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Electronic structure of the LaS surface and LaS/CdS interface

O. Eriksson
Theoretical Division and Center for Materials Science, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
and Department of Physics, Uppsala University, Box 530, Uppsala, Sweden

John Wills
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

P. Mumford
Wright Laboratory, Wright-Patterson Air force Base, Dayton, Ohio 45433

M. Cahay
Department of Electrical and Computer Engineering and Computer Science, University of Cincinnati, Cincinnati, Ohio 45221

W. Friz
Multi Area Research in Science (MARS) Consultants, Fairborn, Ohio 45324
(Received 12 September 1997

The electronic structure of the LaS surface and CdS/LaS interface is calculated by means of a first-principles
electronic-structure method for slab and bulk geometries. The calculations were based on the local-density
approximation to density-functional theory and made use of linear muffin-tin orbitals as basis functions for
solving the Kohn-Sham equations. The observed low work function of LaS is reproduced by our theory and the
calculated surface relaxation of LaS is found to be very small. It is further found that NaCl structured layers of
LaS should grow in a well-behaved, epitaxial way on a CdS substrate with a ZnS structure. The interlayer
spacing between the first atomic layer of LaS and the topmost layer of the CdS substrate is found to be close
to the interlayer distances in both LaS and CdS. The LaS/CdS geometry should thus be possible to grow, and
may be a good candidate for cold electron emitter devic®8163-182@08)07007-9

I. INTRODUCTION trons into vacuum relies on Fowler-Nordheim injection of
electrons at a metalor n**-InP; indium phosphidg
Recently, there has been renewed interest in cold cathodedScadmium sulfidg interface, ballistic transport through
emitters for applications to a variety of electronic devicesthe CdS layer, and negative electron affinftyEA) at the
including microwave vacuum transistors and tubes, pressur€dS surface coated with a semimetallic thin film of LaS
sensors, thin panel displays, high temperature and radiatiofanthanum sulfide The NEA concept implies that, because
tolerant sensors, among othér8.The technical possibility of the low work function of the La$S thin filrfi,the vacuum
of a uniformly emitting surface cathode that operates at roontevel outside the cathode is located energetically below the
temperature appears to be an attractive prospect; in particeonduction-band edge of the wide-band-gap semiconductor
lar, if such an emitter could yield electron current densities(CdS. Based on these assumptions, it was shoWithat
comparable to or better than existing thermionic technologynder forward bias operation electrons captured in the LaS
available today. For microwave tube applications, achievinghin film cause an effective reduction of the work function of
an emission current density in excess of 10 Afcwith an  the semimetallic thin film. As a consequence a substantial
associated emission lifetime of at least 19 is our goal. increase of the cold cathode emitted current was found. It
Low-temperature operation in nonthermionic electron emit-was shown that the new cold cathode emitter is capable of
ters is very desirable for keeping the statistical energy distriachieving low-voltage €10 V) room-temperature operation
bution of emitted electrons as narrow as possible, to miniwith an emission current density approaching 100 Alcm
mize thermal drift of solid state device characteristics, and to The development of innovative electron emitter materials,
avoid accelerated thermal aging or destruction by internastructures, and devices is needed to support evolving vacuum
mechanical stress and fatigue. Minimizing the temperaturelectronic technologies to satisfy future requirements for mi-
rise of the emitter appears quite possible if they are conerowave tube sources such as greater compactness, robust-
structed as thin epitaxial films using vertical layering tech-ness, and wider operating frequency range. Advanced emitter
nology due to the extremely short heat paths and excellerdevices that support the spatial and temporal modulation of a
heat-sinking possibilities offered by this architecture. high current density electron source attack these require-
Use of a thin film of LaS grown latticed matched to an ments directly. Use of materials engineering to tailor the in-
underlying film of CdS has been suggested as a structurrnal electronic structure of a device along with advanced
suitable for producing a cold cathode electron emissiommicrofabrication capabilities to define precise geometric fea-
device?~" In this cathode, a high injection efficiency of elec- tures enables the controlled injection, transport, and emission

