
LOCAL ELECTRON MICROANALYSIS IN MICROPROBE AND
ELECTRON MICROSCOPES

V. Starý

Fac. of Mech. Eng., Czech Tech ni cal Uni ver sity in Prague, CZ121 35 Prague 2, Czech Re pub lic
stary@fsik.cvut.cz

Keywords: 
elec tron scat ter ing, X-ray emis sion, microanalysis,
Monte-Carlo sim u la tion

Ab stract
Elec tron microanalysis uses an elec tron beam to ex cite
char ac ter is tic X-rays and to de ter mine from their in ten sity
the el e men tal com po si tion of a ma te rial. As an an a lyt i cal
tech nique, it can be in cor po rated into an elec tron mi cro -
scope to uti lize the gen er a tion of X-ray pho tons for ob serv -
ing thin sam ples and bulk sam ples in var i ous types of
elec tron mi cro scopes. A quan ti ta tive method for bulk sam -
ples was first used by R. Castaing [1] in France, and the
method was im proved by K.F.J. Hein rich and co-work ers
[2] in USA. The spe cial de vices used for ap ply ing this
method are usu ally called “microprobes”. The method is
of ten called “elec tron probe microanalysis”, though a
microprobe is the name for a very thin elec tron beam used
for lo cal microanalysis. Af ter some the o ret i cal in for ma tion
on elec tron-mat ter in ter ac tion, the ba sic pos si bil i ties of the
method are re viewed, and some practical examples are
given. Some basic literature is reviewed in [3-8].

1. In tro ducti on

Elec tron microanalysis en ables the user to make a qual i ta -
tive and quan ti ta tive anal y sis of el e ment con cen tra tions
from mea sured in ten si ties of the X-ray ra di a tion of the at -
oms in a sam ple. Be cause ra di a tion is cre ated by ex ci ta tion
of the in ter nal atomic lev els, chem i cal bonds do not in flu -
ence the X-ray spec tra. The in ten sity of the emit ted X-ray
ra di a tion does not de pend not only on the atomic con cen -
tra tion. A rel a tively com pli cated cal cu la tion is needed for
quan ti ta tive anal y sis. It has to take into ac count other el e -
ments pres ent in the sam ple, the de cel er a tion of the elec -
tron in the bulk sam ple, and the ab sorp tion and
flu o res cence of X-rays in the sam ple. Rea son able re sults

are ob tained in the range of tenths of one per cent. Since a
very thin electron beam can be used, very good lateral
resolution can be obtained.  

2. In teracti on of electrons with mat ter

Dur ing the path of elec tron through mat ter, the elec tron in -
ter acts with atomic nu clei and with elec trons. Interactions
with phon ons are omit ted in the the ory of microanalysis.

The in ter ac tions are given by the electron cross-sec tions si

or by their mean free paths Li, which are con nected by the
for mula
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where NA is the Avo ga dro num ber, A is the atomic mass

and r is the den sity. Both si and Li de pend on the type of
atom and elec tron en ergy. When elec trons in ter act with
mat ter, the in ten sity of the elec tron beam de creases along
the path x as
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Both elas tic and in elas tic scat ter ing ap pear.

3. Elas tic and ine las tic scat te ring

Due to the elas tic scat ter ing the elec tron beam mainly in -
creases its width. Si mul ta neously, some of the elec trons
can change the di rec tion and re turn to the sur face. For a
more com pli cated sam ple (an al loy), the elas tic cross-sec -
tions can be added s sel el i= å , .
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Ma te rial C Al Cu Au

Ener gy
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1 1.5 0.033 1.3 0.025 0.4 0.007 0.43 0.003

10 18 12.4 1.55 10 14.2 1.14 3.2 0.35 1.6 10.0 0.17

20 37 4.9 21 3.6 5.6 1.10 2.5 0.51

100 131.4 77.5 65.9 98.5 5.9 62.9

Ta ble 1. Some mean val ues for a free path and for the Bethe range RB in sev eral ma te ri als; Lel and Lin are the elas tic and in elas tic mean
free path at given en ergy, re spec tively.



