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We report on the properties of electric fields generated as a result of electron irradiation of
dielectrics in a low vacuum scanning electron microscope. Individual field components produced by
(i) ionized gas molecules located outside the sample surfacgi asdbsurface trapped charge were
detected by measurements of changesijimprimary electron landing energy arid) secondary
electron (SE) emission current, respectively. The results provide experimental evidence for a
recently proposed model of field-enhanced SE emission from electron irradiated insulators in a low
vacuum environmenfToth et al,, J. Appl. Phys.91, 4479 (2002]. Errors introduced into x-ray
microanalysis by the electric fields generated by ionized gas molecules can be alleviated by
minimizing the steady state ion concentration by the provision of efficient ion neutralization routes.
It is demonstrated how this can be achieved using simple sample—electrode geometri)2 ©
American Institute of Physics[DOI: 10.1063/1.1448876

I. INTRODUCTION energy was estimated from the maximum bremsstrahlung

. . x-ray energy(the Duane—Hunt limit, DHL in spectra ob-
Low vacuum scanning electron microscogBEMs are tained from dielectricd® In the case of insulators that con-

convenient tools for electron imaging and x-ray microanaly-tain an excess concentration of negative charge, the presence
sis of uncoated insulatof's It has long been known that the 9 ge, P

presence of a partially ionized gas in the specimen chambeor]c two distinct field components generated by positive

alleviates charging artifactsSEMs which can tolerate speci- fons located above the sample surface & subsurface

men chamber pressures in excess of approximately 4 ToFFapped electrons is demonstrated by the acquisitiofi)of

(0.5 kPa can sustain liquid KO, thus allowing for investi- x-ray spectra a’?d') SE images, re§pectlvely. we d!scyss the
. A ) . .. effects of the field produced by ions on SE emission and
gation of unmodified insulating, wet, and entirely liquid . . . .
. 6 L . errors introduced into x-ray microanalysis by the observed
specimend=® Investigations of such materials have led to . : :
; . changes in PE landing energy. It is demonstrated how the
reports of contrast in secondary electr@®E) images as- L ) .
! L ; . ._latter can be minimized using sample—electrode geometries
cribed to, for example, lateral variations in the dielectric

. . o . under which the steady state ion concentration is limited by
properties of GaN and of entirely liquid emulsion systéerfis, - o2 o
NS . provision of efficient ion neutralization paths.
and crystal growth histories in minerdlSome of the con-
trasF observed in SE images of samples in a low Vacuumy o Sk GROUND THEORY
environment has been ascribed to the electric fields generated
by ionized gas moleculg$ocated outside the samplend by ~ A. Low vacuum SEM

excess charge trapped within insulating specinfefisit has A schematic illustration of a low vacuum SEM chamber
been suggested that the electric field generated by gaseodsshown in Fig. 1. Scattering of electrons in the primary
ions can modify the efficiency of gas cascade amplificafion beam by gas molecules leads to the formation of the so-
and create an SE extraction potential at the sample surfacgjeq electron “skirt” around the focused, unscattered com-

that enhances the emission probability of low energy SEs. ponent of the electron beath! The skirt can compromise

In this article we provide experimental evidence for the Xy.ray microanalysis by excitation of regions beyond the

istence of such an electric field. It was detected by measuringgminal beam impact poif2® Electron images can be ob-

an increase in the energy of elec':trons.ln the electron beamineq using the signal induced in a positively biased elec-
(primary electrons, PEsat the point of impact on the sur- 5qe placed in the specimen chambfeEommon electrode
face of a dielectric, caused by the transit of PEs through thﬁeometries are shown in Fig. 1. The gaseous secondary elec-
ion “cloud” in a low vacuum SEM chamber. The PE landing {4, detectofGSED8" uses a ring electrode located above
the sample surface, centered on the optic axis of the micro-
dElectronic mail: mt272@phy.cam.ac.uk scope. An array of electrically grounded metallic wires can
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FIG. 1. Schematic illustration of a variable pressure SEM specimen cham-
ber showing the axisymmetric ring electroftee electron collector of the AVs |
gaseous secondary electron dete¢®8ED)], the off-axis plate electrode /3/’
[the electron collector of the large field GSEDFGSED], and an array of - f >z
electrically grounded Cu wires located above the sample suftheewires -h 0 Z; d