0163-1829/98/5(77)/40676)/$15.00 57 4067 © 1998 The American Physical Society



4068 ERIKSSON, WILLS, MUMFORD, CAHAY, AND FRIZ 57

of electrons in a cold cathode emitter. In this paper we in- T T T T T
vestigate the electronic structure of LaS and, specifically, of 25 3 cds
a thin film of LaS on CdS. On top of having the required

electronic properties the different layers in the proposed cold %= 20 .
cathode have quite similar lattice constants, which is re- % 15k i
quired for good epitaxial growth and device production. The ~

choice of InP as a substrate is particularly attractive sincethe & 10 } -
lattice constant of InR5.86 A) closely matches the lattice @ 5

constant of the zinc-blende cubic C@583 A). Furthermore, w 7

LaS in its cubic phase has a lattice constant equal to 5.85 A 0 b .
and is therefore nearly lattice matched with CdS.

Although a good lattice match is required to promote
good growth conditions at the substrate surface, it does not
ensure growth of a single-crystal film. Before embarking on Lattice constant (a.u.)
the relatively expensive experimental task of epitaxial
growth, it is important to use less costly theoretical modelinglatt
methods to guide the investigation. This modeling provides
an estimate of such qualities as surface layer relaxation, in-

terface relaxation, and whether the interface will be energetié'd basis functions on the Cd atom. . .
The slab calculations were made with 7 LaS atomic lay-

cally stable or not. This paper addresses these issues b bulk behavior for th | 4 th
means of total-energy calculations based on the Iocal-densi@s’ to ensure bulk behavior for the central layer and the
dS/LaS calculations were made with 5 CdS layers sand-

approximation to density-functional theory. We have thus™~’ hed b 3Las | h sid hi both
calculated bond lengths between atoms at the interface al che etween Lq ayers on each side. InF IS way Ot.
e interface electronic structure and geometry is obtained in

obtained the energy at the interface. In addition, we have

calculated the atomic displacements on the LaS surfac@ara”el to information about the surface electronic structure
layer, i.e., the surface layer relaxation. and geometry of the CdS/LaS system.

Previous work on LaS dealing with the electronic struc-

ture involve point contact spectroscopyneasurements of Ill. RESULTS

the reflectivity!® and calculations of the electronic

structure!! dielectric constant¥? and x-ray absorptiof? In A. Resullts for bulk LaS and CdS

addition the phonon spectrum was calculated by Steiner, Es- As a precursor to the surface and interface calculations we

hrig, and Monnier:? performed a geometry optimization of bulk CdS, shown in
Fig. 1. The resulting theoretical equilibrium lattice constant
is at 11.12 a.u., which should be compared to the experimen-

Il. DETAILS OF THE CALCULATIONS tal one of 11.01 a.u. In Fig. 2 we show the density of states

The calculational method used in the present work is @f CdS. CdS comes out to be a semiconductor in our
so-called full-potential linear muffin-tin orbitalLMTO) calculation—in agreement with experiment. The size of the

method, for bulk* and slab geometriég,which is based on band gap is calculated to be 1.1 eV and is substantially
the local-density approximatidh (LSDA) to density-
functional theory. In the bulk calculations we adopt a base 200
geometry consisting of muffin-tin spheres and an interstitia
region, whereas for the slab calculations we also introduce
surface region. The interstitial basis function is a Bloch sunr
of Neuman and Hankel functions. Each Neuman or Hankeg
function is then augmente@eplaced by a numerical basis
function inside the muffin-tin spheres, in the standard way 0%
the linear muffin-tin orbital methotf. In the slab method the
Neuman and Hankel functions are replaced by numeric
functions also in the vacuum region.

