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Electronic structure of the LaS surface and LaS/CdS interface
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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 devices.@S0163-1829~98!07007-6#
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I. INTRODUCTION

Recently, there has been renewed interest in cold cath
emitters for applications to a variety of electronic devic
including microwave vacuum transistors and tubes, pres
sensors, thin panel displays, high temperature and radia
tolerant sensors, among others.1–4 The technical possibility
of a uniformly emitting surface cathode that operates at ro
temperature appears to be an attractive prospect; in par
lar, if such an emitter could yield electron current densit
comparable to or better than existing thermionic technolo
available today. For microwave tube applications, achiev
an emission current density in excess of 10 A/cm2 with an
associated emission lifetime of at least 105 h is our goal.
Low-temperature operation in nonthermionic electron em
ters is very desirable for keeping the statistical energy dis
bution of emitted electrons as narrow as possible, to m
mize thermal drift of solid state device characteristics, and
avoid accelerated thermal aging or destruction by inter
mechanical stress and fatigue. Minimizing the temperat
rise of the emitter appears quite possible if they are c
structed as thin epitaxial films using vertical layering tec
nology due to the extremely short heat paths and exce
heat-sinking possibilities offered by this architecture.

Use of a thin film of LaS grown latticed matched to a
underlying film of CdS has been suggested as a struc
suitable for producing a cold cathode electron emiss
device.4–7 In this cathode, a high injection efficiency of ele
570163-1829/98/57~7!/4067~6!/$15.00
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trons into vacuum relies on Fowler-Nordheim injection
electrons at a metal~or n11-InP; indium phosphide!/
CdS~cadmium sulfide! interface, ballistic transport throug
the CdS layer, and negative electron affinity~NEA! at the
CdS surface coated with a semimetallic thin film of La
~lanthanum sulfide!. The NEA concept implies that, becaus
of the low work function of the LaS thin film,8 the vacuum
level outside the cathode is located energetically below
conduction-band edge of the wide-band-gap semicondu
~CdS!. Based on these assumptions, it was shown5–7 that
under forward bias operation electrons captured in the L
thin film cause an effective reduction of the work function
the semimetallic thin film. As a consequence a substan
increase of the cold cathode emitted current was found
was shown5 that the new cold cathode emitter is capable
achieving low-voltage (,10 V! room-temperature operatio
with an emission current density approaching 100 A/cm2.

The development of innovative electron emitter materia
structures, and devices is needed to support evolving vac
electronic technologies to satisfy future requirements for
crowave tube sources such as greater compactness, ro
ness, and wider operating frequency range. Advanced em
devices that support the spatial and temporal modulation
high current density electron source attack these requ
ments directly. Use of materials engineering to tailor the
ternal electronic structure of a device along with advanc
microfabrication capabilities to define precise geometric f
tures enables the controlled injection, transport, and emis
4067 © 1998 The American Physical Society
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of electrons in a cold cathode emitter. In this paper we
vestigate the electronic structure of LaS and, specifically
a thin film of LaS on CdS. On top of having the require
electronic properties the different layers in the proposed c
cathode have quite similar lattice constants, which is
quired for good epitaxial growth and device production. T
choice of InP as a substrate is particularly attractive since
lattice constant of InP~5.86 Å! closely matches the lattic
constant of the zinc-blende cubic CdS~5.83 Å!. Furthermore,
LaS in its cubic phase has a lattice constant equal to 5.8
and is therefore nearly lattice matched with CdS.

Although a good lattice match is required to promo
good growth conditions at the substrate surface, it does
ensure growth of a single-crystal film. Before embarking
the relatively expensive experimental task of epitax
growth, it is important to use less costly theoretical model
methods to guide the investigation. This modeling provid
an estimate of such qualities as surface layer relaxation
terface relaxation, and whether the interface will be energ
cally stable or not. This paper addresses these issue
means of total-energy calculations based on the local-den
approximation to density-functional theory. We have th
calculated bond lengths between atoms at the interface
obtained the energy at the interface. In addition, we h
calculated the atomic displacements on the LaS sur
layer, i.e., the surface layer relaxation.

