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X-ray photoemission studies (XPS) of Cs3Shb, NasKsb, and NajKSb(Cs) alkali
antimonide photocathodes prepared in ultrahigh vacuum on pyrex, suprasil

quartZz, and stainless steel substrates have been made.

The results for these
surfaces are tue same.

Employing the concept of the Auger Parameter we
demcnstrate that the most photusensitive alkali-antimonide photcoemitiers are
ionic semiconducters with a direct correlation between degree of ionicity and

photosensitivity. We further show the dependence of photoemission threshold -7
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‘on lattice constant and ionicity. It is conclude” from these

studies that the structure of the most photosensitive s=-20
consxsfs of a surface layer of K2CsSb upon a base layer of
NAQKSb and not a monolayer of CS upon Nazxsb as we commonly

‘thought.
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PREFACE

This report contains work extending over a four year period on
"Basic Studiea of High Performance Multialkali Photocathodes" employing
the technique of X-ray Photoelectron Spectroscopy (XPS). XPS unlike
Auger Electron Spectroscopy is a non-destructive technique resulting in
a minimum Qdisturbance of the surface under investigation. It provides
information of a qualitative and quantitative nature on charge states
and bonding unavailable by other techniques. We have exploited this
to obtain a correlation between photosensitivity and valence to obtain
a fairly clear picture of the electronic structure of the most photo-
sensitive surfaces. It is the first time that this technique has been
used Lo investigate these materiale, For this purpose we have constructed
an XPS Spectrometer with a capability of permitting interrogation during
any stage of the processing schedule. We have investigated in detail
CSSSb, NaZKSb, and NaZKSb(Cs). Casium antimonide photoemitters (C53Sb)

and Na.KSb(Cs), the 520, are still used in most photoelectronic devices

2
inspite of the large amount of effort that has gone into developing
efficient III-V photocathode surfaces. This was the primary motivation
for undertaking this study.

No work that we are aware of has studied the correlacion of photo-
sensitivity with bonding and much of what ic veported here is new. We
have emphasized in this study the concept of the Auger Parameter, i.e.,

“he energy difference between the better defined Auger electron and

photoelectron peak for an element, which gives information about the

. a



extraatomic relaxation energy due to valence band polarizability at
diffegent sites in the crystal lattice. This parameter being the
differencg in energy between twao peaks automatically eliminates any
gurface chaxging effects due to highly resistive surfaces.

We have been able to conclusively demonstrate that the most
photogensitive alkali-anﬁimonide surfaces are ionic semiconductors.,
with a direct correlation between the degree of ionicity and photo=-
sensitivity. We also show the dependence of photvemission threshold
on lattice constant and ionicity. We have also been able to deduce
using electron escape depth considerations that the most photosensitive
520 surfaces consist of a surface layer of K2Cssh upon a hase layer of

Nazxsb and not a monolayer or two of Cs upon Na,KSb as is commonly

Ua

thought . Na2KSb with a Cs moqslayer produces sgurfaces of 100 o
whereas K2Cssb upon Na2KSb gives surfaces >2Q0 %ﬁn

To make this report as readable as possible most of the theory
and derivations are relegated to appendicges.

This work was supported by the Army Research Office in Triangle
Park, North Carolina and this support is gratefully acknowledged. We
would like to thank in particular Dr. Horst Whitman of this office

for his patience and consideration throughout the tenure ot this grant.
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L. INTRODUCTION

Sinca the discovery by Gorlichl in 1936 that cesium antimonide
has a photosensitivity several orders of magnitude higher than the
photrcathodea known at that time, the compounds of antimony with the
alkali metals havae been the subject of considerable technological
and scientific reaearch.

tn 1955 Sommer>'> discovered that the Na, X bialkall antimonide,
Nazxsb, has even higher sensitivity and extended spectral rasponse (to
the red). He also found that the addltion of C3 to the Na2KSb photo=
cathode improved further both photosensitivity and spectral response.
The Na2KSb(Cs) ar S20 photoemisaive surface has been singo then the
most offlcient photocathode in technology until the recont development
of I1I-V NMegative-Electron ALfinity (NEA) photocathedes.

Alkall antimonide photocathodes as Cs,8b, Na Ksb, K,CsSb,

3

NazKSb(Cs) are still very important in technology bacause of their

relatively high quantum efficiency comblned with a simpls synthesis.

The fact that they are easily produced in large extended areas and

their high efficiency in the semitransparent mode make them irveplaceable

in imagn intongifier tubea and other photoelectronic imaging devices.
Decause of the great chemical activity of the alkali metals and

even of Sb, alkali antimonide photocathodes have to be processaed and

kept in very hi-h vacuum, their photoelectri¢ properties are strongly

influenced by contamination £rom resicdual gases and substrate.
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Theixr pwncessing procedure, found by trial and errer, are bssed
on the alkali metal vapor pressure, and their rate of diffusion :ia
antimony and alkali antimonides, both increasing with atomic radius
from Na to Cs. ‘

Usually the larger alkali A' iz evaporated on a thin film of

Sb until peak photoresponse, when A'Sb is formed. 1If A.A‘Sb is to be

3 2

formed the smaller alkali 2 is then evaporated until peak photoresponse
again. This has been praved from the work of A. Sommer and references
to other work may bz feund in his book.3 The temperatures for the alkali
vapor reaction with the substrate are, 200~225°C for Na, 180-150°C for

K and Rb and 14G6-170°C for Cg., At these temperatures “he vapor  pressure
of the corresponding alkali is about 10-3 toryr and the diffusion rate

is just enough to displace laryer alkalis and tae diffuse into the
substrate,

A summary of the properxties of the alkali antimonides is given in
Table 1.1. These properties are taken from reference 3. A very
thorough and complete review ¢of the work done untili 1968 is also given
in this reference.

The crystal structure, found from X-ray or electron diffraction,
i5 either cubic 003, Fig. 1.1, or hexagonal Nazsb, Fig. 1.2. The
photoemission threshold i3 measured from the spectral dependence of the

vhotoemissicen yield. From conductivity and absorption spectra the bkand

Jap can be determined.




TARLE 1.1

Summaxy of properties of Alkali Aatimonida Photocathodes of the typa (Na,X,®,Cs) 381:

Mw&m
m,sb Rlzﬂih ﬂlzlme NQICSSD
B an=5.37 ¢ q»!.73
c".sl
B,rnl.s !T*Z.O Brnl.a BT-I.S-
Eml.1 7 E~1.0 E~1.0 E~0.8
n-type p-type o
Y =0.02 Y =0.3 ‘Y -0.Q1 Y =0.03
n ) n - n
60 pA/1m
KpNasb b K, Fbsb K,Cash
[ § an5,.6) B a=6.64 o am=8.61
¢=10.93 ¢»10.72
c ble z,r-z.o B,r~'2.0
wn‘g 26.1.2 26-1.2
S, =2.8 (HY .
n-type 525 © intrinsic
pA/1ln 'l
1.4 (C) 100 pA/1
n=-type (2)
p-type (C) Rbasb RbZCSSb
Y =0.07 (B) H aw6.32
. c=11.19 ¢
5 pA/Im(B) o
25 pA/1m(C) C ax8.80
' %-Z.Z(C) BT-I..’I
y o E=L.5
!G 1.2 G
p-type(C)
n=ctypa(H)
25 pA/lm 45 pA/Im
v
Csssb
C cubic, o, lattice constant (&), Fig 1.1
H hexagonal, o,c Jlattice constants (R), Fig 1.2 € o~9.14
B,r photoemission thrashold in eV E'r-z'o
E, band gap in eV 55'1'6
p=-type
Y maximun t ef i
- quatum efficiency Y 0.2
30 ,.m/lm

.
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Alkali antimonides are believed to be n~type or p-type semi-
conductors because of excess or defect of alkali. It is also believed
that there is a correlation between ¢ubic and p~type alkali antimonides.
Good photocathodes are cubic, p-type with surface states producing
favorabla band bendiny at the surface.

Alkali antimonides haye large ahsorption constants, if compared
with the IXI-V semicanductor phctoemitters, the absorption constant
iz about one order of magnitude larger within a few tenths of an aV
from the ahsorption edge. Thay Lave also large refractive indices
about 3.0.

Since itz discovery by Someer thera ijaga been some controversy 4
about the xole of Cs in the Naszb(Cs) photocathode and ahbcut its
structure.

Spicer3 concluded from his measirements of optical and phcio-
electric properties that Cs forms a monnlayer on the Qurface of NGZKSh.

Mac Carrol at al3 observed a small change in the lattice constanc
from 2, = 7.73 R for Nazxsb to a, = 7.75 g for Naksb(Cs), concluding
that about 1% by wvolume of C3 had heen incorporated in the volume.

Nimomiya et a13 found a lattice constant of 8.7 R.

Hoene3 reported upon the chemical analysis of 5-20 photocathodes.

He found that the Na to K ratio was significantly smaller than 2 to 1.

The Cs content was higher, about 10%, than normally assumed.



First the scanning electron studies of Dowman et al3 and then the
%-ray diffraction studies of Dolizy et al’, both "in situ", of the
finished photoemitting surface and praocessing of S=-20 photocathodes,
finally suggested the S-20 as a polycrystalline, multiphase composite
structure of Na3sb, Na2x3b, K2Na8b. Kasb and K2CsSb. Thesgse studies
also show the large variations in the relative amounts present of each
phase depending on small variations in the processing schedule.

Not too much attention has been dedicated in the past to elucidata
the type of binding in alkali antimaonide crystals. The proposed models,
invelve tws types of bonds in the lattice of A,A'Sb. (AZSb)~ forming
a covalent structure through formation of (sp)3 hybridized orbitals with
fourfcld coordination typical of IXI-V covalent semiconductors and the
at i;ns in the octahedral holes of the covalent (Azsb)- structure,
~onded ionically. This appears to be the prevailing attitude regarding
these surfases. and it is in this area that our efforts were concentrated.
on the contrary we will present what we consider fairly conclusive
avidence that the mwost photosensitivae alkali-antimonide photocathodes
are lonic semiconductors. We demonstrate this first for Cs3sb and then

later for the S$20.
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II. EXPERIMENTAL TECHNIQUES
1. Introduction

The system, which has been developed especially for processing
and XPS study of alkali antimonide photocathodes, is described in detail.
The electron enerqgy analyzer was obtained from Varian Associates and is
described in detail in the literature. As such, this part of the
apparatus will be described only briefly.

2. The Photocathode Preparation Chambexr

A schematic diagram af the chamber ‘s given in Fig. 2.1. It
congists of a stainless-~steel cylinder 13.0 cm by 10.5 ¢cm dia., one
end of which can ba sealed by a 6" (15.2 cm.) stainless—-steel conflat
flange. Metal-ceramic feedthroughs mounted an f.his flange are used to
support a standard setup for photocathode processing. This consists of
(i) the various alkali channels; (il) an antimony bead mounted on a
nickel wire; and (iii) a stainless-steel cylinder 2.5 cm by 2 cm dia.
with a 1 ¢m wide lip. The small stainless-steel ¢ylinder serves the
purpose of shielding the antimony bead from alkali deposits and also
as the collecting electrade (anode) which allows one to monitor the
photocurrent while processing. The channels and the Sb-bead are heated
electrically from the outaide. The alkali metals, because of their high
vapor pressure, reach the sample surface by diffusion, whereas Sb atoms,

being less mobile., are deposited along a line-of-sight.
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A glass bulb, 7.8 cm by 5 cm dia., closed at one end and with
two 2 ¢m diameter holes opposite one another and 0.5 ¢m from the closed
end, covers the whole arrangement. The purpase of the bulb is to iso-
late the sample from the UHV pump to a certain extent so that a
sufficiently high vapor pressure of tlhe alkalis can be generated and
maintained near the sample. This, however, does not obstruct the
attainment of an initial ultra-high vacuum (3 x 10710 qorr) prior to
the deposition process, as the pumping can proceed through the open
end of the buib. The two 2 cm diameter holes are necessary for the
introduction of the sample want and its subsequent transfer to the
analyzer chamber for investigatian. The bulb is surroun.led by a
cylindrical oven, which is constructed out of 1/1000%" (.0254 nm) thick
Molybdenum foil mounted with the help of ceramic stand-off insulators
on another stainless steel cylinder 10.5 c¢m by 9 cm dia. with a wall
thickness of 1/32" (0.79 mm). The latter is fixed with stainless-
steel legs and mounting screws to the 7. singe. The oven is necessary
to achieve the proper temperature for processing. The supporting
cylinder improves the efficiency of heating by cutting down the radiation
loss. It has three 3 ¢m diameter holes on its curved surface, two
facing one another for passage of the sample wand as mentioned before,

and the other for providing a low-conductance path to the UHV pump.

