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We report the successful growth of bulk cubic lanthanum sulfideS and neodymium sulfide

(NdS). Powder x-ray diffraction scans of the samples show the rocksalt phase with a lattice constant
ap=5.857(2) A and 5.692) A for LaS and NdS, respectively. In Raman scattering, one observes
the vibrational density of stateubic symmetry and identifies the longitudinal optical and
transverse acoustic phonons at @8Y) and 10092) cm * with LaS(NdS), respectively. These
rare-earth monosulfides offer attractive alternatives to the commonly used cesiated surfaces to reach
negative electron affinity at various 1l1-V semiconductor surfaces.2@®1 American Vacuum
Society. [DOI: 10.1116/1.1406158

I. INTRODUCTION Rare-earth monosulfides are unusual in many respects.

Over the last 30 yrs, a large number of cold cathode andot only do they possess high chemical §tabiﬁnyelting.
photocathode structures with semiconductor materials haimperatures above 2000);@ut they also display metallic
been proposeti? Negative electron affinitfNEA) in such ~ conduction. Material properties of select cubic rare-earth sul-
structures is achieved by interfacing a wide band gap semfides are summarized in Table I. Of particular interest is the
conductor with a low work functio\WF) material such that fact that the room temperature WF of these compounds,
the surface vacuum barrier is brought below the bulk conwhen extrapolated from high-temperature measurenfdts,
duction band edg& Cold cathode emitters find applications quite small, suggesting that when depositechegpe doped
in a variety of electronic devices, including microwave semiconductors these materials can be used to reach NEA.
vacuum transistors and tubes, pressure sensors, thin panels has a lattice consta(8.854 A very close to that of InP
displays, and high temperature and radiation tolerant sensorg 8688 A, while NdS has a lattice consta(§.69 A) very

For an electron emitter to be useful in practical applica-cjose to that of GaA§5.6533 A). Since at room temperature,
tions it should be chemically stable and provide uniform cur-he W of LaS(1.14 eV and NdS(1.36 eV} is, respectively,
rent densities for operational lifetimes over®10 Alkali below the band gap of InFL.35 eV} and GaAs(1.41 eV},?
metal(Cs9) films on emitter surfaces are widely used to IowerNEA can therefore be realized at InP/LaS and GaAs/NdS

ﬁlectronlc W|F|3 Hto vt\{everz c:as(;gted semlcr:]onquctlort Stlj.lr_ftacef%nterfaces using heavilp-type doped semiconductors. Re-
ave several limrtations nciuding poor chemical stability o cently, we confirmed these low WF results by means of a

cesium upon releasing bonding electrons, a low melting. o .
P 9 9 gf|rst—pr|nC|pIes electronic-structure method based on a local-

point (28.5°Q, and high vapor pressur¢l0 3 Torr at . S ) .
100°Q. Furthermore, accelerated cathode degradation ocqerlslty approximation to density-functional thebryThe

curs under high current operating conditions due to electroﬁmaIySIS predicts a Iow.—temperature WF of 0.9 and 1.1 eV for
stimulated desorption of the @9 activation layer. In gen- @S and NdS, respectively. _
eral, cesiated surfaces of IlI-V semiconductors are not stable 1€ feasibility to build such cold cathode device struc-
in an ultrahigh vacuunfUHV). At 300 K, Cs will slowly  tures requires that high purity cubic LaS and NdS in bulk
desorb from the surface in UHV at a rate dependent, in parform be readily grown and their work function be estab-
on the partial pressure of Cs within the vacuum system. Thigshed. Such bulk material could then also be used to vapor
effect must be compensated by a continuous cesiation durin@eposit thin films on suitable semiconductor surfaces and
operation of the source. establish the WF in a thin-film configuration. Hereafter, we
We recently suggested a more stable approach to reagkport on successful growth of cubic bulk LaS and NdS, and
NEA at semiconductor surfaces based on the use of chalcdvave characterized their structure and vibrational density of
genides of the rare-earth elemehtsThe possibility was states by x-ray diffractionf XRD) and Raman scattering.
analyzed theoretically based on a local-density approximaSrowth of the cubic phase in its pure form is not obvious.
tion to density-functional theory to calculate the WF of the Not only are the melting points of the elemerits, Nd, 9
rocksalt phase of LaS and Nd$.We also proposed and much lower than that of the cubic phase but also the equilib-
analyzed a new InP/CdS/LaS cold cathode based on thisum phase diagram reveals the presence of several other
concept® which can provide emission current densities ofcrystalline phases such as,®, RsS, and RO,S (with

several tens of A/ch R=La or No) that can not only readily form but also are
quite stable at elevated temperatures. Here, for the first time
3Electronic mail: mcahay@planck.ececs.uc.edu that the principal impurity phase,R,S that invariably forms
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TaBLE |. Material parameters of some sulfides of rare-earth métaisic form: a (lattice constant in & WF
(work function at room temperatureT,, (melting point in °Q, andp electrical resistivity(in uQ cm).2

ErS YS NdS Gds Prs CeS LaS EuS SmS
a 5.424 5.466 5.69 5.74 5.747 5.778 5.854 5.968 5.970
WF 1.36 1.26 1.05 1.14
Tm e 2060 2200 e 2230 2450 2200 e 1870
aSee Ref. 8.

upon synthesis of the cubic phase can be completely reducesimples, even after the carbon reduction process. Parallel
by carbon addition. results were obtained upon processing NdS samples.