In elas tic scat ter ing mainly causes en ergy losses. The
an gu lar de vi a tions are much lower than for elas tic scat ter -
ing, but they do ex ist. Mainly in ma te ri als with "free elec -
trons" there are en ergy losses in scat ter ing due to plasmon
ex ci ta tions,  or due to interband and intraband ex ci ta tions.
Gen er ally, the en ergy de crease is due to the "stop ping
power" -dE/dx=S, a prop erty, which can be cal cu lated the -
o ret i cally. The length of the elec tron path – range RB (2.4),
is lim ited to a few mi crom e ters (Tab. 1). This is the
maximum depth of the elec tron tra jec tory. Due to the di rec -
tional changes, only a small num ber of elec trons reache this 
depth. 
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/
           (2.4)

In a bulk sam ple, con se quently, a thin beam cre ates a
pear-shaped ex ci ta tion zone in the material.

The prob a bil ity of in ter nal level ex ci ta tions is rel a tively 
low (Fig. 1a,b).

4. EDX micro a na ly sis

4.1. Advan tages and di sa dvan tages

A set of ques tions can be ap plied to show the suit abil ity of a 
given an a lyt i cal method. In the case of elec tron
microanalysis, it is nec es sary to know:

• For which el e ments, com pounds and al loys does the
elec tron microanalysis give rea son able re sults, and
for which el e ments, com pounds and al loys does it
not give rea son able re sults?

• What is the min i mum con tent (con cen tra tion, num -
ber of at oms, mass) of the el e ment that we are able to
de ter mine?

• Is the bulk ma te rial ho mo ge neous (and we de fine the
mean con cen tra tions) or inhomogeneous (and we de -
fine the dis tri bu tion of el e ments in sam ple)?

• Is the aim to de ter mine the av er age el e ment con tent,
or the de pend ence of the con cen tra tion on the depth
in the sam ple (es pe cially in the case of films)?

• Is the method de struc tive (is there ra di a tion dam age,
and/or dis or der ing of ma te rial) or is it non-de struc -
tive?

4.1 De tecti on and ana ly sis of X-ray ra di ati on - 
      de vi ces

There are two ba sic sys tems for de tect ing and ana lys ing
X-rays from a sam ple: the first sys tem sep a rates the X-rays
ac cord ing to en ergy (en ergy dispersive spec tros copy -
EDS), and the sec ond sys tem di vides the X-rays ac cord ing
wave length (wave length dispersive spec tros copy - WDS).
In EDS, solid state de tec tors, usu ally Si(Li) (Fig.2a) or sil i -
con-drift (SDD) de tec tor types are used. The EDS de tec tor
is lo cated in the vac uum cham ber of the mi cro scope, the
short est dis tance away from the sam ple. The de tec tor is
cooled to a low tem per a ture us ing liq uid ni tro gen or a
Peltier cell. Older types of de tec tors were sep a rated from
the evac u ated space of the mi cro scope by a thin Be win -
dow. Now a days, the win dow is usu ally made of plas tics
(UTW, Ul tra Thin Win dow, My lar PET poly es ter). Some -
times there is no win dow, and the de tec tor is lo cated di -
rectly in the space of the mi cro scope. The Si(Li) de tec tor is
a pure sil i con crys tal doped with lith ium. In this de tec tor,
the X-ray pho tons cre ate elec tron-hole pairs, and the re sult -
ing charge is col lected by gold elec trodes on the crys tal sur -
face. The elec tric pulses are am pli fied by the field-ef fect
tran sis tor near the de tec tor. The num ber of elec tron-hole
pairs is pro por tional to the X-ray pho ton en ergy, with some 
un cer tainty due to the sta tis tics of elec tron-hole pair cre -
ation. The sta tis tics gives the width of the en ergy peaks in
the X-ray spectrum; the width depends on the photon
energy, and determines the quality of the detector. 