- 10 -
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The above design permits a rapid dismantling and reassembly of
the constitutent parts when replacement of the exhausted channels and/or
the Sb=bhead bhecomes necessary. The flat side of the outer stainlesgs-~
steel cylinder opposite the 6" (15.2 ¢m) flange is sealed with a stain=-
legs-steel plate 1/2" (1.27 cm) thick and on which a 2 3/4% (6.99 cm)
conflat flange has been welded. This flange is closed by a glass
window mounted on a similar flange. The window lets light into the
chamber and onto the sample surface, in arder that the photocurrent can
be measured while processing continues.

The curved gide of the outer c¢ylinder  has also three ports
terminated by 2 3/4" conflat flanges. Of these, two, situated opposite
one another, permits the preparation chamber to he comneciad through a
straight=through valve to the analyzer chamber on the one side, and
through a polyimide low~conductance seal, to the backing pressure
chamber on the other. The third port, at right angles to the other two,
permits <onnection to the 80 litred/sec. UHYV pump. Heating tape is
wound around the preparation chamber. In addition to helping one carry
out a proper degassing of the inner walls of the chamber, this allows,
in conjunction with the inhner oven and sample heater, the temperature
to be raised to a preset value.

3. The Sample Wand

The sample wand permits easy transfer of the sample from the
preparation chamber to the analyzer and vice versa, while maintaining

both chambers in ultra-high vacuum. It is important to keep the two

- 11 -
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chambers separate as any deposit of the alkali metals on the analyZer
parts can change its work function and, as a result, its calibration.
The wand also serves to hold the sample heating cartridge and the
thermocouple for measuring the sample temperature.

A schematic diagram is given in Fig. 2.1. A stainlesgs~gteel
tube, 1/2" (L.27 cm) outer diamétexr by 1.5 meters long and .09%"
(2.413 mn) wall thickness is welded onto a stainless=-gteel "head"
constructed cut of a stainless-steel xod of the same diameter and 2 3/4"
(6.99 cm) long. The other and of the rod is cut longitudinally into
half up to a length of 1 1/8" (2.86 cm). The flat side thus obtained
is used to hold the sample substrate with the help of a 3/8" by 5/8%
(9.53 mm by 15.86 mm) stainless-steel frame and mounting screws. It
has also a 1/4" (6.34 mm) dia. hole drilled at the center to allow
light to be inc¢ident on the photocathode from the substrate side when
it is to be used in the semitransparent moade.

The heater cartridge and the tip of the thermocouple axe positioned
inside cylindrical holes drilled inside the solid stainless~steel
head so that they are gsituated as near the substrate as possible.
This ie especially important for the thermocouple as it is necessary
to measure the substrate temperature as accurately as possible for
proper processing of the photocathecde. The cartridge is in the form
of a c¢ylinder l/4" (.635 cm) dia. by 1" (2.5%4 ¢m) long and has a
capacity of 100 watts. The thermocouple is a standard chromel-alumel
type mounted inside a stainless-steel sheath 1/16" (1.59 mm) in diameter.
The connections for the cartridge and the thermocouple are brought out-~

side through the hollow part of the samplae wand.

- 12 -
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4. The X-ray Souxce

The X-ray source was designed so that it can project ingide the
analyzer chamber with the ancde situated as close to the sample surface
as practicable. This is to ensure a sufficiently high X=-ray intensity
being incident on the sampla.

Figure 2.2 showa the arrangement. The anode is a hellow wedge-
shaped piece of copper, 1 3/4" (4.45 cm) long and with a cross=section
roughly equal to 1/4" (.635 mm) square, on which highly pure (99.9999%)
Aluminum is deposited to a thickness of about 25 um by sputtering. This
particular arrangement i3 used to provide adequate cooling of the anode
surface. The cooling water passes through two 1/4" (6,35 mm) copper
tubes welded to tha side of the anode, The cathode consista of two
tungsten filaments .007" (.18 mm) dia. and 1 L/2" (3.81 om) long situ-
ated at a distance gk 1/8" (3.18 mm) from each other and parallel to
each other and the anode. Thera ia a grounded shield of tantalum in
between the anode and the tungsten filaments, which produces a suitable
distribution of field lines in order that the emitted electrons follow
a curved trajectory and strike the proper (cbhlique) face of the anode.
Tﬂ; whole asSsembly is encased in a grounded stainless-steel housing.
The purpose of the housing 1ls twofold; first, it isclates the UHV
8

analyzer chamber from the relatively higher pressure present (210~

Torr) aear the (hot) X-ray source. Secondly, the positively charged
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Fig. 2.2

/ B

SAMPLE WANOD

Schematic diagratn of the X.ray source. A, Copper Anode; F,

Tungsten Filaments.
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anode produces a correspondlig negatively charged ilmage, the repulsive
effect of which gerves to conflne the aloctrons to the space betwaen
the housing and the anode. Thus, thermally esitted electronsa which
would otherwlse be loat are brought back and forced te atruia t. a
anode, thereby increagsing the effigiency of tha Hevay souwes  Use of
the two separately posiltioned filaments instead ot only onw was found
necessary to counteract the space-charge afflects which ,w.vant one from
drawing a sufficiently high anode current (and thareby obtaining enough
X-ray intensity) with a reasonahble amount of heating currvent in the
cathode.

The ancde gooling tube (which also serves as theo electrical

through appropriate ceramic teedthroughs mounted on a 6" (15.2 cm)
conflat flange. A bent plece of standard 1 1/2" (3.81 cm) dia.
stainless=steel vacuum tubing, also welded to the flange, connects the
assembly to a 20 liter/sec, Vacion pump. The pressure obtained in the
X=ray chamber, after pump-down and necessary bakeout was 6 x 1.0'8 Torr.
A 12 KV, 100 mA Power Supply which also supplies the heating
current for the fllament was abtained from Varian Associates. The Power
supply also has provisions to regulate the filament heating current so
that the anode current can be maintained at a constant, prese* value,

Wwith a filament current of 5 amps, an X-ray current of L00 mA could be

easily obtained at 12 KV,
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5. The Enerqgy Analyzer

The Electron Energygy Analyzer (EEA)} is the same as used in the
Varian IEE spectrometer. It consists of a double-sphere elactrostatic
deflector followed by a cylindrical condenser. The spherical
conductors, which occupy the region between polar angles (with the
sampla-image line as axis) 45° and 135°, have diameters of 6 1/2"
(16.51 ecm) and 8" (20.32 cm). Ths cylindrical condenser has the
following specifications: inner c¢ylindex, 3 1/2" (8.89 cm) by 1 3/4"
{4.45 cm) dia.; outer cylinder, 4 1/2" (11.43 cm) by 2 3/4" (9.53 cm)
dia. (all of the abave figures represent. outside dimensions for the
inner electrode and vice versa). The electrons coming from th: sample
are focused, first on the exit s3lit of the spherical analyzer, and
then focused again, after passage through the condenser, upon the
electron multipliar. To provide for the correciton of apy mismatch
between the image formed by the spherical analyzer and the corresponding
exit slit, a set of eiéht sector-shaped elaectrodes are used, the
potential of which can be varied individually to obtain the maximum
sensitivity. AllL the necessary electrode potentials are derived from
a Hewlett-Packard 6116A Power Supply and a suitably desigmed voltage
divider. By c¢hanging the output voltage of the pc&er supply, the
nominal voltage for which the analyzer is set can also be adjusted
from 10-100 eV. The total linewidth is approximately 1 eV taking into

account the contribution frem the Alka X-ray line.
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The uzual method of recording wn XPS spectyum is to vary the
retarding voltage applied to the photoemititied electzona with respect
o time, keeping the analyzer slectrodes at a corstant potential.
This mathod hag the following two advantages: (i) tha regolution of
the gpactrometar remwaing the same at all portions of the spectrum;
and {ii) the net dependence of sansitivity iz inversely proportional
to the analyzer enewygy, which mearns that retardation has an enhancing

affect on the ssnsitivity.

6. ‘The Elactean Counter

A bleck diagram of the counting arrangement appears in Pilg. 2.3.
The purposs of the couwater is tn deaveliop a voltage which is
proportional to the numbar of electrons arxiviny per soecond through
the analyser.

kn EMI 9603728 tyre electron maltiplier tube (ZMT) is maunted
ingide the analy®er assembly so that the alectrons comding cut of the
wsalyzer are focused on it. The dyacdes of the EMT are conaectad,
through o resistor ochaim also gituvated in UHV, to a 4 k¥, 509 uA Power
Supply.

The output pulsaes from the EMT have a height of the order of
300 mV. Theswe are f£irst passed through a discriminator, which has an
adjustaile lewel getting. Thus, only those pulses which have a height

equal o or gueacver than a specified value (usually 100 mV) appesr at

the output »f the discriminator. The dissriminator output is a geries

« 18 =

3 g
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of pulsas 2f const&nt‘heighx (5 V). These are then used to trigger a
one-zhat mirivibrator, whose time period can be varied from 0.5 us to
400 ps in 12 upproximatsly equal steps (Fig. 2.4).

The D¢ component of the one~shot multivdbrator output is a
measure of the rapetition frequency of the pulses, i.a., the number of
alectuons arziving through the analyzer per sacond. These are fed
into an active rilter built around an NE 536 Op Amp (Fig. 2.5), the
tims conatant of tha filter being variable in 6 steps from 20 seconds
o W1 sec, The 7iiter has provision for offgset adjustment of the out-
put voitage by 0.1 V. The filter output is connected to the Y-

terninals of an X-Y recoxrder for recording the XPS spectra.

7. The Variable Retarding Voltage Generator

The retarding (positive) voltage, applied to the sample cage and
the sample wand, has to be varied over a certain range to scan a
definite portion of the photoemission gspectrum of the same width. Thix
is achieved by connec+ing a precision variable setting powexr supply in
series with a ramp generator.

The power supply is a COHU model 326 programmable DC voltage
standard, with a precision of less than 5@ mV, and whose output can be
set from O to #1355 volts in steps of 1 volt. The ramp generxator is
shown in Fig. 2.6, It is a simple Miller integrator built cut of an
Analog Device 118A precision Op Amp and an RCA 40012 field-effect tran-
sistor. The output of the ramp generator varies from 0 to 1CG0 V with
the rate of increase of voltage variable from 25 V/sec. to ,005/sec.

in 12 roughly equal steps.




SV e

Fig. 2.4  Circuit diagram of the Puise-height Discriminator and the One-shot
Multivibrator.
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8. The Sample Cage

The Sample Cage, which is also connected to the variable re~
tarding voltaqe, acts as an electrostatic shield around the sample.
In this way, electrony coming out from different parts of the sample
exparience the same retarding potential. The cage i3 built out of
03" (.76 mm) thick perforated stainless-steel, with holes cut out
in it to permit X-ray and UV beams to be incident on the sample

(Fig. 2.2).

9. Preparation of the Photocathodes

Fifteen Cs,Sb photocathodes of 25 - 100 E ten Na,KSb of

30«50 B2, tusnty Ma_xsh(cs) (S20) of 100-250 B, give Na.sh, five
Lm 2 m 3
Naasb(Cs), and five KBSb photoemitting surfaces.ware studied. They
were prepared by variations of the techniques described by A. Sommer
in his book "Photcemissive Materials". Their properties are described
in following portions of this repart.
Priar to the actual deposition of a photosurface, the preparation

chamber was subjected to a degassing bake—-out according to the

following schedule. FPFirst, the current in the three heaters were

slowly increased, over a period of about six hours, until the temperatures

of the outside wall of the chamber and the substrate reached nearly

250°C and 400°C, respectively. The channels were then outgassed by

passing currents through them successively until they fired for 1 minute.

The channel currents were the shut off. The system was then allowed to

-~ 23 -
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heating currents were turned down so that the proper temperatures

i

{ . :

bake out for 24 hours at the same temperature settings. Finally, the
necessary for processing were reached.

