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. o " ABsTRacT
Using the field emission retarding potential method true work
_ functions have been measured for the fbllovﬁﬁg monocrystaliine sub-
‘ gtrates;' - W(110), W(111), W(100), Nb(lOO),ANi(IOO), Cu(100), Ir(110)

and Ir(111). The electron elastic and inelastic reflection coefficients

from several of these surfaces have also been examined near zero .. .. :=x

4

primary beam energy.
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Work Function Measurements by the |
“ Field Emission Retarding Potential Method*
by
. + '
R.W. Strayer:, W. Mackie, _an{d L.W. Swanson

Linfield Research Inst_itute, McMinnvill_e, Oregon 97128

INTIRODUCTION

Of fundamental impor.tance /to the experimental and fheoretical
understanding of surfaces is the reliable measurement of its work funé-
tioﬁ. Motivated by the advan.cingv technology‘.of electron emittinAg de'\(ices
and, 'more recently, by progress in experimental and theoretical under-
st'aqding of surfaces, an increasing number of measurements of clean, ’
. mono=crystal face work function have been reported. Primarily due to
. the perennial problefn of surface purity and partly due to inadequacies
in the theoretical dvescripti‘on of the ﬁrious modes of electron emission
one finds an inordinate degree of disagreement in the literatw;a.l.'e values
of work function. However,l the rapid advance in the niethodology of
fabricating u-ltra pure metals along with the increasing numbér of ways
of cleaning- énd sensitively detecting minute concentrations of surface
impurities is gradually eliminating surface contaminati.on as a major

- factor in arriving at a copsensus as to-the appropriate clean mono- -~ -

cryétal face work function values. A further problem of lesser impé'rtaﬁce

*This work was supported by a grant from the National Aeronautics and
Space Administration, Lewis Research Center, Cleveland, Ohio.
*In partial fulfillment of Ph.D. requirement at Oregon State University.



is that of maintaining a desired crystallographic orientation at the sur-

face duriﬁg the cleaning procedure; this problemv can be detected by

LEED and l.aue x-ray analysis and occurs for relatively few materials.
It is in regards to the problem of the inadequacies of the existing

models for various types of electron emission (e.g., thermionic, photo

or field emission) to provide unambiguous values of mono-crystal face '

work function that has prompted this work. Here we are concerned not

ﬁviih contact potential difference measurement but rather with absolute
(or tfue) work function. .

The primary elec;tron emission processes whereby work fgnqtion
values of the emitte.r can be theoretically obtained are thermionic, photo
electric and field émissioﬁ. The assuniptions',» iimitations and applié;

ability of each of these methods for obtaining work function values have

- been adequately described in the literature. Suffice it to say that the
Sommerfeld free electron model, which is_ the basic model utilized by

the expei‘imentalist for most electron emission processes, is severely

strained in its applicatio’n to a wide variety of non-free electron refrac-

tory metal efnitters. This limitation is succinctly described for therr;lionic,
.field and photo electric emission by Itskovich. ! Recent field emission
energy distribution measurements have given drafnatic experimentai

evidence as to the inability of the Sommerfeld based Fowler-Nordheim

theory to explain the results from all crystallographic directions of

2,3,4

tungsten, molybdenum and copper emitters. Besides the funda-

mental prdblem of model applicability, a host of minor ca;)mplex effects



such as the' temperature dependence of the work function, vafiable re-
flection Acoefﬁcienté an@.,the Schottky effect must be carefully incorporated
‘into the theoretical f;'amework_of the emission process.

- A method of measuring the frue work function of an electron col-‘
lector surface which circumvents most, if not all, of the above mentioned
'difficulties is the fie'id electron retardix;g potential (FERP) method. | The
FERP approach to work fun;::’c_io.n studies, introduced many years ago by
Henderson , has been iargel& neglected with the exception of recent. -
studies of polycrystal surfaces by Holscher6 and Kleint. 7 Yet this :

" method and an experimentally complex adaptatibn of the Shelton mei:hod8

are the only ways by which .nori-relative work functions of an electron.
collecfor sgrface can be measured. A_s will be shown in the following
'section, the success of the FERP methoa rests on the theoretical and |
 experimentally verifiable‘fact that the voltage threshold for collection
of field emitted electrons occurs at f:he Fermi ievel Ef at 0°K or.can
be described by a Boltzman tail, i.e., exp(Ef - E)/kT, at temperature
T. The several experimen’calA studies of the total energy distribution

(TED) now in the literaturezs 9,10,

provide a firm basis for the validity
of the preceding fact; also if the appropriate crystallographic direction
of a refractory metal emitter is employed, the free electron based’
Fowler-Nordheifn model of field emission is-adequate for this applic-

_ ation.

'I-n the following sections we shall describe the theoretical basis

of the FERP method, its experimental application to the measurement



of mono-~crystal fa;:e work functions, and the results obtained from
sevéral substrates. An interesting and useful fallout from the experi-
mental approach describea here is fhe ability to accurately measure
the elastic and inelastic reflection coefficient for impinging electrons -

to near zero volts energy.