were only used during the acquisition of data shown in Figa0The ring o ) o

or plate electrode was positively biased with respect to the specimen stad%—:lG- 2. A simplified illustration of the electric field generated by a plane of
(only one gaseous SE detector was installed in the chamber at any oje timdositive charge density,; , located between two electrically grounded elec-
Also shown are the directions of motion of charge carriers in the imagingtrodes with(a) a metal andb) a dielectric specimen placed on the lower
gas: PE:primary electron, REskirt electron, BSE: backscattered electron, €lectrode. The field generated pyterminates on the upper electrode and on
SE: secondary electron, and ESE: “environmental” SE generated in a gat®) the metal sample antb) the lower(stage electrode, respectively. The
molecule ionization everfz=0 at the sample surfac; sample-pole piece ~ corresponding potential functiong(z), are shown in(c).

separationd: sample-ring electrode separation, awd sample—Cu wire

separation

tude of the field generated by excess holes is self-limited to a

be placed above the sample surface in order to provide tefEW electron volts, d_ge to SE pinning at the sample surface.
mination points for some fraction of the electric field origi- Consequently, positive DH,L Sh,'fts are generally T‘O‘ ob-
nating at the positively biased electrofthis is particularly served in x-ray spectra obtalned_ln high vacuum Sksitsce .
useful for investigation of bulk dielectric specimgA&The  X“ay spectrometers employed in SEMs do not have a high

so-called “large field GSED'(LFGSED uses a rectangular enough Tes‘?'““"” to detect suc_h_ small DH!‘ shiftdow- .
electrode located off-axis, beside the pole pice. ever, as is discussed below, positive DHL shifts can occur in

The electric field generated by the bias applied to arpPectra obtained in_a l_OW vacuum environme niue_ to the
electrode(the “detector field’) gives rise to a gas ionization Efects of the electric field generated by gaseous ions on the
cascade that acts as a high gain electron signal ampfifiér. PE la?]d'n% energy. dthat inal s h
The gas gain, that is, the number of ion—electron pairs pro- It has been suggested that, N & low vacuum EM cham-
duced by each electroiprimary, backscattered, and Second_ber, the steady state concentration of ionized gas molecules

ary) injected into the gas can be calculated by assuming Qhroducedlm thngas cascade betweeln the rfl'ngl]delictrode. and
constant electric field between the sample and thé"€ Samplesee Fig. 1 generates an electric field of magni-
electrode® tude that can be a significant fraction of the electrode bias,

