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INFLUENCE OF ADSORBATES AND SURFACE
COMPOUNDS ON THE FIELD EMISSION OF NIOBIUM
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Fachbereich Physik, Bergische Universitat Wuppertal, Gaul3str. 20, D-42097 Wuppertal, Germany

In order toachieve adeeperinsight intothe phenomena observed at 'parasitedd emitters,
the'intrinsic’ field emission ofypical, flat niobiumsurfaces wasystematically investigated. A

dc Field Emission Scanningicroscope waemployed to measuiecally (severalum?) the
onsetfield strength and Fowler Nordheim parametersvat-chemicallyprepared, ion-etched,

and UHV heat-treatedamples. The averagemhsetfield strengths were determined for
different treatments ofour samples to be between 0.9 GV/m and@\W8m. Considering the
residual surface roughness tlusrrespondsrery well with the 2.2 GV/m predicted by the
Fowler Nordheim theory fothe numerically calculatedfields in the experimentalsetup.
Surface purity and chaoal composition of the investigated areas wiresitu analyzed by
Scanning Electron Microscopy and Auger Electron Spectroscopy. We have found a correlation
between the FowleNordheim parameteBgy (field enhancemerfiactor) and gy (effective
emitting area) of'parasitic’ emitters. This correlation asgll asstrongvariation in &y, and
unrealistically high &y were empirically described and found to strongly depend on
adsorbates. The measurements toe 'intrinsic' emission,where the chemoal surface
composition isvell known and theesidual surface roughness is easier to estiroatdirmed
thesefindings. UHV heat treatments at temperatures between 200°C and 800°C are known to
activate particles on the surface strong field emission. Our observations indicate a
dependence of this activation dme conduction properties of the particle or thierface.
Therefore the role of the insulating p@ layer, present omiobium after wet surface
preparation or air exposure, and of niobium carbides and niobium sulfides will be discussed.

1. INTRODUCTION

The quest forhigh gradients in superconducting rf accelerating cavities suffers freonmain
limitations: defect-induced thermal breakdown, and 'parafsid’emission(FE) due tdocal defects
or particulate contamination. [1] In thastseveral studies dealt withe latter in order témprove
the performance of theavities by b#er surface preparation [2] asell as toprogress in the
understanding of theemission mechanisms. At firstne suspected a simple geometfield
enhancementiue to metific protrusions as the reason for the strong eleotrarssion. [3] Since
such shapes expected frahre FE analysiswere notfound [4] and several observed phenomena
could not beexplained, more complex modealennected with the presence of insulators aethim
insulator metaktructures were developed, gt systematicallycorrelated to th&arasiticFE. [5,
6] Alternatively, a 'protrusion-on-protrusion' model considering an additional geomésid
enhancement byhe micro-roughness of electron i@ing particles [7] predictedhe required
geometric field enhancement for the observed FE. The comparison between in this way geometrically
deduced FE parameters and measured parameters obtained from Fowler Nordheinalfsis) of
emitters on a broad area Nb cathode showeds#mishinglygood agreemeniThe FE behavior
after deposition of a thin goldyerontothese emitters confirmednaainly geometrically dominated
emission mechanism. Additionallghe influence of adsorbates and surface compounds on the
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electronemission became evident the fluctuation of the FE parametersimdividual emitters. [8,

9] It is wellknown that Nb andthermetals aftewet surface preparation are covered by oxides and
adsorbates [10], and their effect on the FE behavior is reported in many studies. [11-14]

In thiswork, local measurements dfe 'intrinsic' FE behavior obroad area Nb cathodes means

of a Field Emission Scanninlglicroscope (FESM) are presented. Seveahpleswere analyzed
after different surfacéreatments, e.g. ion bombardment and heating.flahéNb surface allows a
betterestimation of geometrical effects and its cleatrcomposition iswvell known. Thereforethis
study describethe influence ofadsorbates and surface compounds on the FHeadd also to a
progress in the description of such phenomena observed at 'parasitic' field emitters.