THEORETICAL CONSIDERATIONS
The expression for the differential field emitted current dIc be-
tween energy e and e+ de {where ¢ = E -vEf)'in the case of a free

electron maodel is given as follows:

dl /de=1 e é/d/ (1+e E./pd)d] : - ‘(1)

where p = kT/d is a dimensionless parameter. The value d .is given by
d =fieF/2(2m@_)* Hy) = 0.976F/62 t(y) (eV) (2)

. o)
where the electric field F and the emitter work function Qe are in V/A

and eV, respectively. The maximum emitter current I0 in Eq. (1) is

S—

given by the well known Fowler- Nordheim equation

3.2
F~A
I = —0 exp (-4(2m0%)? vly)/3heF)
B 81 hdt™(y)
(3)

_1.5x10%°

= Qtz(y)' Fz%exp [-0.683 ¢3/ZV(Y)/F] (A )

where A is the area of the emitting surface from which the collected
current originates. The image correction terms t(y) and v(y) are

slowly varying tabulated functions of the auxiliary variable y = (e?’F)2 /9.

B S - . . -
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From Eq. (1), it is apparent the dI_ /de turns en abruptly at the
emitter Fermi level when p is small and decays exponéntially with
decreasing' electron energy. The value of the half width A of the TED

can be obtained from Eq. (1) so that at p = 0, Ais given by -
A = 0.69d. . | (4)

Since the practical value of d varies from 0.1 to 0.3 eV, the experi- .
mental half widths fall in the range 0.07 to 0.2 eV.

For the retarding ‘potenti..al method, as diagrammed in Fig. 1, the
emitted electrons can be collected at a metal surface of work function

¢c only if their total energy E meets the condition
E > ¢C + Ef - VC

where: Vc is the emitter-to-collector bias potential; thus, decreasing
Vc allows all electrons down to the energy level ¢ = (OC - Vc to be
collected at 0°K. The condition V¢ = (bc representé the current cutoff

since electronic states above E_ are not populated, and the total col-

f

“lected current I, at a specified value of ¢ is given by

I © e/a |
° f ee/ de =Io(l-e E:/d). (5)

C-d,g

By rewriting Eq. (5) in the working form

log (I, - I)/1, = 0./2.3d - V_/2.3d (6)



it is clear that the values of §_ and d can be obtained from the inter-
cept a.nd.slorpe reSpect?'.Xely of a plot of 1ogld(10 - I‘(:)/Ic versus VC

At emitter temperatures above 0°K log AI./.Io versus V deviaites'
from linearity dge tp the Boltzman distribution of electrons in states
above Ef. The theoretically expected effect of t'e.mp.erature on the TED
has beeﬁ verified experimentally and is of liftle consequence to the
accuracy of utilizing Eq. (6) to obté.in ¢C at T £300°K. This can be

verified by noting that the temperature accounts for only a small devia-

tion from linearity in the log AI/IO versus V. plot near V_ = f. as shown

in Fig. 2.

Alternatively, one may obtain @. by noting that the value of V_

at Ié/Io = 0.5 when inserted into Eq. ‘(6) yields
¢C=_Vc(l/2)-dln2 o | A7)

whére VC(I/Z) .is.the valué of V. for wﬁich I'C/I0 = 0.5. Eq. (7) is
strictly-applicabie only for T = 0°K; however, the temperatufe correc-
tion to VC(-l/Z) is minor‘ and only amounts to ~ 10 meV at 300°K. The
principal source of experimental error in this_ method stems from the
uncertainty in tﬁe experimental values of d aﬁd Io due to electron
reflection. This is discussed in greater detail in the next section.

Eq. (1) may be differentiated with respect to e in order to obtain

”the difference in e}ne'rgy' 81'3 between the ;;eak- of the TED and the Fermi

energy level:’

. (8)



This equation, plotted in Fig. _3 at several values of d, may be used to

p

obtain the.theoretical value of €p

which is equal to @, - Vp' Since V

(the position of maximum dIC/ch on the energy axis) can be obtained

~experimentally, the value of ¢C can be obtained dire_ctly from the TED

curve and Fig. 3. Since in practice ep = 30 mV this method gives

¢

o €asily within 1% accuracy,

Even though the assumptions of the Sommerfeld free electron

model, upon which Eq. (1) and the subsequent equations are based has

recently been found to be inadequate for certain crystallographic

2 ' 3 -
directions of tungsten and molybdenum , the occurrence of the emis-

~ sion threshold at E; was unchanged for clean emitters. In any case,

inadequacies\in Eq. (1) due to band str_ucturek e_ffects,can be easily
avoided for this application by choosing an emission direction (e. g., the
<111l> 0or <310> of tungsten) for which the corresponding TED curv.'e‘
agrees weil with Eq. (1). ' For that reason we have utilized for this
study oriented fienld emitters with these directions along the emission
axis. Thus, all that must be known concerning the emitter in order to

apply the FERP method of work function determination is the value of

- d which can either be calculated with sufficient accuracy from the I(V)

characteristics of the emitter using Eq. (2) or determined experimentally
from Eq. (6).
ELECTRON REFLECTION

Only one property of the collector that can detract from the com-

' plete applicability of the above eqﬁations in evaluéting ¢C is electron



reflection near the threshold of collection., which cannot be eliiminated
by the FERP method should it occur. We can indicate the effect of

reflection on Eq. (1) by noting that Ic = Ip('l-R), where Ip is the primary

‘ beam current impinging on the éollelctor, and by defining the energy _'

| Eq. {9) will be small compared to the first since I

dependent reflection coefficient R(e)as R(e) = Ir/Ip’ where I is the
reflected current. With these definitions one may readily show that

the experimentally measured quantity dI_/d& is given by

‘dIc/d_s =ale)dl /de -1 dafde 9

where a( e) =1-R(e)is the electron acceptance coefficient and
e =| 9. - Vcl is the maximum kinetic .enervgy of the collected electrons.
Near the collection current threshold (i.e.,e ~ 0) the last term of
p~ 0 ase » 0 and
da /de is normally small at ¢ = O..

| However,as the energy of the.'pritn.ary electron beam increases
above the tﬁreshold voltage considerable change may occur in a (¢)
(i.e., dy /de becomes large) which in turn will cause serious devia-
tion in the apparent value of Ip..' Thus, plottiﬁg the data according to

Eq. (6) in order to obtain an accurate value of §_ and d will not be

possible. In like manner'.ii_: will be difficult to utilize Eq. (7) in order

_to obtain @..due to the inability to obtain an accurate value of I,.