Our experimental approach to grow the cubic LaS and At the end of step 2, LaS and NdS samples turgelden
NdS phase is based on reacting equimolar fractions of thgellow in color. Optical viewing of the materials was per-
rare-earth sesquisulfide with the rare-earth element, by thirmed in our micro-Raman system using an optical micro-
reaction graph attachmeri The samples were not polished and the

micrographs were taken from the center of the arc melted

XaSg+ X—3XS, @D boule. Optical viewing of the materials showed gold colored
where X=La or Nd. The starting materials used in our syn-platelets/crystalliteéLaS, NdS with size varying from a few
thesis, %S; and X were 99.99% puréCerac Ing. In step 1, to several tens of microns across. We do not believe the
the starting materials were arc melted taking particular care
to handle the starting materials La and,&a These materi-
als are mixed in stoichiometric amount in a dry s am- 2500
bient in a glove box. The compound is then rapidly trans-
fered to an arc melting chamber flushed with argon. Partia
oxidation of the sample can result in the formation of the
impurity phase LgO,S, which is extremely stable and has a
high melting point.

Powder XRD scans of LaS and NdS samples taken with
D-2000 Rigaku powder diffractometer after step 1 reveal the
principal reflections of the cubic rocksalt phasee Fig. L
A line shape analysis of the reflections yield lattice param-
etersay,=5.857(2) and 5.692) A, for LaS and NdS, re-
spectively. These values are in good agreement with earlie
reports in the literatur®l® The XRD scangFig. 1(a)] also
reveal traces of an impurity phase which gives rise to minoi
reflections marked B. The latter reflections can be identifiec
by the oxysulfide phase L@,S (parallel results are obtained
with our NdS bulk samples with the presence of theOib
oxysulfide phase'! Upon further reaction of the samples
with a predetermined amount of intimately mixed carbon
(fine powdey in a vacuum oven (10° Torr) at 1600 °C for 4
h (step 2, the impurity phase could be completely removed.
The oxysulfide phase is reduced by carbon to the rocksa
phase according to the chemical reaction

The precise amount of carbon was determined by trial ani 0 —— T T
error until the presence of the oxysulfide reflections in the 15 20 25 30 35 40 45 50 55 60 65 70 75
X_RD scans were completely suppresé%@s illustrated in 2-Theta (degrees)
Fig. 1(b). Even though we could not precisely measure the
amount of carbon left in the sample, we believe it does Nokg. 1. (a) XRD scan of a LaS sample after the arc melting process. The
contribute to the second phase observed in the Xiregt of  Bragg reflections due to the cubic LaS phase are identified by Miller indices.
Fig. 1). The two peaks are due to théx; andKa, lines. The Bragg reflections due to the &S impurity phase are identified with
The larger lattice constartieftmost peak in the inset of Fig. e letter B.(b) Same asa) after the carbon reduction step. The peaks due

. . . .. . to the LgO,S impurity phase have disappeared. As shown in the inset, some
1) comes from m_ater_lal which is S deficient. This §0U|d F'€P-of the Bragg reflection peaks are best approximated by a two-peak fit. The
resent the contribution from a remnant of ;6a in the  two peaks are due to thée, andKa; lines.
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S-poor phase detected in the XRD measurements is at the
surface of the gold platelets/crystallites. The LaS and NdS
materials are highly conducting and our micro-Raman mea-
surements really probe the surface of the materials. These
micro-Raman measurements would be sensitive to a
S-deficient phase. This was not observed since the micro-
Raman spectra of the gold platelets are consistent with the
cubic phase of LaS and NdS, as discussed below.