————
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ITTI. X=-BAY PHOTOEMISSION STUDIES OF CESIUM ANTIMUNIDE PHOTOEMITTERS
1. Introduction

1-6 photo=

X=-ray photoemission spectra (XPS) of cesium antimonide
surfaces prepared in ultrahigh vacuum on pyrex, suprasil quartz and
stainless steel substrates have been measured. The experiments
indicate that the results for these surfaces are the same for cesium
antimonide photocathodes as well as for the 320. Cesium antimonide
but nat 520 suxfaces wezxe aldgc prepared in an HP 5950A ESCA spectro=-
meter with monochromatized AfKa. Qther than improved resolution (0.8
eV va. 0.6 eV) with the HP unit no differences were observed between
the specizra obtained with the twn inatruments. The apectral vield
measurements were taken with a-calibrated tungsten light source and
filters. Corrections were made for the transmission of light through
the glass windows onh the vacuum chambers but reflection losses were
neglected. fThose features of XPS that are associated with a high
photosensitivity were studied in the follawing manner. A CS3Sb photo-
surface was prepared and then progressively destroyed by baking it at
proqressiveiy higher temperatures (>150°C). This was done because
experiments indicated that whether the photosensitivity was produced
by "processing" (these procedures have been discussed previously3) or
heating a processed surface to produce gne of lower sensitivity, the
results are essentially the same, The photosensitivity and the XPS

data were recorded after every step.

- 25 -
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2. Results and Discugsion

A very close ralationship between the intensity of the C3bs~
level XPS paak and the photasensitivity was found to exist. A
high photosenaitivity was invariably assoclated with an extremely
weak Ca58 peak. Ag the photosensitivity dropped as a result of
baking, the CsS3 peak increased in intansity. These results are
shown in Fig. 3.1 where the ratio of the area under the Cs53 peak
to that of the nearby Cs3S5p peak is plotted as a function of J.v::ql0
photosensitivity in microamps pexr lumen. This shows an almost
linaar relatiaonship over five orders of magnitude for the photo-
sensitiviny.

Satellite peaks were ohserved very clearly on the lower-kinetic=
energy side of the strongest Cajd peaks, and less prominently to the
left of the other Cs and Sh 43 peaks. These were separated from.the
main peak positions by about 7 eV. They were also observable most
clearly with a good photosensitive surface., They were identified as
being due to excitation of plasma oscillations of the valence~band
electrons produced by the passage of the photoexcited electron through
the solid. An attempt will now be made to explain these results.

The crysdtal structure of Cs,Sb was originally determined by Jack

3
. 7 . .
and Wachtel. Their structure was somewhat disordered compared to the

one that is currently accepted as being associated with the most

- 26 =




AREA UNDER Cs 5s PEAK

AREA UNDER Cs 5p PEAK

.

0 1 [ L L.
02 0% o~ 10° 10! 102
PHOTOSENSITIVITY (A7 LUMEN)

Area under Cs j58 peak uA
Area under Cs Sp peak vs. Log Photosenaitivicy (I

Figt 3'1-

)

.umen’ ’



photosensitive surfaces.6'8'9 We show the latter in Fig. 3.2. All
regearch to date has described the.most photaosensitiva Csasb as a
normal valency" intermetallic compound, being claasified as neither
wholly ionic, nor metallic, Jack and wachtel7 had some of the Cs
covalently bonded to Sh and scme as Cs+. This is the commonly acceptad
theory for this suxface. From a ¢cloge look at the results obtained
with XPS, this conjecture does noti appear to be a carrect one for the
following reasons.

The losa of intensity of C€s53 peaks is explained as being due to
Ccs being present in the substance mostly as Cs+ ions. Cs and Sb have
a fairly large electronegativity difference (1.2). Thus there is a
strong tendency for charge separation from the Cs to the Sb.

‘The photoexcitation of a 53 electron in cs® ion is accompanied
Ly a large probability of coafiguration interaction (CI) of the excited
state with a large number of possible final states which, although
having the same values of the quantum numbersa L,S(total), differ in their
individual electronic configuration. Since the alkali metal ions axe
iScelectronic with the race gases, one expects from atomic considerations
similar behavior with regard to the production of satellite structure.

Similar existence of strong satellites with accompanying loas of
intensity of the main peak have been observed in other alkali ions
in the alkali halides and in closed-shell atoms such as Xe. Xe is

. + L : ;
isoelectronic with Cs and the peak positions and intensities are found
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to match very well (Fig. 3.3). WWe do not observe the satellites in
cesium antimonide hecause of the presence of the sSb4d that obscures
them.

The fact that in a good Cs3Sb photacathode, the CsS5g peak is
quite weak indicates that almost all of the Cs is present as ca’ ions.
Cs metal itself has a fairly strong 5s peak. Thus, if any nonionized
Cs were praesent a redsonably intense C353 peak would be obgerved. It
is probable that as the photosurface 13 destroyed by baking, CS+ ions
diffuse towards the surface, giving rise to a thin surface f£ilm of
metallic Cs which i3 responsible for the gradual rise in the Cs5s peak

intensity with decreasing photosensitivity.lo

This agrees with our
observat%?ns that ag the surface is destro;ed by baking, the Cs and
Sb shift to their free metal values.

W. E. Spicer:4 found in his photoconductivity studies on Cs3Sb
photoemitters ionic conduction to ke the overwhelming conduction taking
place.

We measured the Auger parametersll for €8 in CsI thin films and
Cs in the photosensitive CsBSb gurfaceg and found 191.0 eV and 190.25
aV resgpectively, both results evidence for the Cs+ mcdel we are proposing.
We also note in passing that we have been referring to CS+ ag though

whole electronic charges are transferred. What we really mean is that

the dominant character is ionic with 0.6 to 0.8 electronic charges

being transferred as in the case of CsAu, an ionic semiconductor, where
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the calculated chaxge transfer from tha Ca to the Au was found from the
experimental data to be v{0.6+0.2) electrenic charges. ?
.Additional evidenes for the icnic character of ceaiun antimonide
is given in Fig. 3.4 where we show tha XPS data for the valence band
and the Csa5p, Ca58, and Sbdds core levels for a neod cesium antimonide
photoemitter. As can be seen from the figure the valence band (Shop)
is approximately 2 eV wide. This is to be contrasted with the valence
band for Sb metal which is zpproximately 5.5 aV in width. 'The shape
and width of the valence band can he compared with thes valence band of
Lasb which is also vriangular in shape and 2 aV wide.l® rasb is an
ionic compound with the rack salt crystal structure. There is a
reasonably clear splitting of about 0.4 eV in the XPS data corredgonding
to the two different typas of Cs—-atoms (marked I znd II im Fig. 3.2).
This is shown in ®ig. 3.5 far the Cadd doubiet. LBxperiments performed
on the KP 5950 ESCA spectrameter with munachromatized ARKa on two good
cesium antinenide surfaces with one inclined 22-1/2° with respvect to
the othexr, showed that the sama two Cs configurations existed in the
surface region as well as in the bulk. If£ there is an additional Cs
configuration on the surface, the present technique is not capable of
revealing it, either thzough lack of resolution, or it is obscured
(because ~f its low intensity by the main cesium peaks.

The inherently large width (V1.4 eV at half-maximum) of the XPS

peaks made any definite conclusion about the extent of band-bending
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Fig. 3.4 Valence Band and some Core Level Peaks of a
good Cesium Antimonide Photoemitter.
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at the surface of the photocemitter somewhat tenuous. A hand-bending

of 0.5 eV, which might produce a large change in the photcemisasion
threshold and the yield, would barely be detectabla by aur methad.

We have noted the following however. The shifts of all cesium core
levels measured (3d's 4d's, Ss and Sp) were all negative with respect

to the free metal bindi;xg enerygy value. The shift wias 1 eV for surfaces
with phot.osensitivimi.é&in tha 10Q ta 15 %ma_ range (good to fair
photoemitters) and 0.75 eV for surfaces with photosensitivities of 3

te 5 %ﬁ-(poor). As the photosensitivity decreased to very small values

-3 %%) both cesium and antimony core levels shifted to their free

(10
rm2tal binding energy valuas, indicative of a separation of casium and
antimony into separate layers with the cesium as the surface layer.
Herns one can no longer speak of a cesiun antimonide photoemittex.

The band-hending region in cesium antimonide photoemitters has
been estimated to be 0 A to 100 A in depth.'® An XPS samples deptns
of 20 11 it is vory difficult uging this technique to determine the
effects of hand~bending. However, ore might infer its effact from the
0.25 eV change in kinding 2nerqy as the photosensitivity varied from
100 to 5 %3— . But as structural changes are most likely occurring cver
this range of phot"c}sensitivity alsa, it may not be possible to determine

the effects of band-bending alone on photosensitivity without measuring

it separately such as with a kelvin probe.




It is of interest that the cesium binding enerqgy is amaller: in
the compound, relative ta the free metal, where because of the
charge tranafer of a large fraction of an electronic charge to the
antimony you would expect a larger cne. This is not an isolated
incident. For example, the Pbdf binding enexgy of Phoz is lower than

that of Pb('.)]'4 despite a more positive charge expected to reside on the

Pb4+ of Pbo2 compared toc that on the Pb2+ ion af PhQ. Another example
are the Nals binding energies in Na metal, Nal and NaF. The latter

twa are lower by about 1 and 3 aV, respecﬁivaly despite the positive

charge expected to reside on the Na atom in tha two very ionic compou.nds.l

In sclids with predominantly ionic bonding as exists in gqood cesium
antimanide photcemitters, the polarization energy will be large and
gince the binding energy will be reduced by a corresponding amount it
is quite possible that a smaller binding energy in the solid will occur
for an electran in an atom than when the atom is free. This could
explain the negative shift of the cesium core levels with respect to
the free metal values. We cannot discount the fact that in these
expez:im.ents we have chosen the Fermi level as our reference energy.

As this enerqgy at the surface of a semiconductor can vary ccnaidexrably
the negative shifts could be a reflection of these variations. A
better reference for these measurements would be the vacuum level which
would require measuring the position of the Fermi level at the surface.
These uncertainties concerning core do not affect the results cf this

work .
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Using Scofield'sle photoionization cross section data we obtain
% a 2.8 -~ 2.9. This indicates a stoichiometric excess of Sb over

cegiun from that given by Cs_Sb. This is consistent with the model

3
of this surface> in which acceptor levels due to a slight stoichio-
metric excess of Sb are responsible for the lang wavelength threshold
occurring at a value slightly belaw the 1.6 eV bandgap value. This
result is shown in Flg. 3.6. where the spectral yvield of a typical
cesium antimonide photoemitter produced in our exparimental arrangement
is compared with one from Spicer's work.4

It is interesting to note that CSBSb' although having predominantly
ionic character, has a lew bandgap of 1.6 eV, The eanergy difference
between the Cs6s and the SbSp (outermost) energy levels is about 3.7 eV.
One can explain the cbserved low bandgap l.:y noting the close proximity
of the Cs:+ ions among themselves (nhearest neighbor distance - 3.96 ;)
which splits and broadens the Cs6s levels, so that the bottom of this
{conduction) band is lowered towards the top of the valence (Sb5p) band.
To demonstrate the validity of this assertion, we show in Fig. 3.7
a band-structure calculation of the I' - I, part of the reciprocal lattice
of Csash performed by Waltex Harrisonl7 according to his Bond-Oxrbital
model. Basically, it is a tight-binding calculation taking into account
only the Cs6s and SbSp states, and interactions between nearest neighbors
and next-nearest-neighhoxs only. The energy eigenvalues are obtained
from Hartree-Fock (Hermann-skillman) calculations. Inm Harrison's model,

the interaction matrix elements vary with internuclear distance d as d'z.
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SPECTRAL RESPONSE OF CsySb PHOTOCATHODES
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However, use af the same proportionality constants that are found to
apply for mast of tha compounds as given by Harrisonls pushes the
bottom of the CsGs band helow the top of the sb5p level, leading to
zero bandgap, i.e., metallic behavior, which is not the case. The
s-3 matrix elements wexe thus scaled by a factor of 0.47 in order to
give the correct value of the bandgap. Thig is justified by the fact
that Cs compounds da not fit quantitatively very well into the general
scheme of the Bond=-Orhital model. Figure 8 is only presented to show
how the interaction between Cs atoms can decrease the bandgap by such
a large extent. The fact that this interaction has to be scaled by a
factor of 2 so that the kandgap doea not collapse to zero lends further
sypport to the above arqument,

This combination of the two characteristics usually not found
together (Jonicity and small bandgap) is perhaps what makes Csasb
(and other alkali and multialkali antimonides) a sensitive photoemitting
substance. The small bandgap makes it possible to excite electrons in
the conduction band with visgible light. The ionic character ensures a
rapid rise of the optical absorption coefficient at the threshold,
resulting in the electrons excited very near the surface (at distances
of the order of the escape depth) and also making the effect of nonuniformities

in the substance less important.
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IV. BOND IONICITY AND ELECTRONIC STRUCTURE OF ALXALI ANTIMONIDE
PHOTCCATHODES FROM XPS

4.1 XPS Spectra of Valence Band Reglon

Typical valence band region spectra for some alkali antimonide
photocathodes are shown in Figs. 4.1 to 4.5. Identified atructures
are labeled. The Sb4d3/2,5/2, 05591/2'3/2, K3p are clearly core~like
with very little broadening aparxt from spin-arbit doublet splitting
(0.5 eV} and instrumental resolution. The Na2p level just happens to
be under the Shdd peak. The valence band has been labeled ShS5p since,
it is essentially the atom—-like Sp levels of Sb, strongly localized on
the sb>~ ions.