2. EXPERIMENTAL SETUP, METHODS, AND SAMPLE PREPARATION

Two ultra high vacuum(UHV) chambers connected bygate valve containthe FESMcombined
with a commercial surfacanalysisequipment, and amn situ electronbeam furnacefor heat
treatments (HT) oamples up t®2000°C. Wth this systemthe samplesare introduced without
breaking the vacuum ofthe analysischamber. The FESM consists of a computer controlled,
mechanical xyz-sample-manipulator witilstepwidth of 63.5nm. A fastregulatechigh voltage can
be applied to fixedungsten anodes of different, optional sikkis allowsboth measurement of the
FE distribution of cm2-sized flat samples by scanning, and localizatioareygsis of singlemitters
with um resolution without destroying them by high currents. At preékensystem is supplemented
by a Piezo-driven translatsystemfor enhanced resolution. Morphology and cleinconposition
can bein situ analyzed at angite by scanninglectron microscop{SEM) and Auger electron
spectroscopy (AES). Furthermore ipisssible to locallyemove material fronthe surface byneans

of a micro-focus Ar-ion-gur(EX050S, Fisons Instruments). A more detailed description of the
system and the procedure for analysis of the 'parasitic' FE is given elsewhere. [15-17]

The measurement of the 'intrinsic' FE was generally caouéas follows. Amicro-tip anode (radius
of curvature her¢ypically 5um) was located oveany arbitrary site of thesample. SEM inspection
guaranteecnalysis of aruncontaminated site. Then the voltage U was increased and the electrode
distance z decreaseuitil a FEcurrent | of 0.5 nA was reached, and the offis&t strength 5, =
E(0.5 nA) wasdetermined by plotting U vs. z. The FN paramdigg as the'field enhancement
factor' and §y as the'effective emitting arealvere obtainedrom recordingthe In(l/E2) vs. 1/E
curve between 0.5 nA and 10 nAssuming avork function of 4.0 eV and withoumage force
correction. Inthis waythe data of about 36ites were taken tgetaverage FE parameters of each
sampleafter each surface treatment.tbtal four sampleswere examined.Two samplegD1, D3)
were made from Heraeus Nb with an original residual resistatiog RRR) of 300, and grain size

in the order of mm after UHV HT (1400°C, &tn). Thesamples PK5 and PK®ere fabricated
from Wah Chang Nisheet(originally RRR = 250) with a grain size ofabout 10um. At the
beginning ofthese experimentdhe four samples obtained waet surface preparation. The surface
desorption by Ar-sputtering was carriedit with two different settings: scanndoeam with an
accelerating voltage of 5 kV V), Art - Art++ (Ar*), a sputter rate of 4rdm/min (0.33nm/min),
and atotal removal of 250 nm (15 nm). Comparative studie®nasampleresulted in thesame FE
behavior for these different settings. The preskawel for themeasurements wasll® mbar. After
sputter desorption itook one hour to detecagain O or C byAES. Hence thevaluesfor the
category 'purdb’ were takerwithin thefirst 45min after sputtering, 're-adsorbé&ib’ describes the
sputtered surface afteeveral days inhe UHV, and're-oxidized' after severalays in air. The
samples D3 and PKiereadditionallyheat treated at 400°C for @in, the heating of sample PK5
at 1400°C took 3@nin.
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3. RESULTS AND DISCUSSION

In the first part of this chapter important results on'pheasitic’ FEare presentedyhile the findings
regarding theintrinsic' electronemissionare described in the secopart. Their impact on the
explanation of the 'parasitic' FE will be also discussed.