In contrast, Eq. (8) is basically unaffected by reflection since

P

‘the last term of Eq. (9) can usually be neglected at ¢ = . ¢_. We should



also point out that a cursory examination of Fig. 3 reveals that ¢ P is
very small (less than 40 rhV) at practical values of d and T so that

uncertainties in the exact position of e_ due to reflection will not intro-

P
duce appreciable error in the value of (b'c. Thus, in the event that
detectable reflection should occur for a particular collector at fhresl;xo"ld

the evaluation of §_ should be accomplished from the TED curve through

Eq. (8).

EXPERIMENTAL APPROACH
The basic requirement of the electron optical system for this .
application is to transform the highly diver gent electron beam into a
co-linear beam normal to the collector substrate surface and to simul-
taneously decelerate it to zero volts. In order to maximize the analyzer
| ' L ' ' R ' 12 .
energy resolution the electron source must be highly apertured”~ which
in turn causes a very low beam transmission coefficient of the order of
_ 10'3 to 10'4. However, if the emitter is to be operated at room temp-

_ . : : S 13 _
erature the resolution of the analyzer need only be v 100 mV ~; therefore,
an electron optical system which sacrified unnecessary resolution was
designed for this application in order to obtain a larger collector current
to speed the data acquisition. Rather than aperture the primary beam
to the usual ~1° half angle® in order to maximize resolution,we chose
for this application 6 = 8°; depending on the orientation of the emitter

this aperture angle allowed a beam transmission of the order of 10%.

-



Currents in the 10‘_7 A fange were easily obtained in the focused spot
. ‘thereby allowing the'gun‘lﬂto ‘be'used as an electron gource for other applic-
ations as well. -

Th;e electrostatic focusing system used iﬁ the analyzer shown in
Fig. 4 consists of an anode, tW(-) Ein_zel lenses and a 500 line/in deceler-
ating mesh electrode ;vhich egtablishéd ‘parallel equipotential éurfaces in
front of the collector. All electrodes were made. from niolybdenum.
A two stage electroétatic focusing system with a viréuai cross-over in
front.of'the first lens was éhosen over a single stage. because of its
greater optical efficiency. The lens circuitry is shown in Fig. 5, and
the iens.s operating volté.gés given in.Table I were arrAived at by analytical
computer analysis and confirmed experimentally. The anode electrode
controls the _emissioﬁ level; varying the voltages on the dow_nstream
fbcusing ele_ctrodes h#ve ne‘gligible effect upon the emissibn current.
As the beam enters the first einzél lens it is’ partially decelerated and
forms a virtual image of the source 2mmyr-behind the emitter tip.
The second Einzel lens focuses the virtual tip image intoa ~ 0.5 mm
spot size at the mesh electrode Eg. Furth:er deceleration occurs be-
Atween electrode E8 and the mesh E9. In most cases the mesh was oper-
ated between 5 apd 10 V relative to the collector thereby providing a
nearly field free regipn betweén the mesh and the collector at the current
threshold. Examination of the spatial characteristics of the beam éhdwed
that no-signiﬁcant space charge expansion of the beam occured down to

. the cut-off voltage of the mesh. By varying the screen v‘oltagé to lower

e R e



values and'mea‘suring the transmitted current in a Faraday cage, the
energy distribution Cprgé.of the electron beam passing fhrough the mesh
was found to be in agrbeeme'nt with fhe theorﬁevtic‘al shape. Also, from the
po'sition of the current thfeshoid the mesh Wofk function was found to
be approximately 4.6 eV. |

The léns system was' aligned a;1d mounted securely on.'four longi-
tudinal glass. rods. Both th;e em{tter and anode could be reméved as a:
unit from theb tubular anode holder.’ In this way the emitter, which was
held in place by a Corning 1720 glass bead in a molyb&enum tube, could
be easily replacéd and prealigned in the center of the 10 mil anodé
aperture prior to inse"rtion into the anode holder. By_positioning the
emiytter in the plane of the anode apertﬁre, no ir;terception of the primary
bearh occurred at the anode or subsequent elements of the first leﬁs.
Aperturing occurred in the nearly field .free region of the second.Einzei
lens by placing two 40 mil diameter stops in the last lens tube. Thus,
electron induced désorbed- 'ions or neutrals from the anode was elimin-
ated and the high positive potential saddle at the anode preventd ions
generated beyond the first ape;ture from bombarding the cathode. This
design feature greatly improvéd fhe current stability without requiring -
rigorous outgassing of the electrodes. The angular convergence of the
beam at the collector was 'fixed by_geometry to be < 1.40 for a well
focusediépot.r Hence, 7 négligible léés in resolutionrresulted frdm the

angular deviation of the beam from perpendicularity at the collector.



