: Only recently  syrface. On the vacuum side the electronic density decays
self-consistent denSity functional calculations of field emiS-rapid|y even in the presence of electric fields. The surface-
sion from clean and adsorbate-covered jellium surfaces wergacuum boundang, is taken to lie at a distance above the
carried out® Also, emission from free and adsorbed finite- first atomic plane where the electron density has decayed to
length carbon nanotub¥s* and from finite slabs of gra- negligible values. The main idea of the embedding thtory
phitic ribbong® was investigated. To our knowledge, how- is to perform a self-consistent electronic structure calculation
ever, field-emission calculations for realistic half-space
systems are not yet available.

Here we present a formalism for the evaluation of the
field-emission current from three-dimensional semi-infinite
metal surfaces. The electronic structure in the vicinity of the
surface exposed to an electric field is calculated self-
consistently within density-functional theory by making use
of the full-potential linearized augmented plane-wave
(FLAPW) method and the surface-embedded Green-function
techniquet® The emission current from bulk states is evalu- 20
ated using the Landauer-Biker formulal”!® The surface-
state current is derived from the width of the resonance in-
duced by the electric field. The virtue of our half space FiG. 1. lllustration of geometry used for the calculation of the
geometry is that the metal states form a continuum and thafonductance of the surface region in the presence of a finite electric
the discrete level spacing in the case of finite-range systentfeld. S, andS, denote the bulk-surface and surface-vacuum bound-
is avoided. This is particularly important for an accuratearies. Solid line, laterally averaged electronic potential ofl4d)
treatment of electron emission which is limited to a range offor ¢=—2x10"2 a.u.; dashed lineg=—10"2 a.u.; and dotted
a few tenths of an eV below the Fermi level. line, c=0. The dots denote the positions of atomic layers.
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FIG. 2. Field-emission Fowler-Nordheim plots f@ Au and(b) Cu surfaces. Solid curvegl100) face; dashed curvesl11) face bulk
emission; and dotted curved 11) face total emission.

in the region betweeB; andS,. The effects of the bulk and and the half width at half maximum of this Lorentzian profile

vacuum regions are incorporated via nonlocal energyby Eg(kj) andI's(k)), respectively. We now assume that the

dependent embedding potentials actingSatand S,. The  resupply of electrons into the surface state via electron-

embedding potential on the bulk side is calculated from theelectron interactions proceeds much faster than the tunneling

complex band structure of Au and GUwhile that on  from this state into the vacuum. In the case of metals this

the vacuum side is expressed analytically in terms of Airyassumption is well justifieét The lifetime of the surface

functions. state atk| is given by 74(kj) =#A/I's(k)). The emission cur-
Consider first field emission from bulk states. Accordingrent density from the surface statelectrons per sg¢anay

to the Landauer-Btiker formula, the averaged current den- then be obtained from the expression

sity may be written as

J_J—ZdeFkEEk 4
s sBz (21)? k”% s(kp) OLEF—Es(kp - (4)

2 Er
Jp= fs dk”lede g(e,k”), (1)

BZ (27)°
The Au11l) and Cy111) surface bands in the energy gap at
e L have nearly quadratic dispersion wkj. In the absence of
9(eky)= P EI Ti(ek)), (2 the field their minima ak;=0 are located at-0.38 eV and
—0.54 eV belowEg, respectively. With increasing electric
where SBZ denotes the surface Brillouin zogés,k|) isthe  field the surface band shifts slightly towards larger binding
energy and momentum dependent conductance of the surfageergies.
region, andT;(e,k)) is the transmission probability of a one-  The numerical calculations are carried out by extending a
electron state incident from the metal interior with channelsurface-embedded Green's-function FLAPW code developed
indexi. Within the embedding schemg(e,k;) can be refor- by one of the authof$ to charged metal surfaces. In the
mulated a& present work we consider unreconstructed surfaces without
5 lattice relaxations. Two atomic layers are included in the em-
_ e / / bedded region. Figure 1 shows the self-consistent potential
glekyp= h fsldsldslfszdszd SG(1.2) of Au(111) for three values ofr, the surface charge per unit
. . area. As a result of the efficient screening of the applied field
XImGg,(2,2)G*(2",1')ImGg *(1",1), (3)  these potentials differ only outside the outermost Au layer.
Lo Figure 2 shows the field-emission current {&00 and
whereG(1,2) represents the Green’s functiGir,,r,,€,kj)  (111) surfaces of Au and Cu as a function of the strength of
with r; andr, on the planesS; ands,, respectivelyGs*  the electric-fieldF. To illustrate the validity of the Fowler-

