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Secondary electron yields depending on work function were measured for 30 species of metal in
ultrahigh vacuum by electron and ion bombardment. Secondary electron yields induced by electrons
at 10 keV increase with work function, while those by*Aibns at 3 keV decrease with increasing

work function. The opposite dependencies of secondary electron yields on work function between
electron and ion bombardment are discussed on the basis of the different mechanisms of secondary
electron emission, i.e., kinetic and potential emission for electron and ion bombardment,
respectively. ©2000 American Institute of PhysidsS0003-695000)01023-§

It is well known that the contrast of the secondary elec-species (UHV-EL-3700) prepared by Geller Analytical
tron image of scanning electron microscqiBEM) is differ-  Laboratory, and the surfaces of those metals are cleaned by
ent from that of scanning ion microscof$IM). For ex-  Ar*-ion sputtering in ultrahigh vacuum. The secondary elec-
ample, we reportédthat the atomic numbeZ) dependence tron spectra were measured by the hemispherical electron
of the image contrast in SEM for several metgi$ Cu, Ag, energy analyzer using an operation mode of constant poten-
and Au is opposite to that in SIM observed by focused Ar tial ratio (the ratio between pass energy in the spectrometer
or Ga' ion beam. This fact was explained by the differentand kinetic energy of measuring electrons is a conptamnt
parameters of the primary beams, namely, the backscatteréd22, and 0.05 eV steps for energy sweep with a dwell time
electrons depending of contribute to secondary electron Of 20 ms at each step. In this mode, the relative energy reso-
emission for electron bombardment, while the backscattering/tion AE/E is a constant. The secondary electron yields
ions depending orZ become lost for ion bombardment. Were measured from the integrated intensities of secondary

These behaviors are caused by different ranges between elé€ctron spectra in a range from 0 to 30 eV and the work

trons and ions. functions ® were measured simultaneously from the onset
Secondary electron emission induced by elecfdrend ~ €nergies of secondary electron spectra by applying bias po-

iong 2 has been reported in a number of articles, howevertential =5 V to the specimen. If the work function of tung-

the dependency of secondary electron yields on material p&t€n: @w. is put to 4.55 eV from the table in Ref. 9, the
rameters has not been completely clarified. work functions of other metals are obtained simultaneously

In this letter, the secondary electron yiefénd the work with §by the measurement of secondary electron spectra.
function @ were directly measured for 30 species of metals  F19ures 1a) and Ib) show the secondary electron spec-

. r
in ultrahigh vacuum from integrated intensities and onsefra induced by 10 keV electrons and 3 keV-Arons for

energies of secondary electron spectra emitted by electro%everal metals with applying the bias potenties V to the

and ion impact. The results show that the dependenciés ofsaeglmen. Thilwirlijfunqtli)n? ?rw]ea_sgtr_e? f_rom e;n extrago-
on ® are opposite between electron and ion impact. This faclfae or-an Infiected point of the inia’ Nse of secondary

is very important for the analysis of the material by SEM andeLe;t:gnngtrz';St'ﬁgt ?ﬁge %Thzcocfu;aecc):)r?(;a?lotsaI:st/rnolr?ireéc\{[er
SIM. Furthermore, discussions on these phenomena are im- u ce Wi y P
. : obtained by ion bombardment are narrower than those by
portant for understanding the mechanisms of secondary elec- :
o . electrons, and the widths by electrons are 25-30 eV, whereas
tron emission for electron and ion bombardment.

) L . . _those by ions are 10 eV. We should emphasize that the order
The experimental apparatus used in this experiment is a . . . -
. . ) of the magnitude of the integrated intensities among these

scanning Auger electron microscopfAMP-7800F with a : . S :
metals is opposite between electron and ion impact, while

78 . . . .
vacuum pressure 0f’810" "Pa, which is equipped with & the work functions measured for respective specimens by
hemispherical electron energy analyzer, an electron optic |

. ; ) ectron and ion impact are the same within an error of 0.05
column, and an Af-ion sputtering gun. The energies of elec-
tron and Ar -ion beams were 10 and 3 keV, and the incident In Fig. 2(a), open circles show the dependencylobn Z

angles were 357 and 50 from the Specimen su_rfac_e for ele%r 30 metals obtained by the present experiment and the
tron and ion bombardment with analyzing the kinetic energy, a5 almost agree with those of the table in Ref. 9 shown
of secondary electrons emitting in the direction normal to theoy small dots. Figure (®) shows a relationship betweeh
surface. The specimens are polycrystal pure metals of 3Qndeor electron bombardment. From Figlh, we can see
that 6 tends to increase witl and has a similar periodicity
¥Electronic mail: ichinoka@jeol.co.jp to that of ®. The maximum of§ in each period corresponds
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FIG. 1. (a) Secondary electron spectra induced by electrons at 10 keV and —_ . . .
(b) Ar* ions at 3 keV for several metals. The bias potential-& V was H Fh
applied to the specimen. The order of the magnitude of integrated intensities - Ton
for the secondary electron spectra among the metals are opposite between I
electron and ion impact. On the other hand, the work functions measured > Cr
; = Y
from the onset energies of secondary electron spectra are the same between g = v 1
electron and ion impact for respective metals. 3 = ME Zr
) B T NiC Nb Ta
P £ Fe u Mo
. . 5 8 Ezc Al Cobzn d &g W Pb
to that of ®. On the other hand, Fig.(@ for Ar*-ion bom- £ &Ge Win e
bardment shows that tends to decrease with increasidg 3 RAg§Sn e
and the maximum ofb corresponds to the minimum af Re
Since the measured conditions for electron and ion impact TR SRR EEPU HS VIR S R SR S
are not the samej values are presented by arbitrary unitsin =~ (¢) ° 20 40 60 80 100