In the mul ti chan nel an a lyzer, the pulses are sep a rated
ac cord ing their size and as signed to the in tended num ber of 
chan nel, i.e., to the po si tion in spec trum. The re sult of
X-ray aquisition is a spec trum, i.e., the de pend ence of the
in ten sity of X-ray phon ons on their en ergy E, see Fig. 2b.
For this rea son, the sys tem is classified as an en ergy
dispersive sys tem (EDS). This way of de tec tion is called
par al lel, be cause the whole spec trum is ac quired si mul ta -
neously. The spec trum is com posed of peaks of char ac ter -
is tic ra di a tion on a back ground given by brems strah lung.
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Fig ure 1a. Cross sec tions of elas tic and in elas tic scat ter ing for
Cu, in clud ing brems strah lung (BrS) and char ac ter is tic en ergy

losses (sK and sL).

Fig ure 1b. Cross sec tions of elas tic and in elas tic scat ter ing for
Au, in clud ing brems strah lung (BrS) and char ac ter is tic en ergy

losses (sL and sM).



More over the de tec tor and the an a lyzer are con nected to -
gether. In the pres ence of a Be win dow, the in ten sity of
X-ray ra di a tion for en ergy E < 3 keV is par tially ab sorbed
by win dow, at 1 keV about 90 %, so el e ments with Z > 10
(Ne) can be rea son ably de tected. The spec trum also con -
tains some artefacts – in ten sive peaks can cre ate a peak
with sum of thier en er gies (or dou bling en ergy of one in ten -
sive peak) and also an es cape peak with en ergy de creased

by ex ci ta tion of sil i con X-ray ra di a tion, i.e., lower for SiKa
en ergy (1740 eV). When Be win dow is re placed by plas tics 
(usu ally sup ported by a plas tic mesh), light el e ments C, N,
O can be also analyseded. Quantitative meth ods are
complicated by peak over lap ping, and by the pres ence of a
back ground.

In wave length dispersive sys tems (WDS – Fig. 3a), the
X-ray pho tons are sep a rated by dif frac tion on a sin gle crys -
tal with a known interplanar dis tance be fore be ing de -
tected. Ac cord ing to the Bragg equa tion, the an gle of the
max i mum re flec tion de pends on the interplanar dis tance,

the or der of re flec tion and the wave length of the ac tual
X-ray ra di a tion. There fore the ra di a tion wave length can be
de ter mined from the re flec tion an gle, and in this way the
type of emit ting at oms can also be de ter mined. Dur ing the
mea sure ment, the crys tal and de tec tor slit  move along the
Rowland fo cus ing cir cle. For ex am ple, LiF, PET
(pentaerythritol C(CH2OH)4, plane (002)) and TAP 
(thalium pthalan TlHC8H4O4, (1010) plane crys tals are
used. X-ray ra di a tion is de tected by an ion is ation cham ber
or by a pro por tional de tec tor. The spec trum (Fig. 3b) is the

de pend ence of the in ten sity on the an gle of dec li na tion J,

(or di rectly on sin(J/2), see Fig. 3b). The me chan i cal parts
are rel a tively com pli cated. The en ergy/wave length res o lu -
tion of WDS is much better than the en ergy/wave length
res o lu tion of EDS, thus the ovelapping of the peaks is very
rare; in ad di tion, a high sig nal-to-noise ra tio is ob tained.
Due to the higher in ten sity of the elec tron beam in the
microprobe, peaks with Z > 4 can be mea sured. Due to se -
rial de tec tion, the wave lengths are de tected se quen tially
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Fig ure 2a. EDS de tec tor; 1 - win dow (Be or plas tics), 2 – Si(Li)
crys tal, 3- in put tranzistor, 4 – sig nal out put, 5 – de tec tor holder, 6 
– evac u a tion holes, 7 – freez ing con tact, 8 – cover.

Fig ure 2b. EDS spec trum of du plex Cr steel.