denotes the embedding potential at the bulk-surface or
surface-vacuum boundary.

Field emission from surface states is not included in th
above formalism. To evaluate the emission from thé1Ad)
and Cy111) surface bands we use the following approach. In
the absence of the applied field surface states have discrete (M1Dpuc (110 (110)orar (100)otar (111)er  (100)en
energies that disperse only witty. For finite fields these j,, 0.60 254 3.14 1.29 2.49 2.26
states couple to the continuum on the vacuum side of thg,, 277 15.1 17.9 18.8 254 493
barrier and acquire a finite width. Let us denote the centet

TABLE |. Field-emission current densitief(10° A/m?) from
éll]) and (100) faces of Au and Cu, and from equivalent jellium
surfacesg=—10"2 a.u.
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FIG. 3. Field-emission current density fé& Au(100) and (b) Energy (eV)

Au(11)) as a function ok for o= —10"2 a.u. The(100 current ) o ]

has a cusp at the center of the surface Brillouin zone, as expected FIG. 4. Energy dependence of field-emission current density for
for free-electron systems. In contrast, thEL1) bulk current is (100 and (111 faces of Au foro=—10"° a.u. Solid curves(111)
maximal at finitek; because of the band gap at thepoint. The bulk and surface currents and dashed cufi®0 current. The
(111 surface current is maximal d where the surface state lower cutoff of the sirface-state contribution corresponds to the
crosses the Fermi level. minimum of E¢(k)) atT.

Nordheim relation we plot Ii{F?) versus 1F. The results ; . :
S N L or instance, the Au and Q@00 jellium currents overesti-
demonstrate that this linearity is indeed satisfied for bulk an(liFn aaoo j

' ) ate the actual AW00) and Cy100 currents by a factor of
;urface currents up to large field §'Frengths corresponding tg_s_ Evidently, thesd hybridization nealEg, and the fact
'”‘i‘(‘)‘iid surlf;a:ciao ;?%]\? densities of about=—2 that thesp electrons must avoid the large core regions occu-
X Tabl a.ul. ( _.d' h )- bsol for F1/ pied by thed states, strongly reduces the probability for
B a i/ provides t. e abso Llne (_:urrerr:ts orl ; transmission across the surface barrier. ThEl) bulk and
=1.55 A/V. For comparison we also give the results for o) o rrents of Au and Cu also differ appreciably from the
equivalent jellium surfaces where an average ionic pseud

L S ellium values.
potential in the metal interior is introduced to reproduce th

lculated dc K f . S I To illustrate the difference between bulk and surface-
calculated Au and Cu work functions. Several aspects Ofission properties we show in Fig. 3 the parallel momen-
these data are noteworthy.

- tum variation of the Au current density. As expected for the

_ (i) Although the A100 and (111) surfaces have nearly (oo electron behavior on th@00) face, its emission density
identical work functions € ,,(100)=5.67 eV, ®5,(111) g |5rgest at the center of the surface Brillouin zone because
=5.71 eV), the(100) emission is more than twice as strong of the presence of thap band atEr near kj=0. For

as the(111) bulk current. However, the At11) surface cur- Au(111), on the other hand, there are no stat”es Baat

rent is about four times larger than the bulk contribution so ' '

that the total A@111) current is much larger than the &0

emission. 8 T

(i) The picture for Cu is quite different since now there is : / 3
a larger difference between tt{@00) and (111) work func-
tions (@, (100)=5.01 eV, ®(111)=5.19 eV). Thus,
even though, like in A(L11), the C{111) surface emission is
much larger than the bulk emission, the totall) current
remains smaller than thd00 emission.