Figs. 2b) and Zc). Atomic Number Z

The dependence afonZ was already observed by Hip- FIG. 2. (a) Work function® depending on atomic numb&r and(b) and(c)
pIer Hasselkamp and Scharmahim the experiment of 100 secondary electron yields depending or¥ for electron and ion bombard-

ot . . . ment, respectively. The dependency&dn Z for electron bombardment is
keV H", H2 , and Fg ion beams in U|trah|gh vacuum for 27 similar to that of®, but that for Af-ion bombardment it is opposite to that

metal species. The periodic behavior is similar to that of thef ®.
present experiment shown in Fig(b2 This fact indicates

that the mechanism of secondary electron emission produc%d barri he d q P first di q
by high-energy light ions is similar to that by electrons. In '2¢€ Parrier. The dependence #bn & was first discusse

Fig. 2(b), &increases wittZ in each period and reaches the PY Baroody” and Dekker. However, a reliable analysis tak-
maximum at the boundary between thandB groups in the ing account of the above processes has been carried out by
periodic table, at which the-shell electrons of the transition SChou” According to his equationg is influenced by the
metals are completely filled. Beyond the maximushde- material parameters, the work function, and the electronic
creases with increasing (electronegativity in each period. StOPPINg power of the incident and emerging electrons. The
Such a behavior o8 for electron bombardment is similar to Production of the liberated electrons in solid depends on the
that of ®, while that for argon-ion bombardment is reverse,local electron densitydefined by the so-called local-density
as shown in Fig. @). approximatioh®=*9 through the stopping power. Since the
For the secondary electron emission by electron bomwork function is a measure of the energy difference between
bardment, we should consider several proceSsegy., (1)  the Fermi level and the vacuum level, it is difficult to extract
production of internal secondaries in soli@) energy dissi- any general relationship betweérand®. However, the ex-
pation and cascade process of the incident electr8)s, perimental data show that the dependencé o Z for elec-
transport of excited secondaries from the bulk to the surfacdron impact has similar periodicity to that df, and § has a
and(4) escape process of secondary electrons across the stiendency to increase witfh. This behavior cannot be exp-
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"‘ No( €0 P(&)N;(&0). X
P(e)) | ol €)= PeNi(e0) @

P(€,) was calculated by Hagstruthby taking into account
the total refraction of secondary electrons at the surface:
Ny(E})

—&k Ple)=[1—{D/(ex— ep)}Y2/2. 3

0 N If Ey is set equal to the energy of escaped electrons into
the vacuumE,= e,— €. Thus, it is recognized that the sec-
_® £ ondary electron intensitiy(E,) emitted from the surface by
A ion neutralization should decrease with increasibg For

A electron incidence, the surface barrier, i.e., the Fermi energy
0 I; and the work functior? prevents only the low-energy part

i N.(¢) of secondary electrons from leaving the solid. The essential
! difference between electron and ion bombardment is attrib-
*‘ ! ' uted to a large contribution of bulk electron density pro-
Ar cesses for electron impact, while surface processes are im-

portant for ion impact.

FIG. 3. Schematic diagram of the secondary electron emission caused by the  In conclusion, we found that the dependencé oh & is
direct Auger process of ion neutralizatioN;(s,) and Ny(E,) are energy

distributions of liberated electrons in solid and emitted electrons into theOppOSite between electron and ion bombardment from the

Istriouti | | | | I . . .

vacuum,P(g,) is the escape probability across the surface bamig(s) is simultaneous measurements &fwith @ for 30. SpeCIGS. of

the electronic density of states at the surface, larisithe ionization energy ~ Metals. The reason why th&dependency o is opposite

of Ar* ions. between electron and ion impact is not yet clear, but the
different behaviors of secondary electron emission have been

lained by the analytical equation. One of the possibilities todiscussed on the basis of kinetic and potential emission and

explain this is the Monte Carlo simulation by using the lossseem to be caused by different contributions of bulk and

function (dielectric function as a material parameter. surface local electron densities through the excitation process

In contrast, for low-energy heavy-ion impact, the veloc-©0f secondaries.
ity of Ar™ ions at 3 keV(1.X10° m/s) is much lower than
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