The present calculations are all-electron as well as scalé”
relativistic. The latter is achieved by including the mass ve-
locity and Darwin termgand higher-order termsn the cal-
culation of the radial functions, inside the muffin-tin spheres, 0.0
whereas the spin-orbit coupling was omitted. Moreover, the
present calculations made use of a so-called double basis, Energy (Ry)
ensure a well converged basis set. This means that we used

two. Hankel.or Neuman functions each attaching to its own g 2. calculated density of statéB80S) for bulk CdS. The Cd
radial function for each set ofn(l) quantum number. We  states are shown with thin lines and the S states with thick lines.
thus had a set of two < 5p, 6s, 6p, 5d and 4 basis  Thes projected DOS is shown with full lines, theprojected DOS
functions centered on the La atom and twg 3p, and 31 with dotted lines and the projected DOS with dashed lines. En-
basis functions centered on the S atom and twp3p, and  ergy is in Rydbergs and the Fermi level is shown as a vertical line.
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FIG. 1. Calculated total energy of bulk CdS as a function of
ice constant.
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FIG. 3. Calculated total energy of bulk LaS as a function of L r X WK T

lattice constant.
FIG. 5. Calculated energy bands of LaS along different high

. symmetry directions in the Brillouin zone. Energy is in electron-
smaller than the experimental value- (2.5 eV). In these 55 and the Fermi level is shown as a horizontal line.

types of calculations the size of the band gap typically does

not agree very well with experiments, a well-known problem |, practical applications it is envisioned that a few layers

with LDA calculations. However, the presence or absence of¢ | a5 should coat a CdS substratsince the small lattice

a gap should be in agreement with observations and in thigismatch between CdS and LaS is expected to introduce a

case it is. Notice in Fig. 2 that the occupied part of thegmga)| tetragonal shear in LaS we calculated, as a precursor to

density of state¢DOS) is dominated by Cd and Sp orbit-  the surface calculations, the tetragonal shear of bulk LaS,

als, which hybridize and intermix strongly. In addition there keeping the lattice constant in tlab plane fixed to the ob-

is a rather large Cg» and Cdd component to the occupied served CdS bulk lattice constant. We thus calculated the total

part of the DOS. L _ energy of tetragonal LaS as a function of tha ratio, keep-
Next we performed a geometry optimization of cubic LaSjyq the in-plane lattice constant equal to 11.01 &Fig. 6).

(Fig. 3. The theoretical lattice constant is 10.91 a.u. and is ilyg seen in the figure, the LaSlattice constant is decreasing

agreement with an experimental value of 11.06 a.u. Thgyiy with a small amount from a theoretical bulk value of

DOS of bulk LaS is shown in Fig. 4. Notice that we are only 10 90 a.u. to a value of 10.80 a.u. The important thing to

showing the dominating partial DOS, i.e,, $,3.a 5d, and  note here is that there is only a small change indHattice

La 4f. The occupied part of the DOS is dominated by the Sgonstant associated with constraining the LaS in-plane lattice
p and Lad states, whereas the lfastates form a conspicous cqnstant to the value of bulk CdS.

peak at~ 1.5 eV above the Fermi leveEg). The impor-
tance of the 4 states for the dynamical work-function shift

will be discussed below. In Fig. 5 the energy band dispersion B. The surface of LaS

corresponding to the DOS in Fig. 4 is displayed. In Fig. 7 we show the calculated total energy of the LaS
surface as a function of the relaxation in the 001 direction of
300.0 ‘ ‘ : , the topmost atomic layer. All atomic planes in this surface
calculation had in-plane lattice constants equal to the value
LaS of bulk CdS. The lower-lying atomic planes had a fixed
c-lattice constant of 10.80 a.u., i.e., a value equal to the
2000 -
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FIG. 4. Calculated density of states for bulk LaS. The total DOS 10.20 10.40 10.60 10.80 11.00
is shown as a full line, the § projected DOS is given as a dashed- Lattice constant (a.u.)

dotted line, the Lad projected DOS is shown as dotted lines, and
the Laf DOS is shown as a dashed line. Energy is in Rydbergs and FIG. 6. Calculated total energy of tetragonal bulk LaS as a func-
the Fermi level is shown as a vertical line. tion of c lattice constant.
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FIG. 7. Calculated total energy of a seven-layer LaS slab as {a)
function of the surface relaxation.