Previous work on LaS dealing with the electronic stru
ture involve point contact spectroscopy,9 measurements o
the reflectivity,10 and calculations of the electroni
structure,11 dielectric constants,12 and x-ray absorption.12 In
addition the phonon spectrum was calculated by Steiner,
hrig, and Monnier.13

II. DETAILS OF THE CALCULATIONS

The calculational method used in the present work i
so-called full-potential linear muffin-tin orbital~LMTO!
method, for bulk14 and slab geometries,15 which is based on
the local-density approximation16 ~LSDA! to density-
functional theory. In the bulk calculations we adopt a ba
geometry consisting of muffin-tin spheres and an intersti
region, whereas for the slab calculations we also introduc
surface region. The interstitial basis function is a Bloch s
of Neuman and Hankel functions. Each Neuman or Han
function is then augmented~replaced! by a numerical basis
function inside the muffin-tin spheres, in the standard way
the linear muffin-tin orbital method.17 In the slab method the
Neuman and Hankel functions are replaced by numer
functions also in the vacuum region.

The present calculations are all-electron as well as sc
relativistic. The latter is achieved by including the mass
locity and Darwin terms~and higher-order terms! in the cal-
culation of the radial functions, inside the muffin-tin spher
whereas the spin-orbit coupling was omitted. Moreover,
present calculations made use of a so-called double bas
ensure a well converged basis set. This means that we
two Hankel or Neuman functions each attaching to its o
radial function for each set of (n,l ) quantum number. We
thus had a set of two 5s, 5p, 6s, 6p, 5d and 4f basis
functions centered on the La atom and two 3s, 3p, and 3d
basis functions centered on the S atom and two 5s, 5p, and
-
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4d basis functions on the Cd atom.
The slab calculations were made with 7 LaS atomic la

ers, to ensure bulk behavior for the central layer and
CdS/LaS calculations were made with 5 CdS layers sa
wiched between 3 LaS layers on each side. In this way b
the interface electronic structure and geometry is obtaine
parallel to information about the surface electronic struct
and geometry of the CdS/LaS system.

III. RESULTS

A. Results for bulk LaS and CdS

As a precursor to the surface and interface calculations
performed a geometry optimization of bulk CdS, shown
Fig. 1. The resulting theoretical equilibrium lattice consta
is at 11.12 a.u., which should be compared to the experim
tal one of 11.01 a.u. In Fig. 2 we show the density of sta
of CdS. CdS comes out to be a semiconductor in
calculation—in agreement with experiment. The size of
band gap is calculated to be; 1.1 eV and is substantially

FIG. 1. Calculated total energy of bulk CdS as a function
lattice constant.

FIG. 2. Calculated density of states~DOS! for bulk CdS. The Cd
states are shown with thin lines and the S states with thick lin
Thes projected DOS is shown with full lines, thep projected DOS
with dotted lines and thed projected DOS with dashed lines. En
ergy is in Rydbergs and the Fermi level is shown as a vertical l
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smaller than the experimental value (; 2.5 eV!. In these
types of calculations the size of the band gap typically d
not agree very well with experiments, a well-known proble
with LDA calculations. However, the presence or absence
a gap should be in agreement with observations and in
case it is. Notice in Fig. 2 that the occupied part of t
density of states~DOS! is dominated by Cds and Sp orbit-
als, which hybridize and intermix strongly. In addition the
is a rather large Cdp and Cdd component to the occupie
part of the DOS.

Next we performed a geometry optimization of cubic L
~Fig. 3!. The theoretical lattice constant is 10.91 a.u. and is
agreement with an experimental value of 11.06 a.u. T
DOS of bulk LaS is shown in Fig. 4. Notice that we are on
showing the dominating partial DOS, i.e., S 3p, La 5d, and
La 4f . The occupied part of the DOS is dominated by the
p and Lad states, whereas the Laf states form a conspicou
peak at; 1.5 eV above the Fermi level (EF). The impor-
tance of the 4f states for the dynamical work-function shi
will be discussed below. In Fig. 5 the energy band dispers
corresponding to the DOS in Fig. 4 is displayed.

FIG. 3. Calculated total energy of bulk LaS as a function
lattice constant.

FIG. 4. Calculated density of states for bulk LaS. The total D
is shown as a full line, the Sp projected DOS is given as a dashe
dotted line, the Lad projected DOS is shown as dotted lines, a
the La f DOS is shown as a dashed line. Energy is in Rydbergs
the Fermi level is shown as a vertical line.
s

f
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n
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In practical applications it is envisioned that a few laye
of LaS should coat a CdS substrate.5 Since the small lattice
mismatch between CdS and LaS is expected to introduc
small tetragonal shear in LaS we calculated, as a precurs
the surface calculations, the tetragonal shear of bulk L
keeping the lattice constant in theab plane fixed to the ob-
served CdS bulk lattice constant. We thus calculated the t
energy of tetragonal LaS as a function of thec/a ratio, keep-
ing the in-plane lattice constant equal to 11.01 a.u.~Fig. 6!.
As seen in the figure, the LaSc-lattice constant is decreasin
only with a small amount from a theoretical bulk value
10.90 a.u. to a value of 10.80 a.u. The important thing
note here is that there is only a small change in thec-lattice
constant associated with constraining the LaS in-plane lat
constant to the value of bulk CdS.