~

. ~
The large aperture angle of the analyzer necessarily\‘redqqed the

'résolui:ion'of the tube as a retarding energy analyzer. Using the voltage

separatién bet@een the 10 and 96% poinfs on the leading edge of the
energy distribution as described by Young and Kuyatt13, the x;,es olution
o.f the gun was determined to bé 50 to 80 mV. This resolution was
adequate to resolve the leading edge of the energy distribution curve .
ét room température.

The emitter orientations selected for .the field electron source

in this study were <l111> and <310> tungsten, fabricated from zone -~

2 ,
- oriented wire. Previous studies have shown that electrons field

‘emitted from these orientations ‘exhibit energy distribution curves

that agree closely with the Sammerfeld free electron model upon which
the theoretical expressions of the previous section are based. Further-
more, the work functions of the crYstal planes intersecting these direc-

tions are quite low -~ 4.3 eV for the (310) plane and 4.4 eV for the (1‘11)

-plane -- thereby providing the highest beam transmission values.

The single crystal collector substrates of this study were shaped
and mounted in'the holder as shown in Fig. 4. The face of the collector
crystal was circular with a diam.eter of 200 mils. This was sufficiently
large compared to the 20 tq 40 mil beam size to eliminate edge effects,
Thermal and electron ipduced desorption éleaning of impurities at the
collector crystal were accomplishe—d through electron bombardment.
Collector crystéls could be easily replaced by removing the glass seal

which holds the collector support rod.




EXPERIMENTAL PROC EDURE
The single crystal collector surfaces were fabricated from MARZ -
gfade maferial by a higﬁ speed grinding wheel (énd'electro- chemical
machining techniques. Several fnils‘of the collector s'urfz;ce we re.re-
moved b}‘r electrochem'ica.l etching in order to eliminate meéhanical
~defects. The etchant sblutions for the nickel, copper, tungsten, nioBium
and iridium surfaces were concentrated phosphoric acid for both nickel
' ‘and copper, sodium hydroxid}e, 25% hydrofluoric/25% sulfuric acid
solution in water, and 5% sodium hypochlorite, respectively. Thé
alignment of thé desired crystal directions with respect to target normal .
was within *1° as sh§wn by Laue x-ray exa'minétion; '~ Monocrystallinity
of the substrates was. carefully checked both before and after measure-
ment by a high powered optical microscope and Laue x-ray examination.
After mounting thé collector substrate, the tube was evacuated
to &10-10 torr pressure range. The arrangement allowed for the option
of immersing the tube partially or completely in liquid nitrogen in or.‘de'r
to enhance vacuﬁm stability and to extend the temperature range of the
work function measurements.
Cleaning of the crystal surface was é.ccomplished by electron
bomba;x;dme.nt heating to 2100°K for aiobium and tungsten, 1700°K in
‘the case of iridium, 1400°K for nickel and 11009K for copper. The

copper'crystal was exposed to 10'6 torr of hydrogén and heated to



(

1250°K. In order to remove potent'ia;l carbon contamination the nickel
crystal was fi.rst heated‘_'ﬁi‘n 10‘-5 torr -o_f oxygen followed by hegting in
i0-6 torr of hydrogen and then heated to "\: 1400°K in hi.gil vacuum..
Thermal ﬁeating was conti.nued'until the field electron emifter, which
was also cleaned thermally, aﬁd therefore very sensitive to ga'é release
ffbm the col’le.ctor, showed no change in current after flashir;g the col-
lector substrate to its cleaning temperature. As a corollary check,
the abs ence .of.further chaﬁge in the collector work function 6n heating
was used as an indication of a clean surface.
Thé emitter-to-collector current-voltage characteristics were

taken several times for each collector crystal and plqtted on an x—y
recorder. A computer program was formulated to plot the data accéi"d-
ing to Eq. (6) so that a value of (bc and d could be obtained. ‘As will
be noted later in the paper this method of determining (bc and d was
not always applicable due to reflection. Therefore, the differential
' curve was also taken by utilizing the position 3.circuitry shown in Fig. 5,
which involves the well known electronic differentiatioﬁ method utilizing
a PAR HR-8 Lock-In Amplifier. A 10 mV 1000 Hz signal vg was fed
to the emitter through tHe traﬁsfo_'rmer T3. The magnitude of this sig-
nal detected by the Lock-In Amplifier (LA) is proportional to dI_/dV.
From the position of the TED peak and Eq. (8), acvalue of §_. was ob-
‘tained; this result could be obtained wit'h‘an éxpefirhenf:al accuracy of

;t 20 mV. The I-V and TED data w'ere.usually taken at emitter temp-

eratures of 77 and 300° K.



