Scanning Microscopy Vol. 12, No. 1, 1998 (Pages 185-192)

0891-7035/98%5.00+.25

Scanning Microscopy International, Chicago (AMF O’ Hare), IL 60666 USA

BACKSCATTERING COEFFICIENTSFOR LOW ENERGY ELECTRONS

A.M.D.Assd dand M.M. El Gomeati*

The Department of Electronics, University of York, YorkYO15DD, U.K.

(Receivedfor publication August 6, 1996 and in revised form December 9, 1996)

Abstract

We present new experimental results of the
backscattering coefficient (n) for C, Al, Cu,Agand Autargets
bombarded with low energy electrons (0.6-6 keV) at normal
anglesof incidence. The present datashow aclear monotonic
increaseinthebackscattering coefficient withincreasing target
atomic number for electronsof primary energy lessthan 1 keV
in contrast with previoudy published data. A fundamental
difference between this study and other reported
measurementsisthat the present dataset is collected fromin
situ cleaned surfaces under ultrahigh vacuum conditions
(120 mbar), whilethe previoudy reported studieswere carried
out under conventional vacuum (10° mbar). Dataof n values
from mechanically cleaned and in situ Ar ion bombarded
samples are compared with other published n data.
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Introduction

L ow voltage scanning el ectron microscopy (LV SEM)
is useful in studies where a decrease in the electron range,
reduced charging and radiation damage, and an increased
topographic contrast are desired. Such characteristics have
seenanincreased useof LV SEM inthe semiconductor industry,
inmetrology andinbiological science (Ogura, 1991; Perovic
etal., 1995; Venablesand Maher, 1996). LV SEM istherefore
witnessing intensive activity in both instrument manufacture
and image interpretation. The former is due to the recent
developmentsin el ectron sources, wherethe higher brightness
field electron emitters of the Schottky type are increasingly
replacing conventional thermionic sources. A corollary of
thisdevel opment isthat small probe diameterswith sufficient
probe current to form an SEM image of comparable signal to
noise ratio to conventional large probe diameter SEM’s are
now commercially available (Ogura, 1991). Image
interpretation on the other handisstill initsinfancy despitea
large data base of experimental data of the backscattering
coefficient n (Bishop, 1967; Darlington and Cosslett, 1972;
Fitting, 1974; Hunger and Kuchler, 1979; Reimer and Tollkamp,
1980; Bongeler et al., 1993) and predictions by Monte Carlo
smulations(lchimuraand Shimizu, 1981; Joy, 1987; Bongeler
etal., 1993).

The backscattering coefficient n is conventionaly
defined astheratio of the number of electronsthat backscatter
out of the sample surface (1), with an energy greater than 50
eV, tothetota number of theincident electrons(l ), i.e,n =1/
I Toour knowledge, most of theexperimental resultsreported
to date have been measured under conventional vacuum
conditions (10°-107 mbar). Thomasand Pattinson (1970) and
Darlington and Cosdlett (1972) have reported backscattering
measurements at 10® mbar. However, none of these studies
had any provisions for in situ surface cleaning. We believe
that thesereported N measurementsare, therefore, most likely
to be from samples which have a thin surface film of
contaminantsthat isnot representative of theunderlying bulk
properties. Suchafilmislikely tovary inthicknessfromone
sample to another and greatly dependant on surface pre-
trestment. However, its effect is to alter the backscattering
behaviour of the part of the sample under electron
bombardment, particularly at theselow electron energies.
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From electron-solid interaction simulations (Assa d,
1996), it can be shown that 2 keV electronsimpinging asolid
surfaceat normal incidencewill usualy haveamaximumrange
in the region of 30-80 nm depending on the target atomic
number. Electronsof energy inexcessof 5keV will, however,
have arange greater than 100 nm. Further, it iswell known
that most solid surfacesgrow anatural layer of contamination
when exposed to atmospheric conditions. This layer could
extend to severa nanometers and mainly consist of oxygen,
carbon and hydrogen compounds. The backscattered
electrons, onthe other hand, travel on averageto amaximum
depth of only about athird of the primary electron range. At
2keV, thiswill beabout 10-30 nm. Itisthereforeobviousfrom
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10 nm C
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Figurel. A smulation of electron solidinteraction for afilm
of carbon 10 nmthick on agold substrate. A number of incident
beamenergies, E, areconsdered: (a) 2keV (b) 5keV, and(c) 20
keV. Note that as E, increases more of the backscattered
electrons travel into the Au substrate. This gives rise to
increased n valuesin the above cases of 0.212, 0.44, and 0.5,
respectively.