Fig ure 3a. Microprobe with a crys tal spec trom e ter 

Fig ure 3b. WDS spec trum of Cr-Ni steel.



and the spec trum col lec tion re quires much lon ger ac qui si -
tion times than for EDS. The pres ence of high or der re flec -
tions also  com pli cates the eval u a tion of WDS spec tra.
Usu ally, sev eral spec trom e ters with var i ous crys tals are
em ployed in the sys tem to de crease the ac qui si tion time.

4.2. Qua li ta ti ve ana ly sis

From the peak en ergy in EDS spec trum or from the an gle of 
the max ima in WDS spec trum, we can make a quantitive
de ter mi na tion of the el e men tal com po si tion of the mea -
sured sam ple (with the lim i ta tions given above). In or der to
make a quan ti ta tive de ter mi na tion of the con cen tra tion of
each el e ment, some lim its have to be spec i fied. In par tic u -
lar the crit i cal value, the minimum de tected amount, and
the minimum mea sur able val ues need to be de fined for
each el e ment. In addition, the pres ence of sev eral se ries K,
L, M of one el e ment in the spec trum and the pres ence of

sev eral lines in each se ries (a, b, etc.) must be taken into
ac count. It is also nec es sary to check the pos si bil ity of es -
cape and mul ti ple peaks in the spec trum.

Se miquan ti ta ti ve ana ly sis

If the num ber of col li sions of elec trons with at oms in a thin
sam ple is low (e.g., in av er age one col li sion per elec tron)
the en ergy losses are rel a tively low and the elec tron en ergy
is rel a tively con stant. The X-ray in ten sity of a given el e -
ment x in a thin film of thick ness z is pro por tional to the
num ber of at oms N1,x and is con se quently proprotional to
the atomic frac tion cx. The X-ray in ten sity is ex pressed by
the fol low ing equa tion

I I c
N

A
dx x x

A smp

x

=
æ

è
ç
ç

ö

ø
÷
÷0s w

r
,            (4.1)

where Io is the beam cur rent, sx is the cross sec tion of X-ray 

pro duc tion, w is the flu o res cent co ef fi cient, rsmp is sam ple
den sity, Ax is atomic mass and NA is the Avo ga dro num ber.

It is seen that Io, NA and z is the same for all el e ments, rx, Ax

a w are tab u lated val ues. The cross sec tion sx (in cm2) can
be cal cu lated ac cord ing to the for mula

sx
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. ln( ),              (4.2)

where ns is the num ber of elec trons at a given level (e.g., ns

= 2 at K se ries), bs a cs are the con stants for a given level, Ec

is the ion iza tion en ergy for the se ries (in keV) and U is the
so-called overvoltage (U=E/Ec, for a thin film E=Eo, Eo is
pri mary elec tron en ergy); ac cord ing to the lit er a ture, the
rec om mended val ues for K se ries are bs=0.9 a cs=0.65.

In the case of a sam ple con tain ing one el e ment, the
num ber of at oms in a vol ume unit is given by (2.2), while
sam ples con tain ing more than one el e ment the num ber of
given at oms in a vol ume unit is given by

N c
N

A
x x

A smp

x

1, =
r

,            (4.3)

rsmp be ing den sity of sam ple.
For cal cu lat ing  the el e men tal con cen tra tion of two el e -

ments in a thin sam ple, x and y, a sim ple equa tion re flect ing 
the pro por tion al ity be tween the in ten si ties of the X-rays
and con cen tra tions is used
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xy
x
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= ,            (4.4)

where kxy is a co ef fi cient given by mea sure ment of stan -
dards (the so-called the Cliff-Lorimer fac tor). In the case of 

more el e ments, the ob vi ous con di tion Sci = 1 must be taken
into ac count. 