The valence band is gquite flat and very well separated frowm the
Sb5s level and the less bonded‘alkali p levels. The Cs6s, K48 and
Na3s levels should be at a few eV above SbSp levels forming the .
conduction band. The apparently no admixture of alkali ion levels
into the valence band formed by the ShSp levaels would reéQire the
transfer of almost one electron, showing the stxong ionic character of
alkali. antimonides,

The possibility of a covalent bond through formation of (sp)3
hybridized orbitals is completely rejected.

For comparison, the XPS valence band region spectrum of a typical
ionic solid, CsI, is shown in Pig. 4.6, taien also in our spectrometer,
The similarity with alkali antimonide spectra is cleax, in particular
with respect to Cs3Sb, due to the iso=electronic structure of t” and

3- .
Sb ions.
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Probably, Na_Sb bulk and Ma_CsSb surface layer.
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As a cowmparision the spectrum of Sh, a semimetal, i3 shown in Fig.
4.7. The broadening of the valence band and interaction with the 5s
levels are clear.

For further illustration the valence and conduction band density
cf states in Csasb as determined by Spicer19 and the valence band of
Sb metal from XPS by Ichikawa20 arxe shown together in Fig. 4.8.

4.2 Analysis of Electron Binding Energies from XPS

4.2.1 Sodium in Alkali antimonides. Comparison with Alkali Halides

Table 4.1 lists experimental Nals absolute binding energies
(referenced to the vacuum level) and Auger parameters for alkali halides
and antimonide photocathodes, for Na metal, atomic Na, and Nat free ion.

Both, from our experiﬁental rasults and from data in the literature
(photoelectrxon and X-ray data) relative binding energies amona orbitals
in an atom are constant within experimental error (0.5 eV), independent
of atomic, ionic or metal state, in agraement with the peint charge
electrostatic approximation. These relative binding eneryies have
been used whenever the Nals level (or K2p3/2, Csads/z, Sb3d5/2, balow)
was not directly given in the literature.

Photocathade Nals binding energies were obtained from our
experimental measurements referenced to the valence band peak, plus 1.5
eV for valence band width, plus 3.0 eV for photoemission threshold. A
valence band width of 1.5 eV is in agreement with our XPS data and known
values for ionic saiids. The photoemission threshold given in the

literature, 2.0 &V for NaZKSb and 1.5 eV for Nazxsb(Cs), were measured

- 48 -
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for photon energies in the UV and Visible range with photoemission
escape depths at least one order of magnitude larger than in XPS,

and include band bending effects and K2C95b~surface layexr effects for
Na2KSb(Cs) (see next section).

The Madelung crystal potential for the cubic Do3 structure is

calculated in Appendix D and its value for Na in NaZKSb is shown in
Table 4.1.

Crystal electronic polarization energies ezégl-l/e)/r were
computed for a refractive index n=3.0 and polarization effective
radius r=0.5 R. The values of n are known to vary from sample to
sample, probably due to errors in thicknesa measurements, from 2.5

to 3.5. In Mott and Littleton?7

treaﬁment of polarization energy the
polarization effective radius for cations 13 about 0.6R in alkali
halides, and somevhat smaller for Wa, so the extreme value O.5R has
been used.

Extraatomic relaxation energies calculated from Auger parameter
shifts are also shown in Table 4.l. They seem to be a little larger
than values predicted by Mott and Littleton theory even for r=0.5R.

Table 4.1 lists also calculated binding energies for the sodium
halides and alkali antimonide photocathodes predicted by the point
charge electrostatic model asswming total ionicity and extraatomic

relaxation energies both, measured from Augexr parameter shifts, and

calculated from crystal electronic polarizability.




TABLE 4.1

Na 1s Binding Energies in Sodium Haiides and Alkali Antimonide Photocathodes. Comparison between

mxwmnwaosnww and czlculated values assuming total ionicity. Reference: vacuum level, units: eV .

Crystal
Material Experimental nanMw Plectronic Calculated B,
Polarizability for mwnmbo«. n%wpuw\mv\u
NW (s X m M..AN 1 vmn
A e’y
2 ] X e’'r mw . mw
Na free atom 1079.1 5692.5 v
zm+ free ion 1088.3
NaF 1075.8 ~ 573.2 -10.9 -1.9 -1.9 1075.3 1075.3
NaCl 1077.% 575.3 -8.9 -2.9 -2.5 1076.3 1076.7
Nasr 1076.5 575.7 -8.4 -3.1 -2.6 1076.6 1077.1
Nal 1076.4 §76.2 -7.8 -3.4 -2.7 1076.9 1077.¢6
zwnxmv 1074.8 578.5 -7.6 -4.5% -3.8 1076.2 1076.9
zmnwmvﬂnmv 1075.0 578.0 -7.6 -4.3 -3.8 1076.4 1076.9
zmummﬁa 1074.3 578.2 -4.4
Na metal 1074.2 579.7 ~5.1
References
+ ”
Free mnoa.mwvmn Free ion from Ha mw.wu Metal .Nb ¢ =2.4 eV e
Alkali halides .Nm.Nm'Nw Auger parameter 11 g8/R and &Hi-1/€)/r . 2

Other this work
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For the alkali halides a very good agreement is obtained between
experimental and calculated values. This not only proves the validity
of the ionic model for alkali halides, but also proves the validity
of the approximation %Aa = E; for the extraatomic relaxation energy.

For the alkali antimonide photocathodes the absolute binding
energies are approximately explajined. The difference of 1.0 - 1.5 eV
has no quantitative meaning, since the .absolute binding energies are
not exactly known and large errorxs are probably involved in theix
somewhat arbitrary estimation. There is no total jionicity and charge
transfer is less than 1.0, but it cannot he estimated from absolute
binding energies.

In order to aveid systematic errors in absolute binding energies,
charge transfer may be calculated from Nals-sbSds/2 relative binding

energies, that are directly measured from XPS spectra. 1In this case

the Sb3d5/2 binding energy for the Sb3- ion is not known experimentally,

hut it may be extrapolated from known values for atomic Sb and Sb+, sh-
free ions, see Section 4.2.4 and Table 4.4.

Thus, for Nazxsb, from our experimental. XPS data and from data in
Tables 4.1 and 4.4

Nals,Sb3ds/2AEB(free ion -~ atom) = kq = 31 eV (g=1)

L
R

Nals.Sb3ds/2AEB(Na2KSb - atom) = =0,2 eV

A(AQY/R) = AB. = -28.4q ~ 2.7  (eV)

= 31Agq =~ 28Ag = 2.7 (eV)

- 53 -
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Therefore, if about the same charge transfer is assumed for K

-
-

Aq = 0.8

This value is expected to be just an approximate estimation
since this calculation i3 very sensitive to small errors in the
binding energies, Aq is obtained from the difference of two large

quantities “10 and the SI:>3"3<15/2 binding energy is not exactly

known. But its value is expected to be 512 eV (Table 4.4) or more
i since the ionic radius increase significantly from sb° to Sb> . Thus
the charge transfer should be at least 0.8.
This charge transfer may be compared with expected ionicity.
.

The Pauling definition of ionicity, based on elemental electreonegativities

(calculated from empirical heata of formation), yields

N 1 2
fp = 1 - g exp (g (Xg =X, )7) = 0.8

from xs 21,9, xNa=0.9, N=l, M=4, for Na with valence 1 and four Sb

b
nearest neighbor ions. This relatively large ionicity would imply a
large charge transfer in good agreement with our estimation.

If a 0.8 charge transfer is assumed, the calculated absolute

binding enexgy is

Nals EB = 1075.9 ev faor Nazxsb

: -54 -




4.2.2 Potasium in Alkali Antimonides. Comparison with Alkali Halides

Table 4.2 summarizes an analysis of K2p3/2 binding energy data
analogous to the one done for Nals in previous section. In this case
only the Auger parameter for KR is well known. The Auger parameter
for KC1 has been calculated from photoelectron and Auger data from
different workers, thus it is subje;t s larger errors. In order to
estimate the unknown value of the Auger parameter for atomic K, it
has been calculated to fit experimental data for KF and KCl. Vaiues
in Table 4.2 calculated using this estimation are shown in parenthesis.

Photocathoade K2p3/2 binding energies were obtained from our
measurements referenced to the valence band peak, plus 1.5 &V for
valence band width, plus 3.0 eV for photoemission threshold, as was
discussed in the case of Na, above.

Crystal field erergies were calculated from known values of
lattice and Madelung constants for K halideg, and in Appendix D
for the photocathodes. For Na2KSb(Cs) the Madelung potential was
calculated for KZCSSb.

As in the case of Na, the agreement between experimental and
calculated binding energies for the alkali halides is very good.

For the alkali antimonides, the difference betw-.en calculated
and experimental values seems mostly due to

a) the calculated extraatomic relaxation ¢nergies %Aa are
too small compared with values for Na+, in spite of Na+ and K+ radii
are comparable with respect to Sb3- radius, moreover, relaxation energies

+ . . : .
for Cs are even larger, see section 4.2.3 below. This might be due

« 55 w
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to erorr in the estimation of atomic K Augexr parameter. And
b) the theorcetical Madelung crystal potential at the K sita in
the m?mb structure is very small, about 2 oV smaller than at the

Na site, such a difference would be noticeable in XPS of Cs.Sb, but

3
this is not the case. Thia will be 4dlscussed further below.
Thua, assuning ER s 4,5 eV, and for Na21C.Sb(Cs) an intermediate
value 4qd/R » 6.5Aq eV, the calculated binding energies for Aq = 0.8
are
E:Zp3 /ZF‘B a 297.2 eV calculated for Na2KSb

= 296.9 eV calculated for KZCsSb in Nazlcsb(Cs)

in relatively good agreement with ¢xperimental values in Table 4.2.

txperimental relative binding energies are

5b3d5/2,1<293/2ABB = 233.1 eV eaxp. for Nazxsb
= 233.4 eV exp. for Na2KSb(Cs)

s 232.%9 eV  exp. for K3Sb

Using the same assunptions as before, the calculatad values are

sbhid E = 234.1 aV calculated for NaZKSb

5,2/ K2R3 /58
= 232.4 oV <calculated for Na,)Ksb(Cs)

The difference from experimental values, about 1 eV, is comparable

with errors involved.




4.2.3 Cesium in Alkali Antimonides. Comparison with Alkali Halides

Table 4.3 summarizes an analysis of Cs3<5.5/2 binding energy data
analagous to the ones done in previous sections. In this case no
Ruger parameter data is available in the literature. The only available
data are from measurements in our laboratory on CsI and Cs vapor
deposited on stainless steel. The Auger parameter of atomic Cs has
been calculated to fit experimental data for CsI and Cs mctal.. Values
in Table 4.3 calculated using this estimation 4. shown in parenthesis.

Photocathode CsBds/2 binding energies were obtained from our
measurements referenced to the valence band peak, plus 1.5 eV for ]
valence band width, plus 3.0 eV for photoemission threshsld, as was
discussed in the case of Na, above,

Crystal polarization energies e2~%(l-1/e)/r were calculated for
n=3.0 and r=0.8R, following Mott and Littleton theory. ]

For the alkali antimonides, the Madelung crystal potential

calculated for the two possible sites in the cubic DO, structure,

3
Appendix D, means an energy differxence of about 2 eV that is not shown
in the XPS spectra of Cs3Sb, where even a difference of 1 eV would be

noticeable in the peak width. So, either the charge transfer or the

ion position or both are self adjusted to produce the same bhinding
energy. Therefore, an intermediate value for the Madelung potential :

has heen calculated in Table 4.3. TIn the case of Na,KSb(Cs) the crystal

2

field was calculated for K. CsShb, the relatively good agreement shown

2
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with experimental values supports the theary of Cs in K2Cssb phase for
¢s in NaZKSb(Cs) photocathodes (next section).

Foxr the Cs halides nearly total ionicity explaing the observed
shifts within experimental error, as in the studies of Na and K
halides before.