the above discussion that any measurement of n at energies
less than 2 keV will reflect the presence of the surface film,
particularly for higher atomic number materials.

Figure 1 depicts an illustration of this effect where a
carbon layer of thickness 10 nm is deposited on a gold
substrate. Asthe energy of theincident electronsisincreased,
n dsoincreasesfrom0.212 for 2keV dectronsto 0.5for 20keV
electrons. Themode used in thissimulation isbased on that
by Joy (1987) but withamodified Rutherford cross-sectionto
give backscattering coefficients closer in value to those
obtained experimentally at electron energies2-30keV (Assa d
et al., 1992). However, for the purpose of these illustrative
simulations, the details in the scattering model used will not
changethe valuesto the magnitude experimentally observed.

It was with this picture in mind that we started the
present study. In so doing, we adopted the design of the
detector reported by Reimer and Tollkamp (1980) to a ultra
high vacuum (UHV) environment. 1 vaues in the energy
range 0.5-6 keV and at normal electron beam incidence have
been measured for anumber of e ementsbeforeand after their
surfaces were in situ cleaned with energetic ions.
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Figure2. (a) Thebackscattered detector used for the measurement of n, (seetext for details); (b) aschematic of the detector and

the experimental set-up used in the present experiments.

Experiment

The backscattered electron detector used in thiswork
isshownin Figure 2. Itisbased on that reported by Reimer
and Tollkamp (1980) but with two basic differencesasfollows:

(2) Thecollector eectrodeismade out of molybdenum
inthe shape of ahemisphere of radius 15 mm, with the sample
placed at its centre, making a collection angle of 2rstr. The
hemisphere extends 3 mm into a cylindrical shape and is
connected to a30 mm diameter plate that carriesthe sample.
Thisensuresthat all electronsthat may backscatter from the
collector are captured.

(2) The sample can be moved in situ from the
backscattered detector to face an energetic ion beam for
surface cleaning. In addition, the present design alows a
carousel type sample manipulator to be used, and hence a
number of samples can be investigated without the need to
break the vacuum seal. Thisisanovel feature of the present
detector.

The grid used in the detector is made out of stainless
ged withawiregaugeof 100 microns. It has85% trangparency.
All theinner surfaces of themetal partsof the detector that are
exposedto electronsaswell asthe grid el ectrode were coated
with alow electron emission carbon compound (GRAPHIT
33, Kontakt Chemie, GMBH, D-7557, Iffezheém, Germany). The
useof thismateria ensuresthat aminimum of dectronemisson
(secondaries and tertiaries) occurs from the interaction of
electrons emitted from the sample with the grid. Since the
design of the present detector issimilar in principleto that of
Reimer and Tollkamp (1980); afigure of systematic errorsin
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themeasurement of the backscattering and secondary electron
coefficients as obtained by these authors, amounting to less
than 1%, istherefore expected. An analysis of these sources
isgiven by Reimer and Tollkamp and for the sake of brevity
will not berepeated here.