V,.12%2The distribution of ions within the chamber is deter-
mined by the spatial distribution of the ion generation rate
and the ion neutralization rate. The latter is a function of the
When a sample is irradiated by an electron beam in dime it takes ions to drift to the sample surfdead chamber
high vacuum SEM, the maximum energy of bremsstrahlungvalls) and by the electron—ion recombination réie., the
x rays[the so-called “Duane—Hunt limit.{DHL)] excited in  efficiency with which ions capture emitted SEs and electrons
the solid is equal to the kinetic energy possessed by PHs the samplg?® The steady state distributions of ions and of
when they impact the sample surfacéthe PE the corresponding electric field are presently not known.
“landing energy”=DHL).!® In the case of an electrically However, the effects of the field on PE landing energy are
grounded conductor, DHL is equal to the energyd im-  governed by the vertical distribution of charge within the
parted to PEs by the SEM accelerating voltdg#.an (un-  sample—electrode gap. This distribution can be represented
coated insulating sample is negatively charged, the electridby a plane of charge density,, located a distancg above
field generated by excess electrons in the sample extends intiee specimen, as shown in Fig. 2. The plane corresponds to
the vacuum chambgand terminates on the pole piece andthe (vertica) center of gravity of charge within the gas. That
other conductors in the chambedecelerates the incoming is, the height above the sample surface at which the vertical
electron beam, and reduces the PE landing energy. Suaomponent of the field generated by ions is equal to zero. In
negative DHL shifts can be of the order of, but not greaterthe case of an electrically grounded metal specimen, Fig.
than, epg (i.e., thousands of electron volfS Conversely, ifa  2(a), the field generated by; terminates on the upper elec-
sample exhibits positive chargirigaused by irradiation by a trode and on the top surface of the metal sample. Hence the
low energy electron beanape=<~ 3 keV, whereby the emis- corresponding potential differences between the upper elec-
sive current is greater than the injected curreéhé magni- trode andz; (AV,), andz; and the specimen surfacAY»)

B. The Duane—Hunt limit (DHL)
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FIG. 3. X-ray spectra acquired consecutively from the same region of mica e 5:V =340V
in the order shown in the figure. The spectra show the dependence of the PE = < — 6:V_ =30V
) ) : . : > 10* e
landing energy, DHL, on accelerating voltage. Data obtained under identical s 7.y -850V
conditions(spectra 1 and)Xshow the absence of changes in the DHL caused 2z ¥ €
by irradiation-induced sample modificatiotelectron detecterGSED, % 10 3
P=0.5 Torr, V,=550 V, D=10 mm, d=4.5 mm, horizontal field E ]
width =130 um, andt,.{acquisition time}=2000 live s per spectrum 5 1023
> ]
107 3
are equal and oppositeAV;+AV,=0. A PE will gain o] L
eAV; J (wheree s the charge of an electrpas it traverses 02 03 04 05 06 07 10 15
the distance between the top electrd@&SED ring andz Energy (keV)

and will lose the same am?“”t of energy as. it travels fmm FIG. 4. X-ray spectra acquired consecutively from the same region of mica,

to the sample surfadsee Fig. 2c)]. The DHL in x-ray spec- in the order shown in the figures, as a function of electrode kas:

tra obtained from a grounded metal in a low vacuum SEMP=10"8 Torr and(b) P=0.2 Torr. The data illustrate that positive DHL

will therefore be equa| toepe, as in the case of a high shifts scale withV, and that irradiation-induced sample modification was

vacuum SEM. Conversely. if the sample is a dielectric. Fi not observed wherV, was repeatedly cycled between 550 and 30 V
o y: . p e g'(electron detecter GSED, epe=1 keV, D=10 mm,d=4.5 mm, horizontal

2(b), the field generated by; terminates on the specimen field width=130 um, andt,.=2000 live s per spectrum

stage, not on the sample surface. Consequently, the amount

of energy gained by a PE as it travels from the top electrode ) ) N

to z; (eAVs) is greater than the amount of energy lost as itcept for spectral series obtained under conditions selected so

traverses the distance betweenand the sample surface 85 to maximize these effects for illustrative purposes, as is

(eAV,) sinceAVz=AV,+AVs. Hence PEs will impact the discussed in Sec. IV)C

specimen surface with kinetic energy, DHL, given by . The presented resu!ts were obtain_ed from muscovite
mica specimens, approximately<il cm wide and 30Qum
DHL = epete(AV3—AV,) = epet eAVs. (1) thick. Qualitatively the same behavior was observed in data

Positive DHL shifts,eAVs, observed in x-ray spectra of acquired from sapphire and polytetrafluoroethyleReFb.
insulators are reported in this article.