For the alkali antimonide photocathodes the agrecment between

calculated and experimental values is relatively good. For a charge

transfer of Aqm0.8, the calculated values are

Cs3d5/2 EB a 729.3 eV calc. for Na2KSb(Cs)
= 728.9 eV calc. for Cs3sb
and the agreement is again very gocod.
From our exparimental measurements, the Cs, Sb relative electron

binding energies are

Cs3d5/2,5b3d5/2AEB = 199.1 eV exp. for NaZKSD(Cs)
= 199.6 Naqsb(Cs)
= 198.6 CS3Sb

The caleulated values, for Ag=0.8, are (see Table 4.4).

5/2 EB = 193.9 eV cale. for N&zKSb(CS)

= 200.7 Cs3Sb

1 Sh
Cs_d5/2,9b3d

- 60 =



The larger disagreement for CS3Sb could be explained by more ionizity

and charge transfer in this case.

4.2.4 Antimony in Alkali Antimonides. Photoemission Threshold Dependenc

on Lattice Constant and Xonicity

From available S5p bhinding energy data for free Sb+, sbo, and sb ,

a value for Sba— free ion may be extrapolated

sn*ads/z E, = +7.9 eV (experimental)

sb =0

Sb_ n -7.6 (experimental)

sb2” = -7.6-7.3 (extrapolated)

s = =7.6=7.3-7.0 (extrapolated)

Thus wa expect Sb3-3d to be at least 512. eV, (see Table 4.4)

s/2%p
since the valence shell radius increases significantly from sb° to

- Q -
3 . 'The atomic radius for sb is 1.6 A, the Sb3 ionic radius is

sh
2.5 Au
From the Sb metal shift and Auger parameter, see Table 4.4 the

Auger parameter for the atomic state could be estimated to he 502 eV,
but Sb in KstG has an Auger parameter of 5Q0.7 eV. If intraatomic
relaxation energy differences among different ions are neglected, the
atomic Sb Auger parameter should be at most 500.5 eV. This estimation
is in good agreement with calculated polarization energies for alkali

antimonides, Table 4.4. These energies were calculated for n=3.0

and r=0.9R.

- 6] -
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Experiméntal absolute binding enérgies for the photocathodes
were abtained as always from our measurements referenced to the valence
band peak, plus 1.5 eV for valence band width, plus 3.0 eV for photo~
emission threshold. Table 4.4 just shows that the pheotocathode -
valence band is the SbSp levels at 525.3 eV from Sb3d5/2‘
Crystal field for sb in K2CSSb was calculated in the case of
Na2KSb(Cs) photacathade.
Calculated values are very good on the average. They show a
trend, large values correlated with small lattice constant through a
larger crystal potential. This implies a parallel behavior of the
valence band and photoemissien threshold. Using Sb3ds/2,5p AEB = 525.3 eV

and a valence band width of 1.5 eV, the calculated values for the photo«

emission threshold are

"B, = 4.4 eV for Na.Ksb

T 2
= 2.6 K2Cssb
= 1.4 Cs3Sb

This shows that large lattice constants contribpute .to produce small
photoemission thresholds, but the differences are too large compared
with experimental values. This contribution may be partially compensated
by more charge transfer (electropositivity increases with radius in

the alkali metals) since Madelung potential is proportional to charce
transfer, but chemical shift kAq = Aq/rv is not exactly so, because

r, increases with 4q. Both contribution are clearly shown in Table 4.5.

[ . ——



TABLE 4.5

Experimental evidence of Photoemission Threshold correlation with
Lattice Constant and Valence Charge Transfer in Alkali Antimonides.
Photoemission Threshold ET in eV and Nearest Neighbor Distance R in A

LATTICE CONSTANT , (IONICITY)

~—-—————>
Naasb Na2KSb NaszSb Ra2C8Sb

3.5 2.0 1.8 . 1.8

3.10 3.34 — —~——
KzNaSb K3Sb KszSb K2CSSb E:
o
——m 2.8 (H) 2.5 () 2.0 2.0 3
z
3.24 3.57 3.68 —— 3.72 e
- T - ~ . ~
2.2 1.7 N
2
3.81 - 8
]
(3]
Cs,Sb 3

3
g
2.0 Ao

3.96

H, hexagonal phase ; C, cubic phase. For references see Table 1.1
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Thus the ionic model for the alkali antimonides not only can
explain a photoemission threshold cf about 2-3 aV, but also its
dependence on'lattice congtant and ionicity, by reasonable values of
the charge transfer and valence shell radius of Sbo ion.

4.3 Valence Band localization from XPS Relaxation Enexgies
4.3.1 Valence Band Electronic Polarizability

Both, calculated values from Mott and Littleton theory and
experimental values from Auger parxameter shifts, show that in ionic
solids the crystal electronic polarizability is much larger at the
cation sites than at the anion sites. This difference is even larger
in the experimental values. The dependence of slectronic polarization
potential on lattice site is due to the valence alectron localizaticn
on the anions, since electronic polarization is mostly due to relaxation
of the loosely bound valence electrons. Thus experimental determination
of extraatomic relaxation energies firom Auger parameter data becomes
a probe for valenca band localization and ionicity.

In the classical treatment of electronic polarizability by Mott
and Littleton induced peint dipoles are asswmed at the cation and anion
lattice sites, using electronic polarizabilities of ions. These ion
electronic polarizabilities Mi are obtained from correlation of optical
data of different ionic compounds by means of the Drude relation, that

for optical frequencies reduces to

n2 =g =1 + 41 L N.M,
il




where N, are atomic densities. Relevant ion electronic polarizabilities
are shown in Table 4.6. This table shows the large difference betwean
anions and cations, suggesting the strong contribution of the va;enca
electrons. This contribution is probably underestimated by the highly
indirect measurement wmathod compared with photoemission relaxation
energies that probe directly the cation and anion sites.

In the photoemission process electyonic relaxation towards the
core hole occurs through core hole - valence electron interaction as

has been atudied for the case of metals by Lundqvist.34

The coupling
of core holes to the density fluc¢tuationa of valence band electrons
(plasmons) is in the long wavelength limit completely equivalent to

the coupling with a free electron gas, because the plasmon frequency
hmp is higher than the valence zlectron hinding energy. This relaxation
process may be seen as a "crystal shake~up®. At the high excitation
energies of XPS photoemission occurs in the sudden approximation, the
crystal is left in an excited state formed by a core hole in an ion plus
several plasmons in the valence band that would decay producing the
relaxation of valence electrons towards the hole. The result in the
spectrum is a narrow strong peak, the one-electron peak, at an ehergy
corresponding to the complete relaxation around theliole, plus a broad
intrinsic plasmon resonance structure at higher binding energies. The
relative weight of this shake-up structure is such that the average
energy of the total spectrum (including the one-electron peak) coincides
with the Hartree-Fock orbital energy. This same rule shows the relation
between the relaxation energy and the satellite structure, when one is

large the other must be correspondingly large.

POV har
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TABLE 4.6

Electronic Polarizabilities of Ions in °-3.
P Ne Nat mg>¥ a’t si4*
1.0 0.4 0.18 0.09 0.05 0.C17
0.7 -— 0,14 = - ~——
L Ar K cat
3.7 1.6 0.8 0.5
3.0 - 1.3 1.1

Sb3- Tez- 1 Xeo ) Cs+ Ba2+

32. 14. 7.1 4.0 2.4 1.55

——— 9, 6.4 ——— 3.3 2.5
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' 4.3.2 Comparison of Alkali Halides and Antimonides

Localization of valence band electrons con the anions in strongly
ionic crystals is reflected in very different extraatomic relaxation
energies for anions and cations. Because the valence shell radius,
approximated by the anion radius, is large, the cation polarization

radius, defined by the equivalent polarization in a continucus madium

Ep * e2 %(1-1/6)/r '
should be smaller than the nearest neighbor distance R. However, for
an anion the nearest anions are at the aext nearast neighboer dlstance,
taking in account the anion radius, this should give a polarization
radius about R. . '

For Na in the alkali hali@ea experimental data are available. In
Table 4.7 experimental polarization effective radii, calculated from
Auger parametdr shifts, are compared with calculated values from Mott
and Littleton theory. The difference can be explained by the reduction
of the valence shell to a point dipole in Mott and Littleton theory.

For the alkali antimonides, using the average value ni=3.0, the

. : - . + . .
polarization effectiwve radius for Na+ and Cs is 0.4 R in good agreement

with experimental values for the alkali halides.




TABLE 4.7

Polarization Effective Radius for Na* in the Alkali Halides frum Mott

and Littleton theory and from Auger Parameter shifts. The optical

Dielectric Constant

and the Nearest Naighbor Distance are also shown

Polarization Effactive Radius from

Material e R M&L Theory Auger Parameter
(A) r/R r/R

NaF 1.74 2.31 0.70 0.70

NaCl 2.25 2.8) 0.57 0.49

NaBr 2.62 2.97 0.62 . 0.52

NaX 2.9 3.23 Q.54 0.43

35

€ and R from

others, see Table 4.1
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In the alkali antimonides the ratic of the anion to catien
polarization radii is about 1.8=2.5, whila for the alkall iodides
these ratio, from Moti: and Littleton t:heory, varies from 1.1l for
Csl to 1.83 for NaIl. The agreement is good if we consider that in
Mottt and Littlaton theoxy the cation polarization radii are about
17% larger than experimental ones.

From values in Table 4.4, the polarization effective radius

of sba' in alkali antimonides can roughly ba estimated in about R.




4.4 Band Bending and other Surface Effects

It i3 known that XPS core level peaks of alkali halides
Are structureless and very narrow, with an intrinsic width smaller
than 1 ev.30 Any important structurs with an energy separation
of 0.5 &V could be detected. Qur experimental XPS data for alkali
antimonides also show such lack of hroadening and structure as far as
our instrumental reso}ution allows.

That should be explainsd since there are many offects that
could modify binding energies at the surfaca.

a) Madelung crystal potential at the surface can be as small
as 80% of the bulk,36 this may ba 1 ~ 2 oV less.

b) Also alsactronic realaxation energies should be smaller
at the gurface; for materials with very large relaxation energies as
CsX and alkali antimonides, this should give a noticeable contribution.

¢) For cubic alkali antimonides aven the bulk Madelung
potential can bhe different in 2 oV for the alkali A and A' in A2A'Sb,
see Appendix 1.

d) An axtreme case i3 that of K in NaZKSb(Cs) photoacathodes.
In these photocathodes several phases ars present, at least Nazxsb.
K2Na5b and K2C38b, jee chapter 6. But binding energlas ara the same
in all cases.

a) It i3 well known that strong band bending may occur at

the surfaca of alkali antimonides.3’37

But the depth of this
phenomenon ¢an be ag large as 200 R, and contribution to XPS with

egcape depths of the order of 20 X, might be smaller than 0.5 av, and

not detectable.
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£) Since jon coordinaticn is different at the surface,
i charge transfer can.also be different.
g) Our XPS data seem to show an excess of alkali at the
su° ‘ce, see chapter 6. Also AES studies 38 suygest that an alkalj
excess might be in equilibrium at the surface of alkali antimonides

that are alkali deficient at thé>bulk‘ This is related with e) above.

A satisfactory explanation cannot be given to this problem.
But it is reasonable to think that all these effects will adjust
themselves to produce the same binding energies with respect the Fermi
level, or‘at most varying slowly alk the surface as i3 beliebed for
the band hendipg effect. Otherwise there will appear gradients in the
electrochemical potential, creating a driving force for electron or

ion diffusion.

The very low Madelung potential at the A' cation site in
cubic AZA'Sb, ig due to the eight nearegst neighbors, all A cations.
That such a2 difference Lb: tween the A,d' sites i1s not present in actnal
alkali antimonides may be explained by:

3) Alkali wacancies and Sb interstitials might partially
compeusc.e this difference in Madelunyg potentizl. Such deffects are
beiieved to explain surface band hending

1i, latiuons mav be displaced firom theoretical sites in tha
cubic DO3 structure in order to compensate the diffevence of Madelung
potential. In section 5.7%. balow, it will be shown that such phernowmenon
is the driving force to form the hexagonal phnase of some alkali antimonides.

In cubic alkali antimonides the distortion of the perfect 303




gtructure may be so small and random that most of the Do3 symmetry
and lattice parameters are maintained.

Experimental support for this is given by some unexplained

features in the X-ray diffraction and eleqtron diffraction studies of cubic

alkali a.nt.inﬁm'.des ,39’40 To explain thegse features, these workers

found necesary Debye temperature factors as large as 6.5 32 for Sb

and 14.5 32 for Cs. They found also superlattice reflections that

they could not explain by the DO, structure or any other unit cell.

3
Dowman at al. ,40 suggested that Na and K atoms are displaced from
their theoretical positions in Nazle breaking the thveefold symmetry
of the four (11l) axis. This is just what happen in goiug from cubic

oo to hexagonal Na

3 3Sb structurss, see section 5.3 .