Energy (Ry)}

200.0

calculated value of Fig. 6. From the figure it becomes clear LaS (bulk)
that the surface atoms undergo only a small inwards relax
ation of ~ 0.5 %. Also, the energy change associated with 1500 -
the surface relaxation is quite small, of the order of a fraction
of a milliRydberg when comparing the relaxed and unre-
laxed configurations. Such a small number is roughly the_ .|
same as the accuracy of first-principles calculations of sur=
face relaxations.

The density of state¢DOS) of the geometry-optimized
LaS surface is shown in Fig. 8. In this figure we compare the
DOS of the surface and center layer La atoms, since most ¢
the modifications in the electronic structure at the surface A
come from basis states centered on the La atoms. For in 00, R o “\08
stance, at the surface the [faDOS is substantially more ' ' ' ‘
narrow than the bulk projected LfaDOS. This is caused by
the reduced number of nearest neighboring atoms at the sur- FIG. 8. Calculated density of states for a seven layer slab of
face. Despite the modification of the electronic structure atasS. Only thed- (dotted line$ and f-projected(full lines) DOS of
the surface, the surface of LaS remains a conductor since thiee surface(a) and center(b) La atom are given. Energy is in
DOS is nonzero at energies greater than the Fermi energfRydbergs and the Fermi level is shown as a vertical line.

Also, for thed orbitals the narrowing at the surface is less
dramatic as seen in Fig. 8. These orbitals are more extended

in space and are hence less influenced by the reduced numbg{yock salt structuredLaS layers on each side. The inter-
of nearest neighbors. The S projected DOS of all atomigjanar distance is calculated to be 5.41 &Fig. 9), to be
layers in the slab is quite similar to the bulk DOS given in compared to the experimental interplanar distance in LaS,
Fig. 4, and for that reason are not shown. which is 5.53 a.u. and the observed distance between differ-

We also analyzed the charge-density contour of the La@nt atomic layers of Cd in CdS, which is 5.51 a.u. This
surface(figure not showpand it revealed no or few signs of

covalent bondingwhich would have charge piling up be-

tween atomp There is no pronounced charge transfer be-
tween the different atoms and hence the bonding in LasS is 200 F e
best characterized as metallic. At the surface there is an in-

DOS (states

50.0 -

(b) Energy (Ry)

creased tendency of a non-spherical density, which is typical & 150 | -

for surface geometries when charge is spilling out in the E 5.41 a.u.

vacuum. > 100F 7
The calculated work function for the LaS surface-i<0.9 5

eV é;lr;d agrees rather well with the observed value-of.1 i 50 [ 7

ev.>" o F .

1 1 1 L 1 ] 1

C. The LaS/CdS interface
5.35 5.40 5.45 5.50 5.55 5.60 5.65

In this section we describe the results for the CdS/LaS
interface surface. We first optimized the interplanar distance
between the CdS and LaS layers in a slab calculation involv- FIG. 9. Calculated total energy of a CdS/LasS slab as a function
ing 5 CdS layergwith a ZnS structuresandwiched between of the CdS-LaS interface distance.

CdS-LaS Interplane distance (a.u.)
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FIG. 10. Calculated density of states for a slab of CdS/LaS.
Only the DOS projected on the La atoms at the surfaoéd line),
subsurfacddotted ling, and interfacgdashed ling are given. En-
ergy is in Rydbergs and the Fermi level is shown as a vertical line.

calculation was performed keeping the in-plane lattice con-
stant equal to the value of bulk CdS. We should thus com-
pare the value 5.41 a.u. with the interplanar atomic distance ) i

FIG. 12. Charge density contour of CdS/LaS for a section fo-

of the "tetragonal optimized” value of bulk LaS with aab cused on the surface. The surface is at the top in the figure. The

lattice constant kept equal to the bulk CdS value. In this :
geometry the interplanar distance was 5.40 &Fig. 6). atoms to the left are stacked as S, La, S when going from the deeper

. - | h face. he right h ide in the fi h k-
There is thus not a big influence of the CdS substrate on thlz%eirsslfg tSe E;r ace. On the right hand side in the figure the stac

interatomic distances of the LaS overlayer. The surface re-
laxation of LaS, when put on top of CdS, is the samwéhin

the accuracy of our calculationas the relaxation of the pure
LaS surface calculation, i.e.,-a0.5% inwards relaxatiofas
interface shown in Fig. 7.