B. The surface of LaS

In Fig. 7 we show the calculated total energy of the L
surface as a function of the relaxation in the 001 direction
the topmost atomic layer. All atomic planes in this surfa
calculation had in-plane lattice constants equal to the va
of bulk CdS. The lower-lying atomic planes had a fixe
c-lattice constant of 10.80 a.u., i.e., a value equal to

f

d

FIG. 5. Calculated energy bands of LaS along different h
symmetry directions in the Brillouin zone. Energy is in electro
volts and the Fermi level is shown as a horizontal line.

FIG. 6. Calculated total energy of tetragonal bulk LaS as a fu
tion of c lattice constant.
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calculated value of Fig. 6. From the figure it becomes cl
that the surface atoms undergo only a small inwards re
ation of ; 0.5 %. Also, the energy change associated w
the surface relaxation is quite small, of the order of a fract
of a milliRydberg when comparing the relaxed and un
laxed configurations. Such a small number is roughly
same as the accuracy of first-principles calculations of s
face relaxations.

The density of states~DOS! of the geometry-optimized
LaS surface is shown in Fig. 8. In this figure we compare
DOS of the surface and center layer La atoms, since mos
the modifications in the electronic structure at the surf
come from basis states centered on the La atoms. Fo
stance, at the surface the Laf DOS is substantially more
narrow than the bulk projected Laf DOS. This is caused by
the reduced number of nearest neighboring atoms at the
face. Despite the modification of the electronic structure
the surface, the surface of LaS remains a conductor since
DOS is nonzero at energies greater than the Fermi ene
Also, for thed orbitals the narrowing at the surface is le
dramatic as seen in Fig. 8. These orbitals are more exten
in space and are hence less influenced by the reduced nu
of nearest neighbors. The S projected DOS of all atom
layers in the slab is quite similar to the bulk DOS given
Fig. 4, and for that reason are not shown.

We also analyzed the charge-density contour of the L
surface~figure not shown! and it revealed no or few signs o
covalent bonding~which would have charge piling up be
tween atoms!. There is no pronounced charge transfer b
tween the different atoms and hence the bonding in LaS
best characterized as metallic. At the surface there is an
creased tendency of a non-spherical density, which is typ
for surface geometries when charge is spilling out in
vacuum.

The calculated work function for the LaS surface is; 0.9
eV and agrees rather well with the observed value of; 1.1
eV.5–7

C. The LaS/CdS interface

In this section we describe the results for the CdS/L
interface surface. We first optimized the interplanar dista
between the CdS and LaS layers in a slab calculation inv
ing 5 CdS layers~with a ZnS structure! sandwiched between

FIG. 7. Calculated total energy of a seven-layer LaS slab a
function of the surface relaxation.
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3 ~rock salt structured! LaS layers on each side. The inte
planar distance is calculated to be 5.41 a.u.~Fig. 9!, to be
compared to the experimental interplanar distance in L
which is 5.53 a.u. and the observed distance between di
ent atomic layers of Cd in CdS, which is 5.51 a.u. Th

a

FIG. 8. Calculated density of states for a seven layer slab
LaS. Only thed- ~dotted lines! and f -projected~full lines! DOS of
the surface~a! and center~b! La atom are given. Energy is in
Rydbergs and the Fermi level is shown as a vertical line.

FIG. 9. Calculated total energy of a CdS/LaS slab as a func
of the CdS-LaS interface distance.
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calculation was performed keeping the in-plane lattice c
stant equal to the value of bulk CdS. We should thus co
pare the value 5.41 a.u. with the interplanar atomic dista
of the ‘‘tetragonal optimized’’ value of bulk LaS with anab
lattice constant kept equal to the bulk CdS value. In t
geometry the interplanar distance was 5.40 a.u.~Fig. 6!.
There is thus not a big influence of the CdS substrate on
interatomic distances of the LaS overlayer. The surface
laxation of LaS, when put on top of CdS, is the same~within

FIG. 10. Calculated density of states for a slab of CdS/L
Only the DOS projected on the La atoms at the surface~solid line!,
subsurface~dotted line!, and interface~dashed line! are given. En-
ergy is in Rydbergs and the Fermi level is shown as a vertical l

FIG. 11. Charge density contour of CdS/LaS for a section
cused on the interface. The Cd atoms are the lowermost two at
In this figure there is a La atom in the top left corner of the figu
Below this La atom there is a S atom. There is also a S atom in the
upper right corner of this figure that has a La atom just below
-
-
e

s

he
e-

the accuracy of our calculations! as the relaxation of the pur
LaS surface calculation, i.e., a;0.5% inwards relaxation~as
shown in Fig. 7!.