IV. RESULTS AND DISCUSSION
I1l. EXPERIMENT A. Electric fields in a low vacuum SEM chamber

All measurements were performed using an FEI Philips  Figure 3 shows x-ray spectra acquired consecutively
XL 30 FEG ESEM equipped with a GSED, LFGSHBee from the same region of mica using electron beam acceler-
Fig. 1), and an energy dispersive x-ray spectrometer. Wateating voltages of 4, 4, 10, and 25 kV and a gas pressure of
vapor was used as the gas in the specimen chamber. Calibi@5 Torr. An axisymmetric ring electrodéhe GSED electron
tion of the x-ray spectrometer energy scale was verified byollecton biased to 500 V was located 5.5 mm above the
acquisition of spectra from grounded Al, in high vacuumsample surface during spectrum acquisition.ept=4, 10,
(pressureP< 10" ° torr), as a function of electron beam ac- and 25 keV, the PE landing energy, DHL, was approximately
celerating voltage. All x-ray spectra were acquired using amt.4, 10.1, and 25 keV, corresponding to positive DHL shifts
electron beam scan rate of 10 frame@¥ rate), and using  of 400, 100, and 0 eV, respectivéThe 400 eV DHL shift
magnifications specified in figure captions by the corre-observed atpz=4 keV did not change with irradiation time,
sponding horizontal field widths. Each set of spectra acas is seen in the figurghe acquisition timet,,, was 2000
quired as a function of operating parametésch asepg, live s per spectrum
V., and P) was obtained more than once to ensure that The dependence of the PE landing energy on the ring
trends in changes between consecutive spectra did not reseliectrode biasy,, is shown in Fig. 4multiple spectra ac-
from sample modification caused by electron irradiatiex-  quired under identical conditions show the absence of time-
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However, therelatively small DHL shifts observed in spec-
tra acquired in high vacuum, as a function\6f [Fig. 4(a)]
indicate that ions cannot be the sole cause of the observed
shifts. The shifts may also be contributed to by the effects of
the electric field generated by the biased ring electrode on the
primary electron beam. The electric field generated by the
biased electrode terminates on the specimen stage, not on the
surface of an insulating samp(Eig. 2). Hence as a PE trav-
els from the electron gun to the ring electrode, it gaifs
electron volts of kinetic energy, but it loses a smaller amount
) ) ) ) ) of energy during transit from the electrode to the insulating

FIG. 5. GSED image of a regiofi00 um wide, bright rectang)eof mica . .
preirradiated during the acquisition of an x-ray spectrum that exhibited asample surface. It therefore Im.paC.ts the surface with a'j] en-
positive DHL shift. The image shows SE contrast caused by negative samplefgy greater thaepg, thus contributing to the net DHL shift
charging (epe=4 keV, P=0.2 Torr, D=10 mm, d=45 mm, and (i.e., the electric field generated by the biased ring electrode
Ve=550 V). affects the DHLvia the same mechanism as the field gener-
ated by the ions

It should be noted that, unlike the data shown in Fig. 3

dependent changes caused by irradiation-induced samp®d 5, the spectra in Fig. 4 were acquired using an acceler-
modification. Under conditions of both high and low ating voltage of 1 kV, that is, under conditions where the
vacuum(10~® and 0.2 Torr, respectivelythe magnitude of ~current of electrons emitted from the sample is greater than
the positive DHL shift increased witkfs. At a given bias, the primary beam currerithis condition is only satisfied at
the DHL shift was much greater under conditions of lowthe start of electron irradiation, before the charge state of the
vacuum P>10° Torr), when a relatively large concentra- sample converges to a dynamic equilibrium whereby the
tion of ionized gas molecules was present in the specimefmissive and primary currents are eqidlUnder such con-
chamber. ditions, the observed relationship between DHL shifts ¥pd