EXPERIMENTAL RESULTS
The values of Q_c obtained by the FERP method are reported in
Table II along w.ith a c0mparison with other methods. These values
wcrc obtained vig Eq. (8) from che TED curves shown in Fig.s.6-8. An
iﬁteresting feature vof these results is the additional -structure in the
‘ "TED for Cu(lOQ), Nb(100) and to a lesser degree for Ir (111).‘ This
anomalous strccture near the threshold of the TED curve was not as
appar.ent in the other results .and was determined to be due to unusual
.-electron 1"ef1ection. ‘The incegral current-voltage characteristics shown
in Figs. 9-16 on a compreésed voltage scalé clear>1y show that the
origiﬁ of the TED structure in Cu(100) and Ir(»lil) is due to e.léctron
' ceﬂection which varies rapidly at the threshold voltage. Although thc
integral curve for Nb(100) was not obtained due to inadvercent melting
of the crystal, the structure in the'TED curve suggest a reflection co-
efficien-t which also varies rapidly near threshold. All othervsubstratves
show reflection at threshcld, but to a lesser degree.
if we assune that all the reflected electrons are collected at the
mesh the sum of the collector current I. and mesh current I is given
by

I =1, +1; (10)

where II; is the emitter current arriving at the mesh. Noting that the

U Y — e - .1_5 e e e e e e e e



mesh transmission is given by Ib/_I’ = T, where II’) is the current imping-

P
ing on the collector, and that (1-R) = Ic/Ib, one obt ains

(1-R) = I_/T(I_ +I). - (11)

Since T, I_ and I, are measurable quantities R may be determined as
a function of V_ as shown in Figs. 9-16 for each of the substrates. It

is important to point out that Eq. (11) is valid when Ip is at its saturated

_ value. Since we do not wish to count electrons reflected by the retarding

field, it is necessary to use the theoretical variation of I}‘) with VC to

calculate R in the retarding range. As a self consistent check on the

electron current accounting we can also measure II'> in the deep retard-
ing range preceding the threshold where 11':; = I;; this value of II; generally
agreed with that calgﬁulated from Eq. (10) at.saturation. The theoretical

dependence of the current I' on V. is also plotted in Figs. 9- 16 with
P

- appropriate normalization factors applied. Clearly the values of R for

both Ir(111) and Cu(100) are unusuaily high and rapidly changing near

threshold. It must be remembered that the energy spread of the primary

beam at half height is ~ 0.2 eV so that structure irn R less than 0.2 eV

width may be detected but not aéc’urately reproduced with respect to
shape. However, with these definitions in mind, one may confidently
measure R down to zero primary beam energy. It should be pointed
out thét ip order to ;xbtain- the vglue of frirx;éry beém enefgy.r (bc mﬁst '
be subtracted from the abscissa of each of the I-V curves. The latter

correction has been made in Figs. 9-16.

16



~ Inour e'x.perimental setup when V_ - ¢‘c > Vs - fg (s refgrs to
the screen-mesh electroc“%e) those reflected electrons which lose energy
through inelastic procé;sés will not be collected at the rﬁesh but instead
will be feturned to the collector. Thus, by fixing Vg = 5,8 V only
.épeéularly reflected elastically scattered electrons will escape from t;tle
collector crystal. The elastically reflected electron coefficient R, has
beén measured for several substrates as given in Figé. 10-15. By setting
Vs = 130 V all reflected elect.:rons. in the energy range investigated réturn
to the mesh and total reflection Ry curves are obtained (see Fig. 10).
Hence, it is possible by this technique to measure the inélasti;ally re-

flected electron coefficient R, by noting that Rin = R,-R In Figs.

.
11-15 values of Rin are given for several of the crystal faces. For the
crystal faces 'Cu(100) and W(111) only Rt values were obtained. Diffi-

culty with leakage current to the mesh electrode caused some minor

uncertainty regarding the absolute values of R for Ir(110), W(110) and

Cu(100).

DISCUSSION

Work Function

As shown in Fig. 6 and Table II the work function valués of 4,47,
4.63 and 5.25 oV obtained for the (111), (100) and (110) planes of tung-
sfen are in close agreement with values reported by other metﬁods,
) ﬁa:rtic\;iarly thermionic and field elect.ro>n emission methods. Since

the electron reflection coefficient is low (less than 15%) near threshold



for the tungsten results, the values of @ obtained from Eq (6) compare
within experimental error‘_with the values computegi from the TED curves
via Eq. (8) (see Fig. 2 for a fypical result utilizing Eq. (6)). This
merely provides the.expected self ’consisteﬁt _check on the experimental
ri;xethod when R is small or a slowly varying function of enefgy near
threshold.

Notable, is the well known discrepancy between $(110) ;btained on
macroscopic‘: crystals and microscopic crystals employed in field emission
(i.e., by use of the Fowler-Nordheim (FN) equation) techniques. This
disérepancy is believed to be due to large geometfic facets which occur
on W(110) planes of a field erﬁitter and which can alter the FN results
in the observed fashioh. Tungéten work function values exhibit the usual
increase with surface atom denéity in accordance with the semiquantitativé
the‘oretica_tl- expectations’ of Smoluchowski, 21

The 11;(111) plane, possessing one of the highest atom densities,
yields the expected high work function value @ = 5.76 eV as shown in
Fig. 8. A éimilar high value 6f § for Ir(111),: in remarkable agreement
. with the value obtained here, has been reported by Zandbergl5 who ob-
serves this to be the highest work function value reported for a macro-
scopic single crystal metal surface. The agreement is surprising in
view of the initial polycrystalline nature of ZandBerg‘s iridium crystal.
Our results indicate that th.is crysfal face is relatively stable with respect
to thermal induced recrystallization and faceting effects such as observed

on the high work function Re(OOOl)19 face.