In Fig. 10 we display the DOS curves for the La project
states of the LaS/CdS slab. We show only the DOS projec
on La, since most of the modifications due to the surfa
interface geometry are found for these states. As seen in
figure the Laf DOS is narrower at the surface and interfa
compared to the La atoms deeper in the overlayer. Thi
due to a reduced number of, primarily, neighboring S atom
The Sp states~not shown! are found to be very similar for
the surface and subsurface, and the bandwidth is abou
same for the two atomic positions. Although CdS is a se
conductor with zero DOS at the Fermi level, the interacti
with the LaS overlayer causes the Cd and S interface p
jected DOS to be metallic. Thus, even though atomistica
there is a sharp boundary between the LaS and CdS lay
the transition is electronically smoother, where the transit
from metallic behavior in the LaS to semiconducting beha
ior in CdS takes place over a few atomic CdS layers. T
deeper atomic layers of CdS are similar to bulk CdS, be
semiconducting with a zero DOS at the Fermi level.

We end this section by showing in Figs. 11 and 12 t
charge density contour of the CdS/LaS 001 overlayer fo
cut in the 010 direction. The surface direction~001! is point-
ing upwards in the figures. In Fig. 11 we show the char
density contour in the vicinity of the interface and in Fig. 1
we show the charge-density contour of the surface atoms
regards the surface~Fig. 12! there are aspherical features
the vicinity of the vacuum region, whereas otherwise t
density contour is rather spherical. As seen in Fig. 11

.

.

-
s.

.

FIG. 12. Charge density contour of CdS/LaS for a section
cused on the surface. The surface is at the top in the figure.
atoms to the left are stacked as S, La, S when going from the de
layers to the surface. On the right hand side in the figure the st
ing is La, S, La.
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4072 57ERIKSSON, WILLS, MUMFORD, CAHAY, AND FRIZ
charge density is essentially symmetric around all atom
the metallic layer whereas in the semiconducting region
density contour is more typical of a covalently bonded s
tem. This suggests that from a chemical bonding view
transition from the metallic region to the semiconducting
gion is sharp, in contrast to the transition in the electro
properties which as discussed in connection to Fig. 10
smoother. Also, in the CdS/LaS interface/surface calcula
there is very little charge transfer at the interface, sugges
that there is only a minor ionic component to the chemi
bond.

IV. DISCUSSION AND CONCLUSION

The total-energy calculations presented here show th
is quite possible to grow overlayers of LaS~with a rock-salt
structure! on a CdS substrate~with ZnS structure!. There will
only be a small amount of surface relaxation and only
small relaxation of the inter-plane distances at the interfa
This is useful knowledge when trying to grow materials f
use as cold electron emitter devices. Also, in practical ap
cations the device, which is modeled here, is designed to
used in forward bias, and as a consequence electrons
captured in the LaS quantum well.5 This means that electron
will occupy LaS states that in Fig. 8 are above the Fe
level. The narrow 4f band at; 1.5 eV aboveEF is likely to
be important for capturing electrons in the semimeta
n
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overlayer, since the electron mobility of these states is v
low, which in turn is important for the dynamical work
function shift.5 A theoretical treatment off electrons is
sometimes hard. Fortunately this is less of a problem for
and La-based compounds, where it is known that thef levels
form a rather wide band, which is situated aboveEF . In
certain cases an unoccupiedf level may be detected by elec
tron spectroscopy and good agreement between fi
principles theory is observed, as demonstrated by, for
stance, Weschkeet al.18 The position and width of the
presently calculatedf -level should thus be rather accurate

In addition we find that the electronic structure of the L
overlayer on CdS is quite similar to the electronic structu
of a LaS surface. The transition from metallic to semico
ducting behavior at the interface is found to be smooth e
tronically, since the first layers of CdS are metallic. Th
contrasts to the chemical bonding where the transition in
overlayer should be sharp, from metallic to covalentli
bonding. Finally, the observed low work function of LaS
reproduced.
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