4.5 Electronic Structure of Alkali Antimonides

From considerations in section 4.4, above, it appears that,
due to the lonic character and cryst "1 structure of alkali antimonides,
cutdon ALffugi-n ¢ vary lsrge, producing an equilibrium situation
where the buik i~ 2lkzli deficient and the suxface has an excess of
alkali. Mis is extrems in cubic AzA'Sh where the A' cation
Ls cowo. table in radiuvg wich ¢he A cation, see section 5.3, as in
,‘.ia.z&‘Sb and ("'E‘,}Sh' producing a p-iyws buik and n-type surface, and strong
band bending. Tlius explaing the low photveniszion threshold of these
photocathodes . This aise ex; irs Jsny the ~whic KZCSSI:: iz pot so strongly

a1 _— .
o-ype, in is pear .y wntiinsic.




In sections 4.2 , above, it has been shown that the ionic
model for alkali antimonides explains XPS relative binding energies
to within errors involved. But it was found a systematic difference of
about 1 eV between the top of the valence band, calculated from the ionic
model, and experimental values for the photoemissionl threshold. This
can be explained by surface band bending, since the escape depth for
pﬂotoenission threshold measurements is one order of magnitude larger
than the XPS probe depth.

In Fig 4.9, experimental binding energies for free ions
together with our XPS measurements of relaxation and relative binding
energies, and calculation o0f Madelung energies, are combined with

data from UPS to explain the electronic structure of Cs_Sb. Total

3
ionicity has been assumed in Fig 4.9, but any difference from this

extreme value of the charge transfer,will nearly compensate. its effect
through a proportional change in Madelung potentijal. ASO'].id state effects
broadening valence and conduction bands to about 1 eV, have bzen
included for the solid.

For the free ion Sb3-5p level two values are shown. One
calculated from experimental data for fzee Cs+ and 033815 solid, and
the other ar apolatied from data for free Sb-, Sbo, and Sb+. The large

3

Sb~ radius can explain that this extrapolated value should be larger,

see section 4.2.4 .

In Fig 4.10 the electronic structure of Csl is explained in
a similar way. It can be seen that again the pheotoemission threshold

calculated from @S data, ~8 eV, is about 1 eV larger thon experimental
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values from UPS. This might indicate surface band bending effects

also in alkali halides.

In this chapter and in the next one, alkali halides and
antimonides are shown with many similar properties due to their common
ionic crystal binding. However, as photocathodes , they are very
different. Comparing Pig 4.9 and 4.10, it is clearly seen that the
difference in pls:issmission threshold is due to the Sb>~ ion. Alkali
antimonides have very small photoemission threshold due to the
small electron binding energies of the Sba- ion , and to the lai:qe

electronic relaxation energies, both dus to tha valence electrons

of the Sbag ion.




V. OTHER EXPERIMENTAL EVIDENCE OF IONICITY IN THE ALKALI

ANTIMONIDES

S.1 Ehotoalectric Emission

The similarities hetween the energy distribution of
photvelectric ocmission for excitation in the visible and UV range,
in alkali halides and alkall antimonides, as well as the differences
between them and covalent solids, are well known since the works of
42 43

4 iy .
Spicer, Taft and Philipp, Philipp et al,,

Krolikowski , '  DiStefano ,”> - DiStefano and Spicer,*®
See reviews by Spicer in .47’48 |
For alkali halides and antimonides no structure is found
due to direct transitions between singular points (Van Hove) in
the valence and ¢onduction bands as it is typical »f covalent crystals.
Rather the structure in the EDC's is due to the electronic structure
cf the valence band. This valence band strcture was found to corvelate-
very well with the free halide or antimony ion spin-orbit splitting,
see FPig 4.8 , showing the atomic, localized character of the valence
band. Spicer4 pointed out localization of the hole created in the
photoemission process as an explanation fcr these characteristics
of the EDC's,
In the alkali halides and antimonides the electric dipole
transition between the atom~like valence band, formed by the last p

orbitals of the halide or antimony, and the conduction band formed

by the last s levels of the alkali, is allowed and strong.
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In co;fai.ent s0lids the vaience and conduction bands are the bhonding
and antibonding (sp) hybridized orbitals, the alectric dipole
transition is weak except in some singular points in the Brillouin
zone (Van Hove singularities) due t:o. Bragg reflection or crystal
symmetrv, where the mixing is strong and the energy bands are flat.
Occurrenca only of non direct twransitions is further

discussed in next section.

5.2 Hole Mobility

As it could be expected, in the alkali halides and
antimonides and other strongly ionic solids with narrow valence bands
strongly localized on the anions, the hole mobility is very small,
less than 10 cmz/v-s ,47 compared with covalent solids where
the hole mobility is always larger than 100 ::nz/v-s: for example,
for InSb it is 750 cmz/v-s (60,.pE~100) .

Spicexr 47 pointed out the correlation between very
small hole mobility, less than 10 ecm’/V-s , and the occurrence only
of non direct transitions in the photoemission process, i.e., no k
momentum  conservatiou.

Hole localization or small hole mobility and occurrenca
only of non direct transitions are consequences of a crystal valence
band formed by the non interacting atom-like valence bands of the

anions. The strong localization on the anion produces an indetermination

in the momentum k . through the Heisenberg principle

Ak. Az >1




For a localization of the valenca band of about 4%®e , as in the
alkali antimonides, using the anion radius, the indetexrmination in
k baecowes Ak>4/Gs,0f the order of the Brillouin zone.

In covalent solids a crystal valence band is formed by
mixing of the last 3 and p orbitals of both component atoms
through a strong nearest neighbor interactior, producing a wide
energy-baﬁd whers alectrons have a free-like dispersion relation,
modulated by the crystal symmetry, with a definite k momentum

due to very strong delocalization.

5.3 %tal structure

Crystal structures of alkali antimonides, Fig 1.L and 1.2 .,
have high coordination numbers and large nearest neighbor distances
typical of jonic solids. Nearest neighbor distance varies from
R=3.96 & for Cs;Sb to R=3.10 A for Na,
a little smaller than calculated from ionic radii 0.95 , 1.69 , 2.45 }

Sb , that are just

for Na, Cs, Sb, respectively.

Actually the high coordination numbers required in the
ionic structure of AZA'Sb , where A and A' are two different or
equal alkalis, are not achieved through an unique nearest neighbor
distance, probably incompatible with crystal translation symmetry, but
through two ox three similar nearest neighbor distances, see Fig 1.1

and 1.2 .

In the cubic 003 structure the Sb3- anion has eight A
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cation nearest neighbors at a distance AW3/4 -in CsCl-structure
coordination, and six A' cation nearest neighbors at a distance Ge/2
in NaClestructure coordination, see Fig 5.1 . In Table 5.1 these
distances are comparad with the sum of ionic radii of correspounding
cétion and Sba- anion, for cubic alkali antimonides with known
lattice constant, see alao Table 5.2 . The ohserved agreament is

very good, nearest neighbor distances represent only a variation

lesg than =43, +10% in the sum of ionic radii.

The cubic structure is the most stable, allowing at the
same time typical ionic NaCl and CsCl structures for nearesat neighbors
with high coordination numbexrs, high crystal symmetry, and ion close
packing. But in this structure the A'-Sb distance ( G/2) is

I

datarmined by the A-Sb diatance (&w3/4) . The A-3b distances is

',-h

determined by the COt{lomb attraction between oposite ions and the
repulsive energy from electron wave function overlapp. ag, i.e., by
the sum of corresponding ionic raﬁii. Thus when the A' cation is
very small like in KZNaSb , The A'-Sb distance becomes very large
compared with the sum of corresponding ionie radii, and oposite
ions A'+, Sba-, are not close-packed. In this case the strcture
may become more stable by an small distortion to the hexagonal
structure. In this distortion three of the six nearest neighbor

A' cations come closer to the $b anion and the other three move
closer to the next nearest neighbor Sb anions, the six A' cations
moving into the same (11l) plane. The eight nearest neighbox

A cations are maintained essentially in a similar coordination,

see Fif 5.2 . During this distortion only one out of the four cubic
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Fig 5.1

L jn ot v I v - R e T

COORDINATION FOR Sb NEAREST NEIGHBORS
!N CUBIC DO4-STRUCTURE

NaCl-structure plus CsCl-structure of nearest neighbors of

Sbsu ion. The (001) :'.txis is vertical.
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rig 5.2

COORDINATION FOR Sb NEAREST NEIGHBORS

IN HEXAGONAL _thaSb -STRUCTURE

Structure of nearest neighbors of sb°~ ion. For comparing
with the cubic structure in Fig 5.1 , K-+Na, Na=--K, and
the vertical axis, (000.l1l), correspends to the (l1ll) axis
in Fig 5.1 .
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TABLE 5.1

Comparison of Nearest Neighbor Distances and fonic Radii for some
Alkali Antimonides with cubic Do3 structure. Ionic radii 0.95,
1.33, 1.69, 2.45 A are assused for Nai'. K+,C3+, Sb3' ions. Units: f\

:xl\kt:ﬁnido Nearest: Neighbox Distance Sum of Oposite Ion Radii
A,A"Sb A-Sb A'-8h A=Sb A'=Sb
(e) (6)
NaZKSb 3.35 3.87 3.40 3.78
I(ZCSSb 3.73 4.3] 3.78 4.14
C8‘3Sb 3.96- 4.57 4.14 .14

Tonic radii from 35.

Lattice congtanc from Table i.L
Coordination number in parenthesais

- 34 -
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three~fold symmetry axis, is maintained, therefore ending up with
only hexagonal symmetry.

The hexagonal lattice thus formed, maintains the high
ceooxdination numbers, the highest possible crystal symmetry while
increasing the average oposite ion close packing. In the hexagonal
Na3sb structure for AZA'Sb with cZ2a, pig 5.2, Sba- anion has
aight A cation- nearest neighbors, two at a distance €/3 and six
at a similar distance (¢/3){3(a/c) &}l'. The three nearest
neighbor A' cations are at a distance A¥3/3 . In Table 5.2 ,
hexagonal and cubic structure for the alkali antimonides having an
hexagonal phase, are studied. Comparison of their nearest neighbor
distances with the sum of correspounding oposite ion radii yields the
key to explain their relative stability. Considering only Coulomb
im:aracti;n, i.e., Madelung energy, between Sb nearsst neighbors, it
is possible to explain why xzmb and tlaBSb ‘only exist in the
hexagonal phase, why in K3

the exagonal one, and why in Rb_Sb both phases are about equally

3
stable.

Therefore, the ionic model for alkali antimonides, with
ionic radii from values reported in the literature, explains their
crystal structuraes, symmetry, coordination, and lattice parameters.
It can also explain the relative stability of the cubic¢ and

hexagonal phases.
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5.4 Heats of Formatioa

Standard heats of formation of about 2.0 aV/molec have

49

baen reported in the literature for the alkali antimonides. These

values may be explained by the icnic model for these compounds. For

example, a charge tranafer of about 0.9 will explain that value in Csssb.

Let us calculate the energy to separate three Cs+ jons
and one Sb>~ ion from the Cs,Sb crystal. Using values in Tables 4.3
and 4.4 , to separate a Cs+ ion will take about 0.9x5.5 eV against the

crystal field, minus about 4.0 eV of electronic relaxation enerqgy, minus

335

some energy from ionic relaxation. To separate a sb "~ ion will

take 0.9x3x17.5 eV against the crystal field, minus 32x2.0 aV of
electronic relaxation energy (proportional to the square of the charge).
minus some energy from ionic relaxation. The total snergy required is
then estimated in about 32. eV minus some ionic relaxation energy.
This part of the relaxation energy remains undetermined since the
static dielectric constant es is not known. But a limit can be estimated.
The ratio of the electroric rvalaxation energy to the total relaxation
energy 1is (1-1/e)/(1-1/es) . Sinca @ ig of the order of 10. even if
es=20. , the ionic relaxation energy would add at most 5% of the
electronic relaxation, this means about 1. eV. Therefore, the heat

3-

of formation of 3Cs++Sb free ions from the CSasb solid is about

31. - 32. eV.

+* .
The energy to produce a Cs free ion from Cs metal is

0.83 eV to separate an atom 35

enerqgy .35 The energy to form a sb3' free ion from the metal

plus 3.9 eV of ionization
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ig 2.7 aV to separate an atom, minus 1,0 eV of electron ¢ finity
to form Sb  (68,p291), plus about 14 eV or less to form sboT,
estimated in section 4.2.4 . Therefore, the heat of formation of
3Cs++sb3- free ions from the elements in their standard state is
at most 30. eV .,

The difference betwean the heat of formation of 3Cs+, Sb3_
from the golid and from the elements in their standard state is the

standard heat of formation of the Cs.Sb solid, thus about 2 aV/molec .