3.1 'Parasitic' Field Emission

In many investigations heating at temperatures above 1200°C haspeeed as powerfulmeans
to reduce significantly the FE of a Nb sample. [2, 15, 18, 19] As shown by Afffiiston of O and
therefore a decrease of the O content at the surface cgenbeally okerved in the temperature
range around 1400°C. Comparative SEM analysis of 14 emitting pavitielswere deactivated by
30 min at1400°C showed thatvo particles had disappeared, three particles wtlehere but in a
different appearancewhile 64% of theseparticles did not reveal avisible change of their
morphology. [9]

On the otherhand, FE-activation of non- enhanced C
emitting particles on differently praped Nb N

surfaces was observed aftersitu HT between —__ 220p ©

200°C and 800°C. [2, 18, 19] At such X 180}

temperaturesdiffusion phenomena of light _

atoms in the Nb aswell as adsorption, ¢ 49| S

desorption, and chemisorption of adsorbates\-g 100

takeplace. Asreported in ref. 17, webserved 7" o,
a dependence of this activatiprocess on the
purity of the cathodenaterial, i.ethe diffusion 20,060 80 100 120 140 160
of impurities is responsibl®r or at leasaffects Coi /Gy [%]

the activation. Chemical surface analysis by emi T ref

AES showed after thikind of HT besides the FIGURE 1: Relative carbon and sulfsignal

(Ca)nhr;r(]jcuecélon(czrsbl?dr;gcarg szgonnglent [:]r {?I'nheat FE-activated (400°GImission sitegompared

occurrence of S on the surface canakeribed to the integral AES analysis of the sample. [9]

to the segregatiofrom the bulk. It seemghat

this behavior strongly depends on thaterial, i.e. onthe supplier ofthe Nb. In contrast, the amount

of the Nbcarbides orthe surface rather depends on ¥laeuum conditions durinthe HT, like the
partial pressure of carbon oxides and hydrocarbons. ComparistmtabfAES of 11 activated
emitting sites with integradpectra of thesamples revealed either an enhanced sulfur or an enhanced
carbon content (sdég. 1). It isknown from literature [20, 21] that at temperatures between 200°C
and 800°C there exist orthorhombic phases ofQNland Nb$, which have layeredanisotropic
properties.Similar FE behavior as well asmilar structural properties of M@Sand graphite were
reported in ref. 22. At temperatures above 1200°gONind Nb$ change to their hexagonal phase,
dissolve and/or evaporate. The question whether the formation of certain phase€ off NbS is
related to the activation process will be discussed later.

Another point, that has to be discussedhésrole of the surface oxides. Neitlwar studies [2] nor
experiments performed imther laboratories [11, 22] detectady influence of gthick) insulating
Nb,Og layer onthe FEbehavior of particles. Thiayer decreases or disappearsile heating at
200°C to 800°C (‘activation') all as atl400°C (‘deactivation’). We never observed, however, FE
from particles, that charged up tine SEM, i.e. indating or electrical isolated particles. By SEM
analysis ofparticles before and after HT activation we saw sevengs charging befordgut never
after activationThis indicates thathe conducting state of thparticles or of theontact,influenced
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by diffusion and phase transitionpay be

: L 28 O H3#206
important for both the activation and the 10+22 \ =

deactivation phenomena. Furtleperiments 'cg' o156k | Iiisumecﬁgeq Sgeo
have to clarifythis point, e.g. by tracing back G 4

the history of an activated particle byeans - 10++4 : \ - E(g'gnﬁ)_;gg/ll\\ﬂl\//rr
of video scans combined with SEM o 10 5 (0.5nA)= dl

observation before HT and aftédT, but 0.01¢

before the FE measurement. 108 e

Several phenomena afur previous studies 104 2 — _ _ g
can be ascribed tothe influence of 10206---'--i-0'b---* B0 e 406 500
adsorbates. E.g. we observed that the amount

of | vs. E curves with unstable behavior is B

lower for in situ heat treated than for wet

prepared Nbsamples. [16] FN analysis of FIGURE 2: Varying emission behavior of a
several hundreds of emitting sites showed rgpeatedly measured, unstable ‘parasiti€ld
correlation between the paramet@s, and emitt.er. The solid linerepresents thefun.ction
Se, Whichare inprinciple independent. [16, obtgln_ed from thesedata under thessumption of
17] At high Bey small Spy-values were '€alistic values foBgeqand Qeo [9]

preferably observed andvice versa.