The experimentd setup used consisted of a vacuum
system bakeable to 160°C to achieve a base pressure in the
regionof 2-3x 10 mbar, avariableenergy 0.6-10keV dectron
beam having acurrentintherangeof 0.1-1x 10°Ain aspot of
about 10-30 um diameter. [onbeam cleaning conditionswere
2-4 x 10% A a 3 keV and typicaly were used for about 30
minutes. These ion beam conditions have been used
previoudly in cleaning similarly prepared surfaces for Auger
€l ectron spectroscopy applications (El-Bakush and El-Gomati,
1995). The samples were made of thin foils of high purity
materials (99.999%) and weretypically 0.5 mmthick and 2-3
mm in diameter. The beam current stability was better than
0.02% per hour and all current measurementsweremadewith
a Keithley 604 electrometer (Keithley Instruments, Inc.,
Cleveland, OH). The measurements were repested at least
twice, and n values were found to be reproducible with a
standard deviation of better than 1%.

Backscattering coefficients n were measured in the
energy range 0.6-6 keV for C, Al, Cu, Ag and Au a normal
incidence. Figure 3 shows the results obtained for both the
uncleaned (as inserted) and cleaned samples, as well as the
experimental dataof Bongdler etal. (1993). Withtheexception
of carbon and aluminium, all three data sets show a similar
pattern of low n vaue at low energies rising with different
degrees of steegpness as E isincreased up to 3-4 keV where
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theincrease becomessmaller.

The backscattering values of the Ar* ion cleaned
surfaces are plotted in Figure 3. Itisclearly seen from these
data that the n values obtained at low electron energy are
higher than those for the uncleaned sample. Inaddition, itis
also found that the n values of any element from the clean
surfaces increase only dowly as a function of the incident
beam energy with amaximum range of about 20% (for Au, at
0.6keV,n=0.37,and a 6 keV,n =0.47). Thisisincontrast to
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Figure3. Thebackscattered el ectron coefficient asafunction
of incident e ectron beam energy for (a) carbon, (b) aluminium,
(c) copper, (d) silver, and () gold. Open symbols are from
Bongeler et al. (1993); filled symbolsand crossesarethe“as
inserted” and theion cleaned samples, respectively, from the
present work.

the uncleaned surface (asinserted) which shows an increase
by morethan 60% (for Au, thiscorrespondston =0.17 at 0.6
keV ton =0.46at 6keV). Theseratiosassumethat then vaue
at 6 keV isnearly constant for both the asinserted and cleaned
aurfaces. Thebehaviour for asinserted samplesisin quditative
agreement with the discussions of Figure 1 describing athin
film of low Z material deposited on asubstrate of ahigher Z
material. Itisimportant to notethat thefilm thicknessaffects
the absolute value obtained for a given beam energy. We
have confirmed this pattern by collecting n at various stages
during the cleaning process of Cuand Au surfaces. Whilethe
n vaueat 5keV remained goproximately thesame, themeasured
values at less than 1-2 keV increased as the cleaning
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progressed.

In the case of the cleaned samples, the measured
backscattered coefficientswerefound to reducein value only
dightly under prolonged electron beam bombardment. This,
on the one hand confirms the cleanliness of the surfaces,
while on the other, it shows that carbon deposition on target
surfacesunder el ectron bombardment ismuch reduced under
UHYV conditions.

Itisinteresting to notethat the asinserted data, which
is expected to agree more with the data of Bongeler et al.
(1993), infact falsin betweenit and the datafrom the cleaned
samples. This perhaps is because al three surfaces have
different contamination levels and that aso the experiments
were carried out in different environments. Under UHV
conditions, it is expected that carbon and oxygen deposition
arereduced, and therefore the data of the asinserted samples
of the present study will be dightly higher in value than the
Bongeler et al. (1993) data, asmentioned abovefor thecleaned
surfaces. An exceptionto thisiscarbon (and perhaps similar
low atomic number materials). Inthiscase, itislikely that a
compound of averageaomic number greater than carbon (e.g.,
containing oxygen) is formed on the Bongeler et al. (1993)
sample to give ahigh n value at low E,. For the asinserted
samplesinthe present study, ontheother hand, itislikely that
a compound of lower average atomic humber than carbon
(e.g., containing hydrogen) hasformed on its surfaceto give
alown valueat low E.