. The Ir(l‘;lO) wsrk function is somewhat lower than Ir (111) as. expected

on the basis of the lowé:atom density; Consideriﬁg fhat the (110) face
of Ir is the .third most densely pack plane, the relé.tively large value '
@ = 5.42 eV is indicative of the generally high work function of all crystal
faces of Ir. | |

The value of § = 4. 18>eV for the (100) face of bcc niobium shown in
 Fig. 7 agrees closely with thermionic and FN vélu'es reported by ofhers.'l6"17'
»A(See Table II). The work funétion values for W(100) and Mo(100) obtained
by a yériety of.methods indicate best values of 4.65 and 4.40 eV respec-
'tively. 17 Both W(100) and Mb(lOO) possess identical atom densities
g =10.9x 1014 atoms/cmz. Since Mp and Nb are neighboring elements
.in the periodiq table one mighf-e:;pect geometric fas:tors to dominate there- =
By causiqg a larger @ for NB. This is obviou..sly' not the case. These
résults unaérscore the role of eléctronic factors iq the variation of work
function with crystal faqé and material. . |

Few reliable values of work function for the (100) face of Ni and Cu
are repoi'ted in the literature - cbviously, due to the surface cleaning
difficulties. Our results, shown in Fig.' 7 and Table Il are in rough agree-
ment with photo elect:ric:18 .anc_l ’chérmionic20 values reported for Ni(100)
and Cu(100) respectively. Using careful cleaning. pro_t:edures and é. gold
reference electr'ode,*Delchar22 re.ports a work function value of 5. 16 eV
fof Cu(100) in 'excellent-: agreement with this work. Delchar points out

that any possible error in the work function value for the reference elec-

-trode would 1ike1y be in such a direction as to raise the Cu(100) value.

B I



Our value of Ni(100) work function is 0.30 eV larger than other
relié.ble measufements.:’* Most previous measurements on crystals of
Questionable surface purify convérge on a value of 4.9 eV. Clearly, a
combination of the FERP method with Auger analysis would be extremely
helpful in answering the questiof; of surface cleanliness.

It is interesting to noté .th.at thé elements Cu and Mo are each
adjacent to Ni aﬁd Nb respecti&ely in the periodic table. In each case
- the chaﬁge in the free atom electronic ‘structul.'e between adjacent elements .
involves the .filling the inner d orbitals. | In the case of the fcc metéls
Ni and‘Cu'the work function of the (100) crystal face decreases with
.. atomic number Z, whereas with the béc metais Nb and Mo'th.e work
function of the (100) face increases.\;vith Z. At the samé time each of
‘these pairs of metals exhibit a slight increase in their respective lattice
‘constants with Z. The value of the (100) wo‘rk function for the bcc metal
W is larger than the Mo value by ~0.25 eV even though both metals
possess nearly identiéal latti;::e conétants and differ in electronic struc-’
ture by the filling of inner 5p and 4f orbitals. Clearly, a preciictive
theory of metallic work function must inclﬁae complex structural and

electronic factors. .

Electron reflection-

- The simultaneous measurement of work function and electron re-
flection was undertaken here primarily as a further index of surface

cleanliness. The ease of separating the elastic R, and inelastic Riﬁ

e e L g (e el




reflection coefficients by this method motivated a more detailed study of -
these coefficients as a function of the primary electron energy Ep. Several

interesting and surprising features have been observed in the variation of
p
Fig. 9 shows that the variation of Ry with E

R with E_ in the low energy range.

p for W(Vlll_)‘ .is in good
agreement with careful rrnleasur(;ments of R, by Armstrong. 23 Because
of the ability of the FERP meth‘od to accurately measure R to Within a
few tenths eV of thréshold our results show a definite peak at v3‘ eV here-
tofore unobserved. A small peak observeci at 6 eV is. in agre‘ement with
Armstrong’s results. Disag:é‘ement'in absolute scale ‘at’ larger values of
Ev can be ascribed.to-the differeﬁce between Armstrong's measurerﬁent
bf R, and in this wor.k,'the measurement of Ry for .this crystal face. As
also shown in Armstrong's results surface contaminé.tion markedly alters
- Rg; thus the clos'evagreement between the two results mutually sv1v1pp'orts
the claim of an atomically clean surface. |

The W(100) results in Figs. 10 and 11 show the experiI-1'1enta1 vari-
ation of IC with Ep for Vg = 106 ‘and 5. 25 V respectively, thereby illu-

strating the difference between the total and elastic reflection modes. In

Fig. 11 the value of the experimental reflection coefficients R,

a.nd Re
are given along with Armsfrong's results for Re' Both results agree
that a sharp peak in R_ occurs between 3.5 and 4.0 eV as observed simi-
larly in the W(111) results. In disagreement with Armstrong's results,

the large peak in R, at 8.0 eV is missing and instead a smaller peak at

6.5 eV appears. In addition, a major peak observed in our results, but

21



absent in Armstrong's, occurs-at 16.5 eV::". Both investigations agree on

a broad peak in R, at 10,5 eV. Differences in the R, vs E_ curves obtained

p
in the two investigations must be ascribed to either a small degree of sur-
face contamination,crystal inhomogenity or expefimental artifact.

The variation of R, with Ep for W(110) shown in Fig. 12 over a wider

Ep range exhibits a large peak modulated with fine structure in the 4-6 eV

‘v range. Lesser peaks occur at 14 and 27 eV as R, decreases from a peak

~value of 0.34 at 5 eV to less than 0.03 at 75 eV. The W(110) R, curve

24
agrees closely with an earlier result by Kahn, et. al.