Close examination of the Bragg reflections required a
two-peak deconvolutiofjisee inset of Fig. (b)] suggesting
the presence of a majority LaS phdsg=5.857(2) A] and
a minority LaS phas¢ay,=5.875(2) A] in our samples. A
similar two-peak deconvolution was also found to work well
for the NdS samples. The lattice constardg)(given here ]
correspond to those of the majority phase. The two sets of ‘ ‘
reflections may come from a S-rich and a S-poor phase 0 200 400 o 600
present in the samples with the S-poor phase possessing a Wavenumber (cm )
somewhat larger lattice constant. These results clearly sug-

; g . 2. Raman spectra of an in-house grown LaS bulk sample processed in
gest that the cubic phase can be stabilized over a range glﬁra crucible using the two-step procedure described in the text. Scans A, B,

La:S stoichiometry, as is k_nown from the phase dia_gram.. INind C correspond to an amount C/LaS weight ratio in the carbon reduction
these XRD scans, the typical full width at half maximum is process equal to 0.3%, 0.7%, and 2.5%, respectively. In the bottom sample,
found to be 0.14° for LaS and 0.19° for NdS. These are clos#e oxysulfide phase has disappeared in the XRD spectrum of the sample.
to the inst tal lutiof®.129 of Rigak d The acoustic and optical phonon modes and some of their overtones are
9 € Instrumental resolutio. OF our Kigaku powder clearly identified. Some of the impurity phases responsible for some of the
diffractometer. These results suggest that the samples Obharp modes observed in the top two spectra are also identified: the star
tained in the present synthesis are rather well crystallized anebrresponds to the L@,S phase and the arrows indicate the$aphase.
it is likely that upon melting the samples at elevated tem-The micro-Raman measurements were performed at 300 K using the 514.5
o . nm exciting line of an argon laser with the same power le{2I5 mW) in
peratures(above 220 °C one may obtain rather homoge-  ihree scans.
neous samples. This is a subject of current investigations.
The formation of the bulk material in its highest purity
form is of interest to us since the materials will eventually be

used to form targets for rf magnetron sputtering of thin films

on various llI-V substrates as discussed above. To ensu'éeamples complement the XRD results. In RS, we observe
reproducibility of the deposition, a fixed starting stoichiom- changes in the VDOS due to a change in struciure. In Fig. 2
etry is desirable. Given the stability of LaS and NdS, thescans A, B, and C correspond to samples reduced in step 2
bulk material would appear to be a useful cathode material,;i, a C/La$S weight ratio of 0.3%, 0.7%, and 2.5%, respec-
Our experience with a stoichiometric CdS target shows tha{ively. The sample reduced with 2.5% (€can G displayed
stoichiometric CdS thin film can be grown by rf sputteriig. very weak scattering. This particular sample showed the
It is therefore quite likely that the same procedure W°U|dcomplete absence of the J&,S phase in the XRD measure-
work for deposition of LaS and NdS thin films. In particular, nents. The RS scans A and B show the presence of sharp
the experimental conditiongrgon pressure, rf power, and peaks, which can be identified with the impurity phases
substrate temperaturestablished for CdS thin filn§could (1 3,0,S, LaS,) present in these sampl¥sWe are not sure
serve as a guide in LaS and NdS thin-film deposition by rfof the origin of the 180 cm® mode, which has been ob-
sputtering. Detailed results will be published elsewhere.  served on occasions. Since these impurity phases are noncu-
Cubic LaS and NdS in the rocksalt structure should disjc, the Raman scattering from these phases is rather strong.
play three zone center optical modes which should be Ramap scan C, however, the sharp modes are absent, the scatter-
silent because of inversion symmetry. The modes observe@g is extremely weak, and the vibrational modes are rather
in Raman scatteringFig. 2) are either due to noncubic im- proad (vibrational bands These features of Raman scatter-
purity phases or to defect induced first order scatteringing are characteristic of the VDOS of the cubic phase. These
which activates all vibrational modes in the Brillouin zone of results are consistent with an improvement in sample quality
the cubic phase to yield the full vibrational density of statesdue to carbon reduction. The observed modes in scan C can
(VDOS). Raman scattering was performed with a modelpbe identified with specific phonons in the VDOS of the rock-
T64000 triple monochromator system from Instruments SAsalt phase.
Inc., equipped with a microscope and a charge-coupled de- In LaS and NdS, the cation—anion mass ratio is close to
vice detector? In these micro-Raman measurements the ex5:1. This permits the optic branch to be clearly separated
citing laser beam, focused to auin spot size, was used to from the acoustic one. In LaS samples, we identify the 261
examine large (5@mx50um) LaS and NdS platelets ex- cm ! vibrational band with the longitudinal opticgLO)
clusively. The results shown in Fig. 2 were obtained with 4phonon, the 100 cm' band with the acoustic phond),

Counts (arbitraty units)

mW of 514.5 nm radiation used to excite the scattering.
The Raman scatteringRS) results on LaS and NdS
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TasLE Il Observed acoustic and optical phonon energiesm %) in cubic  fides but LaS and NdS have the advantage of a close lattice
phase of rare-earth metals. match to the most widely used IlI-V semiconductors, as
illustrated in Table I.
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