In a low vacuum SEM chamber, the rate at which ionsmay also be contributed to by positive sample charging. As
are generated in the gas cascade scalesWjth®?° Conse- was mentioned earlier, conventiondligh vacuum SEM
quently, at 0.2 Torr, the steady state concentration of positivéheory states that the magnitude of shifts due to positive
ions also scales withl, .*? The positive DHL shifts shown in  sample charging is self-limited to a few electron volts due to
Fig. 4(b) may therefore be contributed to Iy a “cloud” of pinning of SEs at the specimen surface by the field generated
positive chargelions) with a vertical center of gravity lo- by excess hole¥ However, under the specimen-ring elec-
cated above the sample surface, as shown in Fig. 2(ignd trode geometry employed in this work, the net electric field
positive sample charging caused by recombination of ion&t the sample surface consists of three components generated
with electrons in the vicinity of the sample surf&C&¢®Evi- by excess charge trapped in the sample, the biased electrode,
dence against the latter is provided by the GSED imag&nd ionized gas moleculés gas is present in the chamber
shown in Fig. 5. The image shows a regid®0 um wide, The latter two components give rise to an SE extraction
bright rectangle of mica from which an x-ray spectrum was potential' that opposes the action of the field responsible for
acquired(prior to GSED image acquisitigrusing an accel- SE pinning at the surface. It therefore seems reasonable to
erating voltage of 4 kV. The spectrum exhibited a positiveargue that the greater the electrode bMs, the higher the
DHL shift of a few hundred electron volts. However, the intensity of the field required for SE pinnifgaused by posi-
bright rectangle corresponds to enhanced SE emissiotive sample chargingand, consequently, the greater the
caused by negative sample charging., a net negative sur- maximum possible magnitude of positive sample charging.
face potential generated by the bilayer of excess holes anthe field generated by positive specimen charging acceler-
electrons trapped below the sample surf&ée®A detailed  ates PEs as they approach the sample surface and contributes
analysis of methods used to identify contrast caused by neg#e positive DHL shifts.
tive charging of dielectrics in a low vacuum environment has ~ We will now discuss the decrease in the magnitude of
been presented elsewhéte. the positive DHL shift observed in spectra acquired as a

The above-mentioned effects of negative sample chargiunction of increasingpg as shown in Fig. 3. An increase in
ing on SE emission were also observed in images obtaineebg causes an increase in the maximum PE penetration
during (not only aftej the acquisition of spectra that exhib- range!® At accelerating voltages in excess of approximately
ited positive DHL shifts. These data show that an increase il kV, the greater the penetration range, the lower the SE
the PE landing energy can be observed under conditions gfield (the mean number of SEs emitted per)Ptae larger
negative sample chargin@nere, the polarity of “specimen the maximum depth at which excess electrons are trapped in
charging” is defined by the effects of trapped charge on SEhe sample, and the greater the magnitude of the maximum
emission. That is, under such conditiorfse., when subsur-  surface potential caused by negative sample chargifige
face trapped charge causes an increase in the SE) Vbl electric field generated by excess charge extends beyond the
positive DHL shift is not caused by positive specimen charg-sample surface, into the SEM chamber, and its magnitude
ing, but by the electric field generated by ionized gas molincreases with increasingg. The field decelerates PEs as
ecules located above the sample surface, as shown in Fig. they approach the sample surface, and thereby reduces the
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FIG. 6. Schematic illustration of the sources of electric field components in
a low vacuum SEM chambel/,: bias applied to the gaseous electron
detector electrodey; : charge density within the plane representing the field @4
generated by ionized gas moleculgs, : charge density of the positive eV
near-surface layer containing an excess concentration of holes as a result of g\

SE emission, ang_ : charge density of the negative underlayer containing % eV(z)
excess electrons injected into the sample. &y @