The inelastic reflectio‘n' coefficients Rin given in Figs. il and 12 for
W(lOO) and W[110) exhibit very similar structure for both crystal faces.
That is, each exhibits an onset threshold at 3 eV, fine structure in the. v
3 to 10 eV range, an‘dA additional peaks at 12,a;nd 17 eV. The larger range

of Ep for W(110) indicates an increase in R, to a value of 0.47 at 52 eV

- where it then begins a slight drop. The Rev and R, curves for W(100)

and W(110) both cross in the 12 to 15 eV range and with increasing Ep the

ratio Rin/Re increases to a value of .~ 90 at E_ = 60 eV for W(110).

p
One of the most unusual results of this study is the exceedingly

large value of R, = 0.75as Ep + 0 as shown in Fig. 13 for Ir(111). The

range also show an

Ir(110) results in Fig. 14 measured over a larger EP

increase in R at threshold but not nearly as large a value as for Ir(111).

From a dynamical point of view, these results suggest the occurrence of

a band gap relatively free of surface states approximately 5.79 eV above

| | 24 :
*Earlier results by Kahn, Hobson and Armstrong = show a definite peak
in this energy range. :
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' the Fermi leyel-along the <11 l:«>-dirkection ofv Ir. Both crystals show one
additional large peak inR_ at 11.5 and 15 eV fo‘rv Ir (110) and Ir (111) Te-
._spectively. Whilé, the variation of Re with Ep differs sharply for the two
crystal faces, the variation of Rin_with Ep is quité similar. On both cry_-.
stal faces R, increases monotonically with E.p.s‘ho‘wing a series of §ma11
peaks in the 8 to 30 eV range. No*maximum in R, is apparent in this -«
tange ofvEp as was the case fo.r VW(110) and Ni( 1.00). In contrast with the
W results .the threshold for Rin occurs at a_higher voltage,v i.e., in the
6 to 8 eV range. It is interesting fo note that. whereas Rt is large for

= 0, the value of R, for Ir(110) is smaller at E, = 0and

Ix(111) at E,

increases to a value of 0.7 at 70 eV where is appears to be still increas=: -
ing with EP.
The variation of Re with Ep for Ni(100) is in general agreement with
diffraction intensi}ty studies. The peaks ‘in‘Re at threshold 15, 28 and 38 eV
have been observed elsewhe'fe, 2> but witvh somewhat differing brelative mag-
nitudes. The peak near threshold can be as.cribed.to the first order pri-
mary Bragg peak of the 00 band. We also observe an increase in the
elastic peak widths and decrease in the elastic peak heights as R, increases
in accordance with certain theoretical viewpoints of the electron scattering
‘mechanism. 25,26, 21 A large peak normally observed in R, at 55 eV is
missing in fhe present resglts. Part: of the discrepancy may be due
‘to 'fhe p>rvre’sencer of a few-r grain >b(7)undaries which develoééd ﬁear the
edge of our Ni(l100) crystal prior to obtaining the reflection

curves. Although the central portion of the crystal

(where the electron beam impinged) appeared to be monocrystalline



(as determined by Laue x-ray), a slight reduction. in @ occurred indicating
the possibility of structural effects on the reflection results.
The inelastic reflection threshold for Ni(100) occurs a few volts above -

zero and exceeds R for E > 16 eV, A small péak in Ry occurs at 18 eV

P
followed by a major maximum at 40. eV. Itis clear from the Ni(100)
results along §vith the above mentioned results that inelastic processes be-
come important above 15 to 20 eV and must thefefore be coﬁsidered care-
fully in theoretical attempts to explain LEED intensity variations with Ep'
The Cu(>100) resﬁlts shown in Fig. 16 were obtained for Rt only over
-a limited range 6f Ep. Since'Rin is likely to be small in this energy rangé
Ry = R‘e.‘ -Although not as larg¢ as the threshold peak for Ir(111), the
threshold-p.eak for Cu(100) isv qﬁ.ite large and has been at’cributed28 to the
well known band gang in the bulk E(k) diagram occuring at the vacuum
level. Previous LEED studies Qf the épecular reflectivity I from Cu(lOO‘)"
gave a value of R _ = 0. 36 aroung Ep =1 eV, 28 The results reportéd here
agree closely with the latter results but also show a larger peak at Ep =0 :
of Re = 0.47. In addition, ; very small peak is observed at Ep =2.0eV.
These extremely narrow peaks (less than 0.5 eV) point out thg resolving

power of this technique near threshold and agree with the previous. observa-

tion that peak widths in R, below the onset of inelastic reflection are narrower. -



SUMMARY

'The use of the FERP method ts accurately measure true wbrk func-
tion of a'vvariety of single crystal surfaces (see Table II) with a minimum
of assumptions regé.rding the nature of the electron emission process has
been demonstrated.” A combination of the FERP and LEED /Auger should

provide a powerful combination of techniques to accurately and conveniently

. measure bare surface true work functions of conducting surfaces. The

occurrence of electron reflection from the collecting surface can generally
be tolerated without introducing appreciable error (ca * 0.02 eV) pro-
vided that the work function is obtained from the peak in the TED curve.

An unusually large work function of 5.76 eV for Ir(111) was obtained in

| -agreement with an earlier result. 15 Other results agreed favorably with

previously measured and accepted values of work function.