Furthermore a considerable fractiontbé measuredgg, is unrealistically highand the §y-values
arewidely spreadedExamples fronother laboratories, whesggnificant changes ithe Sy due to
adsorbates were observed, can be found in refs. 13 and 23. As demonstratéthpogssive
example, these phenomena, namely unrealistic and widely distribtiedr®l a correlation between
Ben and &p, can even be observed at a single, unseissionsite. [9] At emitter 'H3#206" we
repeatedly performed Finalysiswith widely varyingresults. It can be seen froRig. 2 that the
changes in the FN parametéosk place along a certain curve. As indicatedhsnumbers, we can
not ascribe this behavior to a certain conditioning like e.g. geometric bludtiago the current
flow, because the changes dot goonly in one direction. Wh this example we caampirically
describethe additional influence ofadsorbates on the FE of geomefigld enhancingparticles.
Assuming that the geometrical field enhancement f@aﬁggis changed by a factor CBf:N/Bgeo the
S-parameter is changed in a correlated way; $m(c) USye, If we assume realistic valuge, =
82 and geo = 11012 cm2, which fulfill the boundary conditiongg = Syeofor ¢ = 1, we cariit the
data of H3#20&nd receive aempirical function to describthe changes of the FN parameters due
to adsorbates:

SFN = SgeoEEBSDl07 [exp(14.40Bgeo/ Ben)

3.2 'Intrinsic' Field Emission

Different emitting particlesisually reveal atrongvariation of their geometric conditions and their
chemical composition. Experimentallyhese properties of an emitter agdficult to identify.
Therefore, an investigation dhe 'intrinsic’ FE properties ofdifferently pre@red broad area Nb
surfaces was performed. Under these conditions 'parasitic' FE can be avoided ms@é&dtion, the
chemicalcomposition is analyzed BAES, and the geometrieeld enhancemerdue to theresidual
roughness can be estimated to be in general between 1 and 3. The chemical analysis BK&aisple
shown inFig. 3. The spectra represent tiypical conditions of a Nb surfacafter wetsurface
preparation, oxideremoval by ion sputtering, 're-adsorption’, and renewed oxidization by air
exposure. In gener#the oxygen disappears frothe surface by heating, the O peak after 1400°C is
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Nb C (@) Foxid. Nb + adsorh.
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FIGURE 3: AES onsample PK5 after
the different surfacdreatments. Thenain
Nb peak at 167 eV is in case oXidized
Nb (Nb,Os) slightly shifted towards
smaller energies.

fromU vs. z

Eon (0.5nA) E(5pA) E(0.5nA) [MV/m]

PK9  PK5

due to adelaybetween the HT and the AES.
The development of theother foreign
elementsdetected heretrongly depends on
the cathode material. We see from the spec
of PK5 a reduction of the C content due t
the HT, and a stron§-signalafter 400°C. At
sample D3the C-signal after 400°C was
slightly higher with a more carbidic peak shape. No segregation of S was detected at D3.

From the average FN parameters of esarhple in Fig. 4 it can be seen ttieg adsorbate andcide
removal by Ar-sputtering led to a decreas@giy and to an increase irng§ This corresponds to a
smoothening of the surface roughndsst this is not thewhole storysince we observe again an
increase INBgy and a decrease ing$ after air exposure (‘re-oxidized'). A Nb surface after wet
surface preparation is covered bynanolayer NbO, byabout 6 nm NpOs, and by adsorbatdike
carbon oxides and carbon hydrates. Thiscairse,changes the electronic properti@sg. work
function) and therefore the FE behavgince NBOg is known as an insulator. The oxidation of the
surface, i.e. the formation of MOz, can additionally lead tgeometric changes due to a serrating
growth of theoxide into thebulk. [10] Theinfluence ofthe adsorbates is nplain tosee. Atsample

D1 the FN parameters of the pure Nb with and without adsorbatesrgreimilar, while aPK5 the
surface with adsorbatdsehavessimilar before and after oxidization. Adample PK9where no
measurements othe pure Nb were performed, the FN parameter of the adsorbate-covered Nb
surface aredifferent from the values ofthe oxidized, adsorbate-covered surfaeobably PK9
behaves qualitatively similar as D1.

