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1. Introduction

Characterization of chemical microstructure s one of
the most important applicabons of the comventional
scanming electron microscope (SEM) equipped with an
encrgy dispersive x-ray spectrometer (EDS) [1]. Interest
in electron-excited x-ray microanalysis 15 potentally
even greater in the vanable pressure (VPSEM) and envi-
ronmental scanning electron  microscopes  (ESEM)
where dynamic chemical experiments can be con-
ducted. The distinction between the VP-5EM and
ESEM 15 made on the basis of achieving gas pressures
that can mamtain an equlibrium between water vapor
and hquid water. With zample cooling to 2 °C, this equi-
librium can be established at approximately 660 Pa. An
arbitrary division between ESEM and VPSEM can be
made at 100 Pa. X-ray microanalysis performed in the
VPSEM-ESEM 15 subject o additional conditions and
constraints that arise from the presence of the environ-
mental gas and its influence on the primary electron
beam. Figure | shows schematically the effects of elas-
uc and melastic scattering of the beam electrons by the
gas atoms. The major consequence of inelastic scatter-
ing 15 the generation of characternistc and continuum
(bremsstrahlung) x rays from the gas atoms that con-
tribute to the measured Si-EDS spectrum. X-ray pro-
duction is a relatively rare event, suffered by one in 10°
electrons or fewer. Most electrons do not suffer sigmifi-
cant energy loss from inelastic interachions.

The consequences of elastic scattering are the reduc-
ton of beam current wiathin the focused probe and redis-
tribution of this current w form a wide “skirt” around

the beam, sigmficantly degrading the spatial resolution
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Fig 1. Schomatic disgram illustrating fonmation of cloclron scablering
“skirt” around the unscablecred beam im o YPSEM-ISEM. Llasic
scaliering keads Lo trmmsfor of clectroms from the focesed beam b Lhe
skirl. Inclastic scaltering keads 10 imner shell mnization and subscgquent
cmission of chamcieristiic x rays from the gas, which will be collocied
by the FXS il cmitled indo the solid angle delined by the collmmator.
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of x-ray microanalysis. These gas-scattening effects can
greatly alter the results achieved with x-ray microanaly-
s15 1 the VPSEM-ESEM compared to performing a
similar x-ray measurement in a convenbional SEM under
hirh vacuum conditbons, given that the specimen would
be compatible with high vacuum. This paper will con-
sider the special aspects of x-ray spectrometry and mi-
croanalysis performed in the VPSEM-ESEM, especially
the impact of gas scattering on spectrum quality, meth-
ods of specimen preparation to muimmize the effects of
gas scattenng, practical aspects of qualitative and quan-
btative x-ray microanalysis, and prospects for future 1m-
provements in this area.

2. X-Ray Spectromeiry in the
VPSEM-ESEM

Electron-excited x-ray spectrometry performed with
wavelength dispersive  spectrometry (WDS) andfor
semiconductor energy  dispersive  spectrometry (S
EDS) in the SEM 15 8 mature techmigue that 15 wadely
emploved across many of the sciences [1]. Specimen
excitation with a focussed electron beam at a fixed posi-
bon can achieve lateral spatial resolution down o ap-
proximately | pm or less, depending on the beam en-
ergy and the exact composition of the specimen at the
beam locaton. WDS and 5:1-EDS have cntical strengths
and weaknesses (e.g., resolubion, spectral coverage, hm-
itz of detecton, speed of photon processing, etc.) that
are mutually supportive, so that combined 5i1-EDS-
WIS mstruments represent the most sophisticated bevel
of this mstrumentaton 1 conventional SEM applica-
bons [|1]. Because of the constramnts imposed by the
more agpressive environment of the VPSEM-ESEM,
virtually all x-ray spectrometry in these mstruments has
been performed with 51-EDS, usually equipped with a
vacuum 1sclabon window that 15 resistant to water vapor.
WDS could, in pnnaiple, be incorporated, but the spe-
cial optical focusing properties of WIS demand precise
postbomng of the electron-excited x-ray source, and the
diffractors of the WDS would require special protection
to avord degradabon from exposure to the environmental
gas. In this paper, we will consider only Si-EDS for
performing x-ray spectrometry in the VPSEM-ESEM.

After recording an x-ray spectrum at a hixed beam
location, the x-ray microanalysis procedure consists of
two distinct stages:

(1} Qualitatrwe analysis: The x-ray peaks are assigned
o speciiic elemental constituents, and the broad catego-
nzation of major, minor, and trace 15 apphed to each
constituent so dentified. These terms are defined (ari-
trarly) as:



Yolumc 107, Number &, November-Docember 20002
Journal of Research of the National Institute of Standards and Technology

Major: C > 0.1 mass fracbon (> 10} weaght percent)

Minor: 0.1 =C =(.] mass fracbon (| to 10
weight percent)

Trace: C < 0,01 mass fraction (< | weight percent)

(2} Quantitative analysis: A numencal value 15 as-
signed to the concentration, along with a stabstical mea-
sure of the precision as a measure of repeatability and of
expecied accuracy.