As shown by Armstrong23 surface contamination or crystal imper-
.fectioh _cé..n alter the elastic réflectivi_ty Vs, prirha_ry energy curves,
We have shown thaf the FERDP technique can yield both elastic and inelastic
reflection curves accurately to within a few tenths eV of zero primary
energy and thereby can be used as an indicator of surface conditions.
Values of-Re and Rin for several cry'stal faces agreed reasonably well with
published curves. We noted fhat R.in ~>i> R, as Ep 315 eY for most

crystal faces examined. An unusually large value of R, was obtained




curves was: highly dependent on crystal orientation, the R,

for Ir (111} and Cu (100) at threshold. Whereas the structure in the R,

curves were
in .

generally:unaltered by crystal orientation including the threshold values

| of Ep which were uéually 3to8eV.

Finally, we anticipate that the FERP technique can be profitably

‘used to examine the combined effect of chemisorption on @, Re and Rin'
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Table L. Oi;erating vvoltages on lens elements
(see Fig. 5 with emitter at 0 V).

Lens element o - Operating voltage
E, o | 0.06E,

5, -, - - - R

E, = Eq ) - | - 0.4E;
Eq - 5-10 or 130-150 V

27



Table I

Work Function (eV)

28

Material Atom Density (this work) Thermionic Photoelectric  Field
(atoms/ cmz) : Emission
(emitter
values)
, 14 2
W(100) 14.1 5.25% 0,02 5.35 £0.05 5.9 0.1
o : 14 2
W(100) 10.0 4,63*0.02 4.60t0.05 4.70* 0.05
W(1l1ll) 5.77. 4,47+ 0.02 4.401r0.0214 4,45 ¢t 0.032
Ir(111) 15.8 5.76 + 0,04 5.79 + 0.0315
Ir(110) 9.7 . 5.42 % 0.02
16 ‘ 17
Nb(100) 10.9 4,18+ 0,02 3.95+ 0.03 3.87% 0,01
\ 18 |
Ni(100) 16.15 5.53+ 0.05 5.22+0.04 :
~ o 20 |
C1:7100) 15.4 5.10+ 0.05 4.9
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. FIGURE CAPTIONS

F1g 1. Potential energy diagram for a field electron retarding potential

Fig.v

~ Fig.

Fig.

Fig.
Fig.
Fig,
Fig.

Fig.

analyzer. When the collector is biased such that only electrons
from the Fermi level of the emitter can reach the collector, the

battery voltage Vc is equal to the collector work function (?)C.

. Plot of In AI/IO vs. collector voltage for a W(110) collector. The

intercept of the abscissa at AI/Ij = 1 gives §_ according to Eq. (6).

The difference £p in energy between the peak of the TED curve

and the Fermi level as a function of T and enefgy parameter d.

Diagram of FERP tube showing pertinent features of the electron

optical system and collector single crystal.
Diagram of the electrical circuitry associated with the FERP tube.

TED curves for W(111), W(100) and W(110).

“TED curves for Cu(100), Ni(100) and Nb(100).
. TED curves for Ir(111) and Ir(110).

.Experimental and theoretical integral I (V) curves obtained from

W(1ll1). Solid line shows the total réflection curve R;. Dashed

curve gives the experimental elastic reflection curve Re obtained

by Armstrong. 23
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Fig.

_ Fig.

Fig.

Fig.

Fig.

10.

11.

12.

13.

i 14 .l

16.

Experimental and theoretical I (VC) ¢urves obtained for W(100).

Solid line shows the total reflection R, curve. The mesh voltage

Vg = 100 V.

Experimental and theoretical I (V) curves obtained from W(100).

Solid line curves show inelastic Riri and elastic Re reflection

coefficients. The mesh voltage Vg = 5,25 V.

Experimental and theoretical I (V'C) curves obtained from W(110).
Solid line curves show inelastic R, and elastic R, reflection

coefficients. . _‘ .

Experimental and theoretical 1 (VC) curves obtained from Ir(1l11).

Solid line curves show inelastic Rin and elastic Re reflection

‘coefficients.

Experimental and theoretical I (Vc) curves obtained from Ir(100).
Solid line curves show inelastic Rin and elastic Re reflection

coefficients,

Experimental and theoretical I{(VC-) curves obtained from Ni(100).
Solid line curves show‘inelastic Rin and_'elastic Re'reflection

coefficients.

Experimental and theore_fical I(V,) curves obtained from Cu(100).

Solid liné curve shows the total Rt reflection coefficient.




Fig.1

€
@
[T
]
// '
—~ i
I,,,."';D —
\O
s =
. e <
|I|a||||.|\i\\
-
|
oc
Ll
__j | ¥
- e
£ =
mm w

COLLECTOR

AOY¥3IN3

33



1.0

0.8

0.6

04

02

(Ig-14) /14

O.l
.08

06

04

02

Ol

Fig. 2

LI

i

¢W(ll0)

~w (o)

| 1 L 1

1 T | l

5.0

5.2

5.4

1 ]
5.6 5.8 6.0

Collector Voltage (Voits).

34



80

70

60

20

10

d= 025 ev

10.20

0.15

0.10

1
100

1 1 1 : 1 1
200 300 400 500 600

35

Fig. 3



Fig. 4

S RAYA R4 VA A VAVAVAVAVAVAVAVAVAVY

\! NANVAVAVAVAVAVAVAVAVAVAVAWA \ .
c { o
L( 1 & — y.

RE¢ Dy =
K

) U5A WA Wika Sa W20 VR VA VL8 WAL V3

BOMBARDMENT FILAMENT

CU MESH \
ANODE LENSES COLLECTOR

36



Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 10
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Fig. 11
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Fig. 12
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Fig. 13
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Fig. 14
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Fig. 15
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Fig. 16
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