In Fig. 10 we display the DOS curves for the La projected
states of the LaS/CdS slab. We show only the DOS projected
on La, since most of the modifications due to the surface/
interface geometry are found for these states. As seen in this
figure the Laf DOS is narrower at the surface and interface
compared to the La atoms deeper in the overlayer. This is
due to a reduced number of, primarily, neighboring S atoms.
The Sp states(not shown are found to be very similar for
the surface and subsurface, and the bandwidth is about the
same for the two atomic positions. Although CdS is a semi-
conductor with zero DOS at the Fermi level, the interaction
with the LaS overlayer causes the Cd and S interface pro-
jected DOS to be metallic. Thus, even though atomistically
there is a sharp boundary between the LaS and CdS layers,
the transition is electronically smoother, where the transition
from metallic behavior in the LaS to semiconducting behav-
ior in CdS takes place over a few atomic CdS layers. The
deeper atomic layers of CdS are similar to bulk CdS, being
semiconducting with a zero DOS at the Fermi level.
> We end this section by showing in Figs. 11 and 12 the

charge density contour of the CdS/LaS 001 overlayer for a
cut in the 010 direction. The surface directi@®®1) is point-
ing upwards in the figures. In Fig. 11 we show the charge-
FIG. 11. Charge density contour of CdS/LaS for a section fo-density contour in the vicinity of the interface and in Fig. 12
cused on the interface. The Cd atoms are the lowermost two atom¥/€ show the charge-density contour of the surface atoms. As
In this figure there is a La atom in the top left corner of the figure.regards the surfacg-ig. 12 there are aspherical features in
Below this La atom theresia S atom. There is @s S atom in the  the vicinity of the vacuum region, whereas otherwise the
upper right corner of this figure that has a La atom just below it. density contour is rather spherical. As seen in Fig. 11 the
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charge density is essentially symmetric around all atoms imverlayer, since the electron mobility of these states is very
the metallic layer whereas in the semiconducting region thédow, which in turn is important for the dynamical work-
density contour is more typical of a covalently bonded sys{function shift> A theoretical treatment of electrons is
tem. This suggests that from a chemical bonding view thgsometimes hard. Fortunately this is less of a problem for La
transition from the metallic region to the semiconducting re-3nd La-based compounds, where it is known thatfthevels
gion is sharp, in contrast to the transition in the electroniGorm a rather wide band, which is situated abdge. In

properties which as discussed in connection to Fig. 10 i$eain cases an unoccupiedevel may be detected by elec-
smoother. Also, in the CdS/LaS interface/surface calculation, spectroscopy and good agreement between first-

there is very little charge transfer at the interface, suggestingrinciloles theory is observed, as demonstrated by, for in-

tbhoar':dthere is only a minor ionic component to the Chem'calstance, Weschket al’® The position and width of the

presently calculated-level should thus be rather accurate.

In addition we find that the electronic structure of the LaS

IV. DISCUSSION AND CONCLUSION overlayer on CdS is quite similar to the electronic structure

of a LaS surface. The transition from metallic to semicon-

The total-energy calculations presented here show that fucting behavior at the interface is found to be smooth elec-

is quite possible to grow overlayers of LaBith a rock-salt  tronically, since the first layers of CdS are metallic. This
structurg on a CdS substratevith ZnS structurg There will  contrasts to the chemical bonding where the transition in the
only be a small amount of surface relaxation and only agyerlayer should be sharp, from metallic to covalentlike

small relaxation of the inter-plane distances at the interfacenonding. Finally, the observed low work function of LaS is
This is useful knowledge when trying to grow materials for reproduced.

use as cold electron emitter devices. Also, in practical appli-

cations the device, which is modeled here, is designed to be

used in f_orward bias, and as a consequence electrons are ACKNOWLEDGMENTS
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