(i) The important role played by the work function be-
comes also evident by comparing the Au and Cu emission
currents. While the bulk and surface contributions for
Cu(112) are about six times larger than for A1) (the
work functions differ by 0.52 e}/ the C{100 emission is 0

)

(o))
T

n
T

surface

Charge density (1 0~ a.u

almost 15 times larger than the 800 current(the work- -3 -2 -1 0 1 2 3

function difference is 0.66 eV The large variation among z (A)
these results underlines the importance of the microscopic

details of the surface electronic properties for the field- FIG. 5. Planar averaged spatial distribution of valence charge

emission characteristics. density of AW11l bulk and surface states af(o=-2

(iv) Although close to the Fermi level both Au and Cu are x 1072 a.u.). The charge density of the bulk states corresponds to
nearly free-electron systems th@ll and (100 field- the energy region from2.46 to—1.11 eV belowE ; the density
emission currents differ significantly from those of the of the surface state to the window from0.84 to—0.43 eV. The
equivalent jellium surfaces, despite identical work functions.dot denotes the position of the first-layer atom.
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smallk; because of the band gaplatAccordingly, the cur-  pulk and surface states fdt. The important point here is
rent density from bulk states nearly vanishes Tatand  that the surface-state density extends much farther into the
reaches its maximum at finitg . Since the overall emission Vvacuum than the bulk density. Thus, the effective width of
intensity decays exponentially with increasirg, the the tunneling barrier is smaller than that for propagating bulk
Au(111) bulk current is much smaller than that for @00).  states. Clearly, therefore, the field-emission characteristics do
According to Fig. 3b) the Au111) surface current is much not depend only on the energy and parallel momentum varia-
larger than the bulk current. The origin of this effect will be tion of electronic states. Their spatial location with respect to
discussed below. Here we note that tfiEll) emission the surface barrier is an additional decisive factor.

reaches its maximum not &t but where the surface band N summary, we have presented a formalism for the evalu-
crosses the Fermi energy. Thus7 the current diminishegtion of field-emission currents from realistic metal surfaces.

more rapidly with increasing binding energy than with The electronic density in the presence of the electric field is
increasingk. calculated self-consistently using the FLAPW embedding
Figure 4 compares the energy variation of the @al)  scheme and density-functional theory. Emission from bulk
and (100 emission currents. The bulk contribution is ob- states is derived using the Landaueitiker approach,
tained from the momentum integrated conductagtek), whereas surface-state currents are obtained from the reso-
while the surface contribution follows from E¢4) by re-  nance width induced by the electric field. Application of this
placing O Er—Eg(k)) ] by [ e—E(k))]. All contributions  formalism to surfaces of Au and Cu revealed a remarkable
diminish exponentially with increasing binding energy, sosensitivity of the field-emission current to the surface elec-
that the total current essentially originates within a fewtronic structure. Although both metals exhibit nearly free-
tenths of an eV belovEg. The (111) bulk contribution is  electron behavior neaE, the bulk currents for thé111)
much smaller than for th€100) face because of the absence and(100) faces differ strongly, and the@11) surfaces exhibit
of propagating bulk states neBr[see Fig. 8)]. The largest very large surface-state currents. Moreover, the results differ
contribution stems from th€l1l) surface current. Qualita- appreciably from the equivalent jellium surfaces. The emis-
tively similar results are found for Cu. sion characteristics therefore intimately reflect the micro-
To illustrate the origin of the remarkably large @d11) scopic electronic properties near the surface. Similar conclu-
surface-state current we show in Fig. 5 the planar averagesions should apply to other materials. We expect our
spatial distribution of valence charge density for(&ll) formalism to be useful also for surfaces of carbon systems.
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