Figure 4 depicts the relationship between n and the
target atomic number (Z) at different incident beam energies
for the clean samples (Fig. 4a) and the as inserted samples
(Fig. 4b), respectively. The datafor the asinserted samples
arethose of Bongeler et al. (1993). Itisclearly seen that for
the cleaned samples n increases as Z is increased for all
energies. Inthecaseof theasinserted samples, therelationship
betweenn and Z for low beam energiesisdifferent than those
a higher energies. For E =05 keV, low Z materias give
higher n valuesthan higher Z materials, whilefor E=5 keV,n
increasesas Z increases. Inaddition, for Z > 30 and E,=05
keV, n iscongtant towithin+ 2%. Incontrast, theclean samples
show asystematic increaseinn for all energies used.

Theresultsshownin Figure4aarein contradictionto
previously published experimental data, and athough the
range of samples investigated here is limited, the results
obtained show apattern suggesting that unambiguousatomic
number contrast reflecting high n values for high atomic
numbers can also be obtained in low as in high voltage
microscopy. The price to be paid for such a restoration of
atomic number contrast is the provision of in situ sample
cleaning and vacuum conditions that preserves surface
cleanliness during the measurement, as in UHV surface
analysis. This may not be easily achieved in most SEM’s
which employ conventional vacuum. However, withtheever
increasing use of field electron emitter sourcesin SEM and
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Figure4. Thebackscattered el ectron coefficient asafunction
of theatomic number for different electron beam energies(a)
for Ar ion cleaned surfaces, (b) asinserted from Bongeler et
al. (1993).

Cu, Ep = 2keV
............... A s e
400
300
<
£
el - ic
= |o
100
o T T T T T T T
-120 80 -60 -30 0 30 60 80 120
Sample bias Vs (Volt)

Figure5. Retarding thefield plot of current versus specimen
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Figure 6. Schematic illustration of the effect of topography
on the measurement of the backscattering coefficient. Both
shadowing and edge enhancement are functions of the
detector collection angle.

their operational requirement of UHV environment,
manufacturers and prospective customers of future high
resolution low voltage SEMs should perhaps take such a
practice into consideration.

Conclusion

New experimental data of the backscattering
coefficients of C, Al, Cu, Ag and Au at norma angle of
incidence and low el ectron energies (0.6-6 keV) arereported.
Theresultsobtained are from samplesthat have been cleaned
ingtuwith energeticionsto removeany surface contamination
prior to measurements. Then dataare collected under UHV
conditions to preserve surface cleanliness. An electron
detector, for the measurement of the backscattering coefficient,
with provisionfor in situ samplecleaningisasoreported. In
contrast to current datain the literature, the present results at
low el ectron beam energies(lessthan 2keV) show amonotonic
increase of n with increasing target atomic number. Itisour
opinionthat theprevioudly reported dataarelikely to befrom
sampleswhich contain athin, but significant, surface film of
low atomic number contaminants that may have arisen as a
result of sample preparation or experimental conditions. At
low incident electron energies, itisthisfilmthat dominatesthe
interaction volume of the electron with the solid, giving lower
backscattering coefficients than expected from cleaned
surfaces. This may also be responsible for the reversed
contrast between low and high energy imaging as reported
by Ogura(1991).

Work is in progress to collect data from additional
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materials spanning the periodic table and at other incident
angles. In addition, the secondary electron coefficientsof the
same targets are also being measured. A theory/experiment
comparison of these datainvolving Monte Carlo simulations
isin progress and will be reported shortly.
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Discussion with Reviewers