D3

JiGURE 4: Averaged'intrinsic’ FE parameters
including their statistica¢rror) of four Nbsamples
after different surface treatments.
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The effect of these different surface o 4GS
conditions on the 'intrinsic’ onset field — \\\a} S

strength issummarized in Fig. 4The bottom g 5 \\\\
diagram was obtained frothe slope of the U " {
vs. z plot at I = 0.5 nA. This result agrees ‘
very well with E(0.5nA), which was 04
calculated fromthe By and &y using the -10
FN equation. By thevaluesfor E(5 pA) it
becomes obvious how the FN parameters
influence the FE at different current levels. By 1
means of numerical calculatiotise absolute 3
field levelscan be compared with the theory.—
The field along a flat metal surface 1 um
below an anode with 5 pum radius of
curvature at a potential of 1V was used to oL
calculate therelative lateral FEcurrent (see
Fig. 5). By integration of the current the r [um]
effective emitting surface g, is obtained.
The maximum field E(r = 0) applied OVeled
results in thesametotal current as thé&eal'

0.5}

FIGURE 5: Numerical calculations by means of

condition. For this configurationthe electric the program cod&lAFIA [24] for simulation of a

field, which is necessary tget a FE current microtip anode (radius of curvature:uf) at a
of dSnA is 2200 MV/m.This is in good distance of 1 um above a flat metal surface.

a) Lines of constant potential. b) Electridield

agreement with the measurediues since a ength at the cathode surface aépplication of

residual surface roughness has to be tak%

: to the anode{ — — ) and relative current
Into account. (—) in lateral direction, calculated logeans
Heating oftwo Nbsamples at 400°(D3 and of the FN equation. Thelotted line (- - - - - )

PK5) did not enhancehe 'intrinsic’' FE. From
Fig. 4 it can be seen that lavth samples g,
was higher after the HT. Therefore, an
activation process due to amhancement of
the 'intrinsic’ FE on field enhancing giles
by the formation of certain phases of tHrbides or Nb sulfides can be excludédrthermore a HT

of PK5 at 1400°C didn't chandkee 'intrinsic' FE behavior anymord@he presence of sulfur on the
surface after thérst HT did not affectthe FE atall. The activation of particles by 'low temperature'
HT may beconnected to the decreasing oxidger, i.e.the electriccontact of conducting piicles

to the substrate. After getting contagiaticle could emitiue to geometrifield enhancement. The
deactivation at highegemperaturesnay bedue melting andevaporation of materiahut also due to
smoothening oémall sub-structures on particles. These assumptionsugeorted by th@revious
results on deactivated emitters that warelyzed before andfter the HT. Aquestion mark,
however remainsfor the activation of particles onsample, that was heated at 1400°C before. We
never observed a deactivated emitter to be activated again. [18] Arestiligrarticles left,which
were notyet contacted after the 1400°C?this casethe deactivatiorhas to be connected to the
status of the contact: onceparticle gets in eletical contact thedeactivation has ttake pace
immediately,otherwise also HT at 1400°C should lead to an activaBonr heating at 1400°C for
severalhours resulted in a lowelensity of activated emitters. [9] Anothgossibility for activation

and deactivation is a phase transition in the patrticle, e.g. from an insulating to a conducting state.

demonstrates an equivalent emitter witbnstant
field strength and constant current over the

effective emitting surfaceggy = Tt Lieg?.
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FIGURE 6: Plot of theintrinsic' FNparameter & vs. gy from individual emissiorsites of four
Nb samplesafter different surfacéreatments. Theolid line showshe empirical formulafor the

influence of adsorbates on the FE assuming a realistic field enhancemerﬂgg&toﬁ and effective
emitting area o= 11010 cm2,