4.3. Quan ti ta ti ve ana ly sis

When a quan ti ta tive anal y sis of a bulk ma te rial is made, the 
con cen tra tion (mass frac tion cx) of given el e ment x from
the mea sured in ten sity of the char ac ter is tic X-ray ra di a tion
Ix has to be cal cu lated. The un der ly ing phys i cal pro cesses
are fol low ing:

1. elas tic scat ter ing at at oms, con nected with change of 
    di rec tion, in clud ing the pos si bil ity of back scat ter ing;
2. slow ing down of elec trons;
3. ion is ation of at oms with pos si ble emis sion of X-rays;
4. flu o res cence, i.e. ion is ation of at oms by both 
     char ac ter is tic and brems strah lung ra di a tions;
5. absorbtion of the gen er ated X-ray ra di a tion in the path 
     through the sam ple to the de tec tor.

The gen er ated in ten sity of X-ray ra di a tion dur ing the
ac tive move ment of an elec tron in an sam ple is given by

I c
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where R is a cor rec tion for back scat ter ing, s is the path in
sam ple. Two meth ods, ZAF and Phi-Ro-Zet., are widely
used for cal cu lat ing con cen tra tions. 

ZAF Method

This method is used for cal cu lat ing mass frac tions with the
use of stan dards, usu ally pure el e ments or chem i cal com -
pounds with ex act stochiometry. ZAF stands for the cor rec -
tions used when cal cu lat ing from the in ten si ties. The
cal cu la tion pro ceeds in a num ber of steps:

• first, the con cen tra tion is de ter mined ex actly from
the ra tio of the in ten sity from the sam ple and from

the stan dard: cx/cx,s = Ix/Ix,s, Ix is the in ten sity from the
sam ple, Ix,s is the in ten sity from the stan dard un der
the same mea sure ment con di tions (en ergy and elec -
tron cur rent, spec i men tilt, spec i men po si tion to de -
tec tor, etc.), cx,s is the el e ment concentration in the
stan dard (for a pure el e ment cx,s = 1); k = Ix/Ix,s is the
so-called k-ra tio, for a pure el e ment stan dard cx = k.

• sec ond, cor rec tions are in cluded that reflect:
• 1. the dif fer ence of elec tron scat ter ing and slow ing   

down in the sam ple and in the stan dard, i.e., the

Ó Krystalografická spoleènost

166 V. Starý



atomic num ber ef fect – this is de noted as Z cor rec -
tion; 

• 2. the dif fer ence in absorbtion of the X-rays gen er -
ated in the sam ple and in the stan dard - this is de noted
as A cor rec tion;

• 3. the dif fer ence in flu o res cence in the sam ple and in
the stan dard  - this is de noted as F cor rec tion.

• The cor rec tion fac tors can be cal cu lated ac cord ing to
the phys i cal pro cesses in the sam ple and in the stan -
dard, and are in cor po rated in the eval u a tion soft ware.
The cal cu la tion proceeds iteratively. In the next step,
the first es ti ma tion of the con cen tra tions cal cu lated in 
the pre vi ous step is used for cor rec tions to cal cu late
the new val ues of con cen tra tion etc. The cal cu la tion
is completed when dif fer ences in subsequent steps
de crease be low a de fined level.

• The re sult ing com po si tion is given for cx,s = 1 as cx =
k/(ZAF)x, ZAF be ing the prod uct of the cor rec tions
that have been ap plied.

Fi nally we have both the mass and atomic frac tions of
the el e ments in clud ing their mea sure ment er rors - stan dard
de vi a tions cal cu lated from peak in ten si ties of char ac ter is tic

ra di a tion and spec trum back ground. 