A separate procedure, x-ray mapping, mvolves mea-
sunng x-ray intensiies while the beam 1= scanned 10 a
regular armay of locabons to form an image that depicts
the spatal distribution of elemental consttuents.

In the following discussion, we must also be aware
that 51-EDS conducted under conventional lgh vacuum
conditions 15 mselfl subject w artfacts (e.g., escape
peaks, coincidence or sum peaks, and remote excitation
due to hackscattered electrons and rescattening of BSEs
in the specimen chamber) that must be understood and
corrected o achieve optimum results. In the following
discuszion, an understanding of ED)S artifacts in conven-
wonal high vacuum operation will be assumed. A large
hterature on SEMYEDS exists that describes all aspects
of the messurement science of the techmigue, including
spectral artifacts, peak wdenufication, vanious mathe-
mahbcal peak modehng procedures for separating peak
and background, accuracy of quantitative analysis, limits
of detechon, etc. (for comprehensive treatments, see
Refs. [1,2.3]). This hterature forms the basis for pro-
ceeding with 51-EDS in the VPSEM-ESEM.

(s scattering of the primary beam 15 the single miost
important difference between performing x-ray spec-
trometry with the conventional low pressure (1.2, lngh
vacuum ) SEM and with the elevated pressure (low vac-
uum) YPSEM-ESEM mstruments. X-ray spectrometry
performed i the VPSEM-ESEM must mevitably be
compromised because of gas scattering compared to the
“ideal” sitwation 1n the conventional high vacuum SEM.
The key problem to consider for practical microanalysis
in the VPSEM-ESEM 15 determuming the concentration
level of the analyte in the specimen (major, minor, or
trace) for which the results can be trusted.

2.1 Extrancous X-Ray Peakis) Due to the

Environmenial (as

X-ray spectrometry in the VPSEM-ESEM 15 subject
to additsonal artifacts beyond those famihar i comven-
vonal SEM/EDS. These artifacts are directly related to
the presence of the environmental gas. The mevitable
gas scatterning, both elastic and inelastic, of a fraction of
the pnmary beam electrons has a sipmficant and fre-
quently severe impact on both gualitabive and quantita-
tove 51- EDS x-ray microanalysis in the VPSEM-ESEM.
Considenng hirst the case of imelastic scatterning, both
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charactenisic and continuum (bremsstrahlung) x rays
are produced by the incident beam electrons dunng
interactions with the environmental gas atoms. More-
over, the beam electrons that backscatter from the spec-
imen can also undergo inelastic scattering events with
the environmental gas atoms, further contnibuting to the
measured x-ray spectrum. Although the density of
atoms n the gas 15 very low compared to the atom
density in the sohd specimen, the volume of the gas
which lies within the sohd angle of collechon of the
S1-EDDS, even when properly collimated, 15 quite large.
The EDS accepts x rays from most of the gas path length
of the beam from the final pressure hmiting aperture to
the specimen, a distance of several millimeters. The
vilume above the specimen into which the backscat-
tered electrons are ematted (following a cosine distnbu-
oon for a specimen surface placed normal to the beam)
15 also within the acceptance of the 51-EDS for the
majority of BSEs, with only those lost which are emat-
ted as a result of beam electrons scattered so far out into
the skirt that they re-emerge as BSE outside the colli-
mated acceptance arca of the Si-EDS.

Figure 2 (a) shows S1-EDS spectra obtained as a func-
pon of water vapor pressure from a pure carbon disk
(2.5 cm in diameter) bombarded wath 20 keV electrons
with a beam gas path length of & mm. The artifact
axygen contnbution 15 barely detectable at the base pres-
sure (= 30 Pa), but develops into an casily detectable
peak at 133 Pa (] torr) and above. Figure 2 (b) shows a
plot of the (WC peak intenzity rato as a function of the
pressure. Depending on the pressure, the environmental
gas can be detected in the x-ray spectrum as an apparent
MERer, minor, or trace consbtuent relative o the legit-
mate peak from the target. At the lnghest pressure used
(2800 Pa =21 toar), the oxygen peak imtensity reached
more than 70 % of the C K peak intensity from the
carbon target. Close examinabion of Figure 2 (a) reveals
that imbally the oxygen intensity increases with increas-
ing water vapor pressure with a gradual lowerning of the
carbon peak relative o the measurement at base pres-
sure. Al the highest pressure, the carbon peak 15 substan-
pally reduced in intensity compared to the base level.
This reduction in carbon x-ray intensity occurs because
of elastic scattering mio the skirt at distances beyond the
acceptance of the EDS collimator {see next secton)
rather than from energy loss. Below approsimately 10
Pa (0.1 torr), the contnbution of the environmental gas
to the x-ray spectrum becomes negheible. When He-H;
gas mixtures are used mstead of HXD or ar, extraneous
x rays from the gas can be eliminated because of the lack
of measurable x-ray emission from these atoms. There1s
still a contnbution to the composite spectrum from con-
onuum x rays produced from this gas mxtore. For
equivalent gas densibes, the intensity of this extraneous