M. Dapor: The number of trapped electrons in the
contamination film and that of electronstransmitted through
it should influence the backscattering coefficient
measurement. The transmission and absorption of electrons
through thefilm of contaminantsdepend, for agiven thickness,
on the electron primary energy and on the kind of
contaminants. Can the authors give an evauation of the
fraction of electrons trapped and of that of electrons
transmitted for a typical layer of contaminants (carbon, for
example) andfor low energy (Ep <1000eV) electrons?
Authors. We have recently developed a fast Monte Carlo
codefor thegeneration of al thesigna sused in multi-spectra
Auger microscopy (MULSAM); namely, Auger, secondary
and backscattered electrons and X rays. It is based on a
modified Rutherford scattering cross-section. The modified
formulacompareswell with themoreexact Mott cross-section,
particularly at low electron energiesand high atomic number
materials. Detailsof thismodel will besubmitted later tothis
journa. Using thismodel and simulating anincident electron
beam on afilm of carbon deposited over targets of different
atomic numbers ranging from carbon to gold shows that at
least between 60-70% of the incident electrons are trapped
within the carbon layer, depending on the target material.

H.J. Fitting: | fear an affection of n = IC+/Ip by means of
“tertiary” electrons emitted from the mesh stages back to the
sample. It may bethe reason that | find your data generaly
lower than our dataof acomprehensivereview inH.J. Fitting
etal. (1991) Phys. Stat. Solidi (a) 126, 8500. Thissystematic
error should be determined and avoided as much aspossible.
Authors: Themeasurement of n iscarried out asfollows: |,
is the current measured by the collector and grid with the
samplepositively biasedto 50V. Inthiscase, any secondaries
or tertiaries emitted in the system will be collected by the
positively biased sample. The primary beam current l, is
measured whenthe sample, grid and collector ared| connected
together. (isthencaculatedasn = Iﬁ/lp. Reimer and Tollkamp
(1980) have discussed and estimated the likely errorsin the
measurement of ) that could result from secondary andtertiary
electrons which are generated by backscattered electrons
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(BSE) at thegrid and collector and collected by the positively
biased sample. Inthe present setup, whichissimilar inprinciple
to that by these authors and for a sample of no more than 3
mm in diameter, and a carbon coated grid, this has been
estimated at less than 0.3% of the backscattered coefficient
(seeReimer and Tollkamp, 1980, for further details).

The sample bias used here is determined after a
measurement of aretarding field plot of the current | versus
sample bias. Theplot for Cu at 2 keV isshown in Figure 5.
Careful inspection of Figure5 showsthat | istill decreasing
asthesamplebiasisincreased. Thedifferencebetween40V
and 50 V biasing amountsto adecreaseinn of just under 3%
inthis case and for the samples studied hereisfound to bein
therangeof 2-3%, whichissimilarinvauetothecalculations
of Fitting et al. (1991). However, wechosetouse50V biasing
to distinguish between secondary and backscattered el ectrons
for consistency withwell established practiceintheliterature.

Z.Radzimiski: What kind of precleaning did you usebefore
ingerting samplesinto the vacuum chamber? Can you identify
acleaning method which would be most suitable for sample
preparation?

Authors: All samples were degreased in deionised water
followed by an ultrasonic bath inisopropanol acohol for about
5-10 minutes, and then were dried before being inserted into
the vacuum system. Thisisthe method normally used in our
surface analysis systems. Its main function isto ensure that
no residual foreign materials are left on the surfaces,
particularly greasefrom handling the samples. Thisalsohelps
one obtain a true UHV environment in a reasonable time,
normally between 12-24 hours at 160°C. In the case of
conventional SEM environment, theuse of asimilar procedure
should eliminate any presence of foreign materials on the
surface. However, even with this cleaning procedure, the
experiments performed here show that in both cases, and with
the use of low energy electrons, one would still need the use
of UHV and the in situ sample cleaning to obtain the true n
and o values of the constituent elements.

Z. Radzimiski: Could you give some evaluation of theory/
experiment comparison. You have presented Monte Carlo
datain this paper, so | assume that you have aready some
theoretical valuesof BSE coefficients.

Authors: Thedatapresentedinthisstudy areal experimental
messurements. Preliminary resultsfromthe MULSAM Monte
Carlo code mentioned above indicate asimilar pattern to the
datapresented here up to about 1 keV. However, for electron
energies below this value, the level of agreement is
considerably less than at higher energies, and this is being
currently