PHI-RO-ZET method

The dis tri bu tion of X-ray gen er a tion in sam ple is used to de -
ter mine the con cen tra tions. No stan dards are used. The

func tion F(r×z) (i.e., Phi-Ro-Zet) de scribes the ra tio of the
in ten sity Ix,gen of the gen er ated X-rays from a thin film

d(r×z) in mass depth r×z, r be ing the mass den sity and z the
phys i cal depth in the sam ple and the in ten sity Ix,0 from a free 
thin film of the same thick ness

F( )
,

,

r × =z
I

I

x gen

x 0

,             (4.6)

Let’s as sume a con stant con cen tra tion of el e ment. The
gen er ated in ten sity de pends also on the pri mary elec tron
en ergy Eo and on the den sity of the ma te rial. The depth de -

pend ence of F(r×z) in para met ric shape can be cal cu lated
as fol lows

F( )
exp( / )

exp( ) /
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+ × -
z

A B z C

z D E1
                                      (4.7)

the quan ti ties A to E are polynoms of atomic num ber Z and 
overvoltage U (U=Eo/Ec); the for mula for cal cu la tion
takes into ac count the depth de pend en cies of the stop ping
power S and the co ef fi cient of beam at ten u a tion due to
back scat ter ing R. The in ten sity Ix from the sam ple is mea -
sured, and in ten sity Ix,s is cal cu lated. From the shape of

func tion F(r×z) in the sam ple and the stan dard and
intensity ra tio Ix/Ix,s we can cal cu late the con cen tra tion cx

of the mea sured el e ment x in the sam ple.

Lo cal micro a na ly sis and che mi cal map ping

X-rays are gen er ated only in that part of the sam ple where
the ac cel er ated elec trons move, i.e., in a very small part of
the sam ple vol ume. The di men sion of this “in ter ac tion vol -
ume” is given ap prox i mately by the elec tron range RB

(Tab. 1), and de pends on the com po si tion and den sity of
the sam ple and the en ergy of the elec trons. Thus the size of 
the in ter ac tion vol ume (depth and di am e ter) is in the or der

of tenths of one mm for heavy el e ments and units of mm for
light el e ments. When the elec tron beam is fo cused on a de -
fined po si tion on the sam ple, in for ma tion is ob tained from
a sin gle “point” of the sam ple. Be cause we usu ally ob serve 
the im age of the sur face as a (sec ond ary or back scat tered)
elec tron im age, we can po si tion the beam on ar eas which
are of in ter est for the study. This way is re ferred to as “lo -
cal microanalysis”. In this type of lo cal microanalysis of
small-sized ob jects (par ti cles or phases), it is al ways nec -
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Fig ure 4a. SEM im age of light al loy AlLiCuZr, in the bright par -
ti cles there is an ex cess of Cu, Fe, Ni and Zr, in the dark par ti cles

there is an ex cess of Li, mag ni fi ca tion 1000´.

Fig ure 4b. EDS spec trum of the bright par ti cles in Fig. 4a; in ad -
di tion to Al, the par ti cle con tains Cu and Fe. The sam ple also con -
tains par ti cles with Zr and Ni.



es sary to com pare the size of a par ti cle (phase, etc.) with
the size of the in ter ac tion vol ume that the in for ma tion co -
mes from.

The small size of the in ter ac tion vol ume means that the
beam can be moved along a line (for ex am ple to cross the
in ter face) or that the sam ple can be mapped by an elec tron
beam over a se lected area. This method is known as “el e -
men tal map ping”, and is widely used in a large num ber of
ap pli ca tions. The beam moves in an ar ray of points, and a
ma trix is cre ated (Fig. 5). At each point of the ma trix the
whole spec trum can be ac quired, but this is time-con sum -
ing. An other way is to use only rel a tively nar row en ergy
win dows for se lected el e ments (or for the back ground). In
any case, the time of mea sure ment in one point is much
shorter than the time for spec trum mea sure ment for qual i ta -
tive or quan ti ta tive anal y sis, so the pre ci sion of the mea -
sure ment is lower. How ever, us ing this method we ob tain a
sur vey of the dis tri bu tion of a sin gle el e ment in the sam ple.

Conclu si on

The X-ray nicroanalysis is a very suit able and im por tant
method for study ing the com po si tion of ma te ri als and bi o -
log i cal ob jects.
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Fig ure 5. Chem i cal maps of sev eral el e ments in a super al loy, mag ni fi ca tion of orig i nal im age 750´.