PE landing energy. This oversimplified line of reasoning can
gualitatively account for the observed dependence of the 5
DHL shift on epg. A more realistic model needs to account Amax
for the interdependence ¢f) the intensity and spatial distri- “max
bution of the net electric field between the sample surfacec. 7. simpiified electron energy diagram of the stage-sample-biased elec-
and the ring electrode and) the corresponding generation trode geometry shown in Fig. @ot to scalg under conditions ofta) high
rate of ions in the gas cascade. The latter affects the steadcuum, negative sample surface potentélapted from Ref. 30and (b)
state ion concentratiolr?;m the extent of sample chargiﬁd, Iovy vacu.um, positive s_urface pot(_en_t(@s: .specn_nen stage work functlon',
Y o €. : specimen conduction band minimugy,: specimen valence band maxi-

and the SE vyield! In contrast to existing models of low mum, Aepg: change in the PE landing energy caused by the sample surface
vacuum SEM, the charge states of the partially ionized gagotential,®.: electrode work functiony,: electrode biask yay: maximum
and of the specimen should be considered as interdepende## escape deptl,,,: maximum PE penetration range, amccharge of an
components of a single system. The development of such HectoD-
model is beyond the scope of the present article.

In summary, the PE landing energy in a low vacuum
SEM can be expressed as

low vacuum

il t
o+t

S
N
b
o
N

specimen(the underlayer extends down to the maximum PE
penetration rangeé’ ~3°The exact vertical distributions @f,
DHL = epete(AVs+ AV, g+ AVy), (2) andp_ are not known. At beam energies in excess of ap-

: . roximately 1 keV, the magnitudes pf. andp_ generally
whereeAV; is the DHL increase caused by the passage Ogecrease and increase with increasing PE energy,

PEs through the ion clouidsee Fig. 2 and Eq1)], €Viiyg is respectivelyy’-%

the increase caused by the transit of PEs through the ring Shown in Fig. 7 is a simplified electron energy diagram

electrode, an@V; is the change in the landing energy caused ) o -
by sample charging. The sign of the latter is governed by th of the stage-sample-biased electrode geometry shown in Fig.

polarity of the net electric field generated at the sample sur;:’ under conditions ofa) high vacuum, negative surface po-

r-o .

. tential[Fig. 7(a), adapted from Ref. Jtand(b) low vacuum,
face by su bsurface t_rapped cha_r ge. The magnitudeM positive surface potentigFig. 7(b)]. We emphasize that the
is a function of specimen capacitance.

exact charge distributiondelow and above the sample sur-
face are not known, and the diagrams shown in Fig. 7 are
merely approximations consistent with experimental facts
The vertical distribution of the different electric field (i.e., the potential at the two electrodes and at the sample
sources discussed above is schematically illustrated in Fig. $urface, the presence of positive and negative layers of
whereV, is the bias applied to the ring electrogg,is the  charge below the sample surfaleand the presence of gas-
charge density within the plane that represents the verticaous ions above the sample surface
distribution of gaseous iongthe height of p; above the We shall now consider the effects of these charge distri-
sample surfacez; , is not known, p, represents the charge butions on the emission probability of SEs excited by the
density within the positive near-surface layer caused by SElectron beam. The net field generated\hyand p; attracts
emission (this layer is, in general, tens of nanometerselectrons in the specimen, thereby giving rise to an SE ex-
thick),>’2%and p_ represents the charge density within thetraction potential at the sample surface. The extraction po-
negative underlayer caused by the current injected into theential lowers the surface barrier and increases the emission

B. Field assisted SE emission from insulators
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probability of low energy SE$a detailed discussion of the 1053
effects of such an extraction potential on emission of SEs I spectrum 2 (t; = 1000 live sec)
from a dielectric can be found in Ref. 1That is, the greater ]
the positive DHL shift caused by Vs [see Eq.(2)], the
greater the SE yield. However, the ion concentration, the
source ofAVs, also affects the SE-ion recombination rate
(the rate at which SEs are captured by gaseous.fdrghe
greater the ion concentration, the greater the SE-ion recom-
bination rate, the smaller the number of SEs amplified in the
gas cascade and the greater the suppression of the SE imags
ing signal induced in the ring electrod&Hence the net ef-
fect of the ions on the SE imaging signal depends on the
relative magnitude of these two effedfgeld-enhanced SE 100 ] , ,
emission and SE-ion recombinatiprand is a function of 1 2 3 4 5 6
SEM operating parametets? Energy (keV)