3

5.5 Refractive Index

In previous chapter the relation between the refractive
index, i.a., the dielectric constant at optical frequencies, and the
relaxation energies in the photoemission process has _been discussed.
Both are very large, due to the high atomic polarizability of the
Sb~ ion, ses Table 4.6. This high value is mastly due to the lcosely
bound $bSp° valence elactrons. The ionic radius of Sb>-, 2.45 A,
is the larger ionic radius reported‘as Binding energies for
valence electrons of Sb3- in alkali antimonides have been eztimated
in section 4.2.4 in about 2. - 4. eV,

Let us make an estimation of the refractive index for Cs3Sb
from its known electronic structure. Drude relation becomes in

quantun theory

2 £..
g = 14472 EN_J:.J.:___.
m lw 2 e

ij
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where Ni ia the density of electrbns in state i, fi j is the oscillator
strength or matrix eleament of the elactric dipole transition h:etwaen
states 1 and j, and ﬁ“’kj is the energy difference.

In a firat approximation we may consider only valence
alectrons and virtual trangitions only across the sbSp-f:aGa alectric dipole
allowed band gap. Other transitions are neglected either because not
electric dipole allowed or because large energy gaps. In the sume

rule ):fijal , we shall also neglect other contributios and take £

el

For these approximations
2

A,
Evcz'ﬁ"’2

e = L+

that is a relation frequently v.x:aed,s0

where ﬁ%zmw? Nez/m
is the square of the plasmon energy for the valence electron density,
and avc is the average SbSp=C36s energy gap. The band gap EG~1.6 eV

reported in the literature is the minimun energy gap between the SbSp,

Cs6s bands, broadened by solid state effects. From our XPS measurements

in Cs 3Sb

CsSp3/2,Sb59AEB~ 10.5 eV
. 31
since, for Cs free atom
CsSpa/z,GsAE}; 14.2 eV
therefore, it might be estimated for CssSb

Sb5p,C3639 AEB= 3.7 eV

sGupta has shown, using Barrison bond orbital model calculations,

that solid state effects may broaden and lower the Cs6s levels .51
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Measurements by Spicexr, see Fig 4.8 , show an average energy gap
SbSp,CsGsAEB= 2.8 eV exp. in Cs,5h

Thevefore for optical frequecies before the dielectric constant is

dominated by band gap absorption, ﬁw2<¢Ev 2,

ﬂa.l,z
Evcz

that is in very good agreement with reported values .3’39 Por ﬁmp

Q= l+e - 6,6 , n= 2.6

the valencs electron density was calculated for 4be596 electrons

in the unit cell with lattice parametar Q4= 9.14 & .

-~ 90 -




VI. ANALYSIS OF XPS RELATIVE INTENSITIES. COMPOSITION AND

STRUCTURE OF NazKSb(CS) PHOTOCATHODES

XP3S i3 being duveloped as a quatitative surface analysis
technique. In a simple model a relation batwean total intensity of a

IPS peak and atomic density can be derived. Contributions from

vy

intrinsic shake-up extructures and extrinsic plasmon enargy loises,

difficult to predict, impose a limit to the obtainable accuracy.

P S

Other sources of arror are unknown spectrammter factors and unknown | . l
gsamnle inhomogeneities. In qeneral. undar certain precautions an
accuracy of 10% seems to be obtainable.

We have studied experimeantal data in the litserature from
saveral workers, obtained with sssentially the same Varian IEE
spactrometar working in the sams conditions as in our experiments.
These data have heen compared with calculatad values from theoretical
cross sections and with our axpsrimental data on pure matals and CsI,
for internal coherence. In this way, relative sengitivity factors for
Na, K, C3, Sb, have been determined. Except for k, XPS peaks with

agscaps depths from 10 R to 25 A allow detection of relative compesition

variations with depth from the surfacs.
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Experimental daf;a obtained and discussion are summarized
as follows:

a) It has been possible to detect,in good photocathodes,
an =mall gradient in Sb atomic density, in the ssnse that peaks coming
from the last 15 A at the surface appear about 10v weaker than
axpected for an homogeneous sample. This is in agrsement with current
theories that show good photocathodes with strong band bending
favorable to photoemission, due to a p-type bulk because of alkali
defact and a n=-type surface duz 20 alkali excess.

b) NAZKSb photocathodes with thisg stoichicmetric composition
at che surface, show low sensitivities. Good Nazl(sb photocathodses show
an smallor Na content at the surface, in agreement with scanning
elactron diffraction ,‘“‘d X-ray diffraction studies reported recantly

in the terature, that show the phases Na,Ksb and KzﬂaSb present in

2

thess photncathodes. Ouxr study ahow these photocathodes as a mzxsb
bulk and a RZNQShsurtac. layer of the order of 40 3

c) In Na,KSb(C3) or $-20 photocathodes ¢s is definitively

2
in the bulk, down to a depth larger than 15 A, i.s., 10 atomic layers.
Study of relative intensities of XPS peaks with ascape depths from

10 A to 30 A, in good photocathodes of 100 - 250 pA/lm, show that Cs

is in a surface layer of average depth varying from sample to sample
between 20 A and S0 A, in most satmples of the order of 30 A. This is in
agreement with the X-ray and electron diffraction studies mentioned

above, that show the phase K_C3Sb present in $+~20 vhotocathodes.

2
d) The Cs contaent in the surface of S-20 photocathodes is

quite high, assuming Cs in a surface layer of 20 - 50 A, the Cs/Sb

R — ha v ae
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Pig 6.1 Proposed band diagram for Nazmb. The K2Na5b surfaca layer
probably allows the surface to he more strongly n-type.
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Fig 6.2 Proposed bhand diagram for NaZKSD(Cs) or 5=20 photocathode.

Depending on temperature during suzface activation by C3
aad. Sb deposition, a surface layer of K2C85b ar K2CsSb and
Na2CSSb. is formed. K2CsSb has the optimum properties for

a surface layer. It is aeasily alkall doped, producing n-type
material, due to low ion diffusion rats. It has an small
photoemission threshold (not including band bending) due to
its large lattice constant. And it has a larqe band gap, and
thus, small probability of electron=-hole pair creation and

large alectron mean fres paths.
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atomic density ratio in this layer is abouw 1. .
a) In 5«20 photocathodes the Na/K atomic density ratio 1is

smallar than 2:1, hut much larger than expected frowt a Na KSb balk

2

nadar a K,CaSh surface layer st least 15 A thick. Studying the Na

2
content of S=-20 photocathodes and its variation with depth, cur

experimental data can only be explained by the prasenca of a Na_CssSb

2
phase in the surface layer. Our experimental data for 3«20 composition
from PSS ars well axplained by a (mzc.ssm (KZCSSb) surface layer

15 -~ 60 A thick over a Na.KSb bulk, in good agrsement with results

2
in ¢) above.

Pravious X-~ray and elactron diffraction sacudies mentiores
above, did not datect the NQZCSSb phase. This may be axplained aix™.:
becauss difffraction peaks from this phase are confussed with thacr Jrow

>

K. CaSh (sams crystal structure, simiiar larrice constant), or m-ow
-

2
probable, hecsause of diffarent processsing schedule. In our processing
schedule, we start the final C3/Sb deposition at 200 « 210°C, a much
higher temparature than it is usual, about 160°C, “or this part of

the process. It is known that both Ha and 1 eamily displace Cs , but

the tempsratures for efficient diffusion axrs abovt 200°C and 160°C

for Na and K, respactively.

The dissances and ascape depths reported above are more
acqurata as relative values than as absolute values. They havs been
calculazed assuming that the mean f£raee path for electrons of 1000 eV

kinetic- energy is 20 f\, in alkali antimonides.
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VIiEL. QONCLUSIONS

Alkall antimonide photocathodes, Na35b. K3Sb, Csasb, Nazlcsb,
and NaszSb (Cg) , wara gtudied wslng X-ray photoemisaion and Augaer
alectron gpectrovacopy under ultrahigh vacuum conditions.

Our measgurements were studied together witl knewn data for
frae lons and atous, pure metals, and alkali halides, by means of a
simpla point charge alactrostatic model. Corralation of shifts in
photoelectron and Auger aelaectron spacirs, allows to daetermine
indepaendently both binding enargises and relaxation enargles due to
slactronic polarizability.

The results of the study ware comparaed with known properties
and UPS data of alkali antimonides and alkali halides.

The conclusions of this gtudy are:

1) Both, electron binding energies and photoemiasion
relaxation energiaz, show alkali antimonides as ionic compounds,
with valence alactrons strongly localized on the Sba' ions., Charge
transfer was estimated to bs 0.8 or larger.

2) Valence band region XPS8 spectra comfirm this, showing
ansantially no mixing of alkali and antimony levela. The less bounded
alkali © levels appear at least 10 aVv below a clearly defined
valetica bDand, only 2 - 3 &V widse. Proposed models for cryseal
binding, involwving formation of (sp)3 hybridized orxbitals, as in
ITI-V covalent compounds, are ruled out.

3) The ionic wodel for alkali antimonides show the top of

the valence band around 2 - 4 eV below the vacuum level. The difference

e




with ezparimental photoamission threaholds, about 1 oV smaller, was
axplained by surface band bending affectz included in cheir
MARSUL EMARTS .

4) The ionic model also v lains ths dependance of the
photoamission threshold on lattice paramater and ionicity, thus
axplainig observed trends in exparimental values.

$) Known sdmilarities between the energy distribucion
in 0P8 of alkald antimonides and alkalli halides, as well as the
dirferances between them and covalent solids were axplained by the
alactric dipole allowed band gap batwean the strongly localized,
atom=like valance shells of the anions and the conduction band
formed from the empty valance 3 orbitals of the alkalis, in those
ionic compouns.

4) Experimentcal hole
axplanation.

7) Known heats of formation seass to be sxplainablae by
the ionic model. A calculation flor C33Sb yialds a value in very
guod agieemant with the expeclmentil one.

8) The large elsctronic polarizability of s ions
axplains the larga rafractive index of alkall antimonides. A
calaulation for Cs35b from its nmown alectronic structure yields
a value in very good agreemant with the experimental ons.

9) Cpystal structurss of alkali antimonides were axplained
as typically ionlc. Known lonic radii and electrostatic Madelung
anergy considerations axplain thelr crystal structures, symmetry,

ion coordination, and latiice parameters. It can also 2xplain the
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relative stebility of their cubic and hexagonal phages.

10) Mndelung emexrgy considarations czn alse explain why
soe alkali antimonides are strongly p-type. In alkali! antimonidas
A,zk's‘o Wiern cxtions A and A' aras comparable in size but where still
tiie cubic phase is mora stabla, the cations have a tendency to be
dispiaced from thelr theoratical lattice positions. This ssems o
facilitate ion dufusion and vacance £6mtion, preducing an
equilliberiom configuration where the bulk is alkali daficient,
p~type, and the surface has etreas of alkali, being n-type. “the
driving ferce for these phenomenons saems to be maximization of
Mzdalung energy.

11} Sowe unusual experimental results found in X-ray and
electron diffracticn studies af C335h and Nazmb glve sypport to
the expiamation progosed in i0), above, and are themselives explaiuad.

12) The good properties cf alkali antimonides as ‘
photocathodes are explained by their ionicity. As ionic compouads,
band gap absorption i3 strong and structursless. The small si.ctron
binding ensrgies and large electronic polarizability of tnz Sb3‘ ion,
noth due to its valence shell electrons, explain their small
photeemisgion threshoalds.

13) The very good photoemission properties of Cs.Sb and

3

NaZKSb are explained by surface band banding, whose relation with
crystal structure and Madalung energy is pointed ocut in 10), above.
1l4) From our XPS quantitativa sucface analysis, a model

for N32KSb phetocathode is proposed, where a thin surfara layer of
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KZNQSD is formed. This probably allows the surface to he more st::onqu‘

n=-type.

15) An n-type surface layer is also tha explanation of
the extraordinary photoemission properties of Nazm (Ca) or S=20
photocathodes. In this case, while surface activation by Cs and
$b deposition, a surface layer of K,C3Sb (probably, somatimms also
mzcssti) is formed. This phase, xzc:ssm has the optimum properties
for a surface layer. It is easily alkali doped, producing n-type
material, due to low ion diffusion rats. It has small photoemission
threshold (ot including band bending) dus o its large lattice
comstant. And it has a laxge band gap, and tims, small probability
of electron-hcle pair creation and large electrun mean free path.

16) Prom our X¥S quantitative surface analysis o:.' Na_K3b

2
and uaZKSh(Cs) phou:aca_thndu. the surface layer mantioned in 14), 15)

above, is ustimated in 30 - 40 1R .
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APPENDIX A

THE BASIC PHYSICS OF X~RAY PHOTOELECTRON SPECTROSCOPY
A.l BElectron Binding Enargies

Photoemission from a N-electron system (solid) leads to a manifold
of states of the N-electron systam in which one electren is unbounded.
In the linit of infinite separation betwean the solid and the photo-
emittad electron, each of thase states can ba described as a (N-1)-
electron state and a single free elactron of kinetic energy
N

B = hv £Ll.g

£ i

whers hv = photon energy, and EY, z:"l

~nargies of the solid. The binding energy of the orbital from which

are the initial and final state
the e].ect::on' was aejected is defined as

. Ea-zhf"]‘-sgahv-e

R

In this description, which is completely rigorous and can be closely
related to empirical quantities. there is no need for the concept of
relaxation enerqgy. No detni’'ud descriphion is given of the initial

or final state, and we 4= ' allude to one-electron orbitals.

| VA
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Electronic structure theoriedg are usually developed in terms of
one~alectron orbitals, with the coordinatas of the electron coupled
through self-consistent fleld formulations (e.g., the Hartree~Fock
method). These orbitals can be described in terms of a basis set
with quantum—-number designations 1s, 2s, 291/2; 2p3/2, atc. These
orbital designations also label the photoelectron peaks. Moreover,
solving the Hartree-Fock equations yield a set of parameters ej
termed orbital energies. Koopmans theorem showed éhat these oxrbital
energies would ba the binding energies EB(j) if

a) there were not change in the other orbitals while an
electron was removed from orbital j, and

b) if the Hartree-Fock method gave a true description of
the system.

Corrections for b), i.e., differential correlation and relativistic
energies, which are of course not included in the Hartree-Fock
formulation, are usually very small and thus neglected. Moreover since
working with energy differences usually these corrections nearly cancel
out.

With respect to a) several approximations can be considered. The.
first one is the "three step model" for bulk photcemission. The photo-
emission event is split up in three processes, i) excitation of one

electron to a higher energy state Eén-l after absorption of a photon,

vy




ii) transport of the alactron through the salid, and iii) escape of

the electron through the surface barrifn:. During trxansport ii) and
escape iil) many anergy losaes may occur due to electron-electron
inelaatic scattering, cresation of extrinsic plasmons, etc. All thess
processes produce a complex final state structure on.sg'l very hard

to predict. Measuring the kinetic eneargy of photcelectrons slastically

scattered only, redefines the binding energy

sy -

f

and simplifies the photoemission event to a situation closar to the
ideal one stgtud in a). Mozecover in XPS tha pbntoelect:on. in the final
state is free-electron-like with no momantum-conservation selacticn
rule, due to the high photoexcitatiocn energy.' In fact for most

situations encountsred in photoemission the approximation
EB(J') = sj (proper sign included in ej)

is close enough for diagnostic purposes. The departure from this

equation defines the relaxation energy ER(J)

EB(J') a ej—E.R(J)

Creation of phonons, electron-hole pairs, and intrinsic plasmons during

photoexcitation contribute to E,.(J3).
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Depending on the process relative time scale different processes
might occ;.xr. In one extreme is the sudden approximation. In the
shake-up and shake-off processes in this approximation the resulting
state after photcemission is not an eigenstate of the'ion, the ion
iz left in an excited state. By energy consexvation, the energy of
the emitted slectron will be reduced by the excitation enexgy. In
the other extreme is the adiabatic approximation. During the photo-
emigsion process the other electrans will relax towards the positive
hole, screening its positiwve charge and so imparting adiabatically
additional energy to the photoemitted electron.

A.2 Multiplet Splitting

In many situations, the final state of the atom with a hole in
the state j is not a unique one in terma of the individual atomic-
level quantum numbers. This is because each eigenstate is characterized
by a definite value of the total quantum numbers L and S and there can
be more than one individual subshell configuration that can c¢orrespond
to these L,S values. The difference in energy between such possible
states can give rise to a number of components in the XPS spectrium,
instead of a single peak. as previously assumed.

A.3 Confiquration Interaction (CI) Effects

Configuration Interaction c¢an be considered to be a generalized
many-electron process of which both multiplet and shake~up effects are
special cases. Arguing exactly in the same way as in describing the

multiplet process, one can see that the simple two-electron shake-up




'
L

model may not ba adequata in general. Instead, the final state may
be any one of a number of more complax rearrangements consiscent with

the relevant selection rules.
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APPENDIX B

AUGER ELECTRONS AND THE AUGER PARAMETER

After emissian of ohe elactron by the photoexcitation anergy hv
the system 13 left in a state with a core hole in the orhital j

N-l

with enerqgy z'z - Bi'.'l (J) that is the initial state of the Auger

p:ocouinwbichchohohj\matoﬁnotmulzez<e and the

j'
energy difflarence is taken up by the Auger emitted elactron initially

in the oxbital n, en<ej'°z' whosae kinetilc energy is

Ne=2 N1
KJ‘LM = =B, (L H)+Bl (J)-En(m,n)
we_
whace E; “{L,4) i3 the anergy of the final (N~2)-elactron syscem witch
a hole in the 2 orbital and in the m orhital, and the aquation dafines
the binding energy of the orbital in the (N-1)-electron aystem frou

which the elactron was ejected.

In Koopmans theorem approximation

K:rm - ej (1 =€, (I ‘em(h)

where em(r.) is the Hartree-Fock energy of the orbital m of the system

with a hole in the orbital %. If relaxation energy corrections are

included

KJKL = ej (J)*ez(J)-em(L) +ER(L,M)-BR(J)

Ly
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If the kinetic energy of the photoelectron
is substracted from KJLM' the Augar Parametar is dafined by

“3LM ® Kyy = B =

o ej(J) + ej-ez*em(h)+ER(L,M)~2ER(J)-hv

S SN

The Auger parameter was deflned and studied by Wagner
discuss theoretlcal and experimental data related to eifects of
extraatomic relaxation in E,(J) and Ep(L,M). The importance of the
Auger parameter is shown when atudying the diffarences (shifts) among
E,(j) and Ky, Of the ion in different solids or diffarant-chemical.
environments. Many workers have shown that in many situations where
the point charge electrostatic model is approximute enough, the shifts

in the orbital energies ej due to valence charge transfer (chemical

shifts) and crystal field are the same for all core oxbitals
AtjaAegaAem<L)-Aez(J)ﬂAej(J)*Ae

Intraatomic relaxation (roughly chemical environment independent) cancel

out in AER and for extraatomic relaxation due to electronic polarizability

AER(L,M) = 4AER(J) = ‘IAER
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ABK(,‘)) - *AS*ABR - 'AEB(;))

Axm =~ ~Ae+3AER

Thus meadguring Auger parameter shifis in XpcS allows us to measurs the
axtraatomic relaxation anergy contribution to the bhinding energy shifta,
and to give a mors accurata copputation of charge tranafer or lonicity.
Very often B, i3 very small, <2 &V, and ABR aven smaller and hence so
nany timnos BR has been forgutten in the literature when correlating

binding enexgy shifts with valence charge tranafer.
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APPENDIX Q

THE PQINT CHARGE RLECTROSTATIC MODEL

In the point charge alectroatxtic mudel tha aocy elackrons in
the ions axe conaidered strongly localized (point chawrgus) and 30
the orbital energles are aasily calculated assuming the ions in tha
clasalcal Coulamb potantial of the crystal or Madelung potantial «~¢/R
vhare R is the nearast naighbor distance and ¢ is an scalar qlosely

ralated to the Madelung constant. So, if

b,

) et - m @

for the free ion, then

XI

R n

Xt rr B
By (3) =&y - - E
for ths ion in the crystal, q being the charge in the ilon, When
writing Bgl a repulsion potential term or wave Bunctiqp roncorwalizatlion
into the smaller space in the solid, has been ncglected. This term

has bean calculated to be about 1 oF or smaller for alkali halidaa,

For alkali antimonides it i3 even smaller. {

XI

The relaxation term BR can be split into an intraatomic

relaxation term and an extraatomic relaxation or lattice term

EKI = E_(atomic) + o
R R “R

"
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In the point charge electrostatic model intraatomic relaxation enerqy
for the free ion, the ion in the crystal and the f:ee atom are all

approximately the same for all cose orbitals, and thus

X1 )\ = 1 - \3.‘13- v L
I CHIEE A C I

The extraatomic or lattize realaxatlion texm is due to the relaxation
of the electronic charge oun che other iaps ix the lattice towards tie
core dole created by phntoemission. fmly elegtronic polariiation
sbould be considered buzause of the time szule of the photeem_ssion

pracess, about ;0-L7 sec. The ralaxation term <ue ta lattice electronic

selarization is

L i 1 32
B2 -2 T

whece € is the dielectric coastant £sr optical frequencvies, i.e.,

c=n2, n = yefractive judex, and r is the effective polarization radius

of the ion which sho'tid be of the order of the interatomic distance R,
)

e 2.6R for cations

X in alkal:. halides
X N.2R for anions

"n the sawe approximation, for the Auger elactrons

" 9
AL FI ¢ L L
RJLM = KJLM + R + ER(L.M) ER(J)
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whers XI stanas for tie lon in the cxystal, PT %or the froe icn, ar
.",‘;(L,m i3 tue electronic polarizatioa of the cxystal l.oirice towirds
the two Wwoles in thea L und m orbitale, in the paint chaxme olestrs-
atatic modal polarization energies are corhital independs=nt ancg

proportional to the squara of tha charge and

Eq (L M) = 4ES

Tnazefore 4
9
X2t s
JIA - M T R T TR )
and q
Xz T .
*yqwv ™ Yook 7 ‘Err;

Whan putiting together in 4 solid anions and cations of net tos
larqe elecirounegativity differences hhere is always 3cme valence
alectron redistribution bstwéan oppuaits ions and :o4al ioniscity i
ca=not be ausumed. in 2 fi'st aporoximsbicn

ot

XL, . .. . n
RR (1) = (3 +kAq-%b~x:;

where k is the twe-electran integral) lLwtween core and valence electrons.

In the point charge approximatics k i astuned ke os independent of i

r —_— ER— T A el o ferg AR T A A i M i e — R
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srvstal structura, i.e.; tie valence :iarge Aq on the ion is treated
wlracically as sarveening charge xy letrically distributed at a valence
shell radias r, = 1A .4 R eV/e (1/k), where che currespondin~ coupling
Jonucanpt As gyivenr. in this first appzaximstion I can be caluulated

fwom he frec icax and atenr values
I .,
k = (Eg n;)/q'

where q is the charge in the free ion. The Auger elsctron energy is

asd the Awger puramster is given by

XI A L
jatm T %jomm ¥ 2B -

a
It should be pointed out that for ionic solids the electron
binding energy shifts with respect the atomic state are very small

even if Aq is very large. It is well known that for most cyystalline

3! auctures the Madeiung crystal potential

L
$ v (1.740.5) x 14.4 A eV/e

and since the valence shell raciug rv N R/2, thercfors the chemical

shift

b
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e
Aq{k - %) A Aq(%—- - -J'—;,_l) X 14.4 A aV/e
v

is of the order of 1-3 aV¥, ia spite of kAq being aof the order of 10 aV.
Thias also shows that in any valence charge transfar calculation, even

if the binding enargy shift and-'palarization energy are known to within

an eV, the error in A4 may bacama about 3i0s.
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APPENDIX D

MADELUNG CRYSTAL FIELD FOR THE CUBIiC DO3 STRUCTURE

The Madelung potential infinite sum for the 003 lattice
can be rearranged in three infinite sums, each one corresponding to
a lattice, NaCl or cubic ZnS, whose Madelung constant is known.
Details of the calculation will not be given in this sumrary.
Referring to Nazmb, Fig 1.1, the constant # in the Madelung

potential #/R, has the values, for R= Q¥3/4,

q" q
B 1.514 = +3.276 Na
sy b
2= 1.514 ~ 0.248 Iva
K W .
{units: 14.4 evV.A/e )
QN:. 1.763 (g's = jon valence cha yes)

Since g™ qx-f-ZqNa. and assuming - S

.Sb- 1.596 QK' 1.266 iNa- 1.763

The unusual -sasll value of the Madelung pot:ential at the cation
octahedral site , K in MaKsb, is due to the largedistance fron Sb ions
and to the eight cation nearest neighbeors. This represent a difference
of about 2 eV in the Madelung energy between the two cation sites,

not found in any other ionic compounds,