The 'intrinsic' FN parameters of the individual analyzed sitedl shmples, aplotted inFig. 6,show

a similarcorrelation as already observedlad 'parasiticfield emitters. In a narrow range we expect
such a behaviodue to geometric effect&mall structures on the surfadead locally to a slight
geometricfield enhancement, i.e. to high@gy and smaller &y. This alonehowever, can not
explainthe observed range of the FN parametespgecially unrealistically high values ofyp There

Is no doubt that for the sputtered Bllrface weget amainly 'metallic’ emissioraccording to the FN
theory. But also in this case a few unrealistically higy ere measured. Obviously alreatig first
adsorbates, that arrive at the surface, can change the emission properties. It was shown e.g. in ref. 2
that one single Sr atom on a W tip enhanbedFE current bywo orders ofmagnitude. Because of
the goodagreement to theory and thiilar behavior as fothe ‘pure Nb', one camssume for the
heat treatedoxidized or adsorbed surfaces alsmainly 'metallic' FE. The superimposddfluence

of adsorbates leads the Bgn-Sgn-correlation,which includesthe wide spread of &, especially
towards thehigh values. In Fig. @lso theempiricaldescription obtained from emitter H3#206 (see
above) was applietbr the intrinsic’ FE, assuming3geo = 2 and geo = 11019 cm2. The curvdits

the data pointsery well, if we consider a certain deviation frahe assumed geometric values for
each site. Alsadhe changes of the averaged FN parameters of satpledue to thedifferent
treatments takeplace along this curver, in case of PK9, along aimilar curve. Therefore,
theoretical models are required to explain the empirical formula.
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4. CONCLUSION

In our recent experiments it was shown tkfa 'parasitic' FE observed doroad area Nb cathodes
after wetsurface preparation and HT can be ascribedhto geometricfield enhancement of
conducting patrticlesFor this one has tatake into account that both the coadepe and the
microstructure of the particles lead to a superimposed georfigttienhancement. Furthermore the
‘parasitic’ FE is influenced bgdsorbates and surface compounds. A streagation of S,
unrealistically high gy, andfinally a correlation between the parametBgg; and &y, whichare in
principle independentyas observed. Byneans of experimentdiata wehave obtained aampirical
description of the changes in the FN parameters due to adsorption and desorption. These results
confirms our assumption that tBen-Sgp-correlation is mainly determined by adsorbates.

Local measurement of thentrinsic' FE onfour broad area Nb cathodes aft#ifferent surface
treatments showed good agreement with the FN theor8imilar to the findings at théparasitic’
emitters an additionahfluence ofadsorbates was detectéelading also to gn-Sgn-correlation,

strong gy-variation, andunrealistically high 8. The Bgn-Sgn-variations were in correspondence
with our empirical description of the adsorbabefluence.The 'natural’ N§Os-layer was found to
result in enhance@gy and lowered §y. The presence of thigyer causes, of coursalifferent
electronic conditionge.g. workfunction) aswell as slightlychanged surface roughness of the Nb by
the oxide formation.

At emitting particles a deactivation die FE was observed due to UHMating at temperatures
above 1200°C. The results suggeselting or evaporation of particles, phase transitions, or
smoothening of micro/nano-protrusions to be respon$ibléhis process. In contrasactivation of
particles wadetected after HT's between 200°C to 800°C. possibility thatcertain phases of
niobium carbides or niobium sulfides enharhe intrinsic emission on field enhancingarticles,
could be ruled out. Several observations suggest an activation dependnregammductivity of the
particles or on theontact between conductipgrticles and cathode. In the frameworklo$ idea
the decreasing oxidayer or phase transitions in particle contact could becrucial. For the
activation after prior 1400°C HT, however, thi®chanism has aspae-condition thaéven after the
high temperature treatment theresidl e.g. an insulatingoxide) layer leftbetween some particles
and the cathode. Furthermore, after getting the requirettiedécontact byhigh temperature HT
the deactivatiorhas totake place immediatelyThe proposedmechanismfor the activation is
supported by thénding thatprior long-term HT € 3 h) at 1400°C lessetise ability for a renewed
activation.
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