The relative magnitudes of the electric field components

- FIG. 8. X-ray spectra acquired consecutively from the same region of mica.
generatEd b)p+ and p- govern the net surface potentlal The spectra show changes in the PE landing energy, DHL, as a function of

caused by sample chargiff:*® The positive and negative jragiation time (electron detectorGSED, epe=5 keV, P=0.2 Torr,
layers serve to decrease and increase the SE emission prai=10 mm,d=4.5 mm, horizontal field widts130 um, andt,e= 1000
ability, respectively! as in the well documented case of high live s per spectrum
vacuum SEM'~2°

We should reemphasize that the magnitudes of field
components generated py, p., , andp_ are interdependent D. Consequences for low voltage x-ray microanalysis
and, when the electron beam is initially switched on, the final The intensity of a characteristic x-ray line is highly de-

charge state that the partially ionizeq gas?—dielectric _SySte’Bendent on the PE landing enefdyThe changes in the land-
converges to depends on the cascéde, ion generation 4 energy indicated by the positive DHL shifts observed in
characteristics of the gas, charge states, and species of 93s¢5y spectra of dielectrics in a low vacuum environment can
eous ionswhich affect the ion neutralization rajeslielec-  herefore introduce errors into x-ray quantification proce-
tric properties of the sample, microscope operating paraMyyres. Such artifacts can be alleviated by adjusting operating

eters(e.g., epe, Ve, P, d, beam current, scan speed, andp,rameters such a4 andP so as to minimize the positive

magnification and, as is discussed below, the geometry angy ghitts. However, on the basis of the proposed electric
electrical properties of objects in the specimen chamber.  q g model, a more elegant solution is the employment of

sample—electrode geometries in which the steady state ion
concentration is minimized, and DHL shifts caused by the
transit of PEs past the biased electrode are minimized. Two
It is well known that electron irradiation of a dielectric in such geometries are schematically illustrated in Figi)la
a high vacuum SEM can lead to sample modification due tahin grounded conductor, such as a series of parallel wires, is
filing of charge traps with excess electrons or holesplaced between the ring electrode and the sample sutface,
irradiation-induced defect formation, electromigration of de-or (ii) the axisymmetric ring electrode is replaced by a plate
fects and impurities under the influence of the electric fieldelectrode, located off-axis, near the pole piece. Two-
produced by trapped charge, and adsorption/desorption praimensional approximations to the distributions of electric
cesses at the sample surfdte* Bombardment of dielec- equipotentials generated by the positively biased electrodes
trics by soft-landing ions can also modify the surfatzion (V=500 V) arranged in these geometries are shown in Figs.
adsorption/desorption proces$sll of these phenomena 9(a) and 9b), respectively. The calculations were performed
can, in principle, cause time-dependent changes in thasing the finite element software QuickFi€fiX-ray spectra
amount of charge trapped in an insulator in a low vacuunpbtained using these geometries, acquired as a function of
SEM which can, in turn, affect the PE landing energy. SuchV,, are shown in Fig. 10. For comparison, the figure also
changes are illustrated by the x-ray spectra, acquiiiein  contains spectra obtained using the ring electrode geometry
the same argaas a function of irradiation time, shown in employed during the acquisition of all other spectra pre-
Fig. 8. The spectra show a time dependent decrease in tlsented in this articldi.e., in the absence of the grounded
magnitude of the positive DHL shift from approximately 400 wires), and a spectrum obtained from one of the grounded
to 0 eV. Such behavior was most pronounced under condiwires. The latter shows the expected absence of DHL shifts
tions of high electron beam current. The specific causes dh x-ray spectra of grounded conductdrender all condi-
these results are not relevant to the present discussion. Thiens).
data have been included to demonstrate the existence of such The spectra in Fig. 1@) show that the presence of
dynamic processes in low vacuum SEM and to point out thagrounded wires below the ring electrode causes a significant
all other DHL shifts discussed were not caused bydecrease in the magnitude of the positive DHL shift in x-ray
irradiation-induced sample modification, as is emphasizedpectra of insulators. The wires provide termination points
throughout the article. for some fraction of the electric field produced by the ring
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FIG. 10. X-ray spectra of mica acquired using the sample-detector geom-
etries defined in Figs. 1 and 9. The spectra show the dependence of the PE
landing energy, DHL, on the distribution of electric field lines in the speci-
men chamber. Data obtained under identical conditions show the absence of
irradiation induced changes in x-ray specti@g=2 keV, P=0.5 Torr,
D=10mm, d=45mm, w=0.5mm, interwire separatien2 mm,
horizontal field width= 130 um (except for the spectrum obtained from a

electrode’® as is illustrated by the equipotential plot shown g;‘?“s”pdeec‘:n?; wire which was acquired in spot modadt,.,= 2000 live s

in Fig. 9a). The presence of the wires therefore causes a
reduction ineAV,q, the increase in DHL caused by the
passage of PEs through the ring electrfske Eq.(2)]. pole piece and the samplgenerated by,) is very weak.

The wires also affect the electric field generated by gas€Consequently, the increase in PE landing energy caused by
eous ions. The steady state ion concentration is governed liie passage of PEs past the electrode is small. The equipo-
the ion generation and neutralization ratéghe latter is  tential plot also shows that some fraction of the field termi-
much greater in the case of grounded conductors than in theates on the pole piece. Hence ions generated in the gas
case of insulator§>?>?Consequently, the wires also serve cascade between the sample and the electrode can drift to,
to reduce the steady state concentration of ions above thend be neutralized during contact with, the pole piece. The
surface of a dielectrf€ and, consequentheAVs, the in-  concentration of ions above the sample surface and the mag-
crease in DHL caused by the passage of PEs through the iontude of AVy are therefore self-limited since, if the ion con-
cloud[see Fig. 2 and Eq2)]. centration increases, the corresponding electric field effi-

However, the spectra shown in Fig.(&Dillustrate that, ciently repels subsequently generated ions away from the
even when the wires are present in the chamber, DHL ispecimen, towards the pole pie@nce the detector field at
greater thanepg, and it scales with/,. These small DHL the surface is very weakvhere the ions are rapidly neutral-
shifts are caused by the small fraction of the detector fieldzed.
that extends beyond the wirgsee Fig. 8a)] and the field If the sample exhibits negative charging, the electric
generated by residual ions, the presence of wires above thield generated by excess electrons attracts ions to the sample
sample reduces, but does not eliminate the concentration surface, and the field generated by these ions cancels the
ions above the specimen surface. This shift can therefore Heeld (in the gas, above the samplgenerated by the elec-
minimized by optimizing the distance between the wires androns trapped in the specimen. Hence DHL shifts caused by
the sample surface, and by optimizing the interwire separanegative sample charging are minimized. Any subsequent
tion. buildup of excess ions above theegatively chargedsample

An alternate solution is to employ an off-axis electrodeis again self-limited(under the GSEB Cu wire geometry,
located near the pole piece, as shown in Fi@).9In this  this argument also applies to the concentration of ions be-
case, as is seen in the figure, the electric field between thwveen the sample surface and the wires

FIG. 9. Distributions of electric equipotentialsroken linesAV=20V) in

a low vacuum SEM chamber calculated for simplified geometries corre-
sponding to:(a) GSED electron detector and an array of grounded wires
located above the sample affyy LFGSED electron detectdsee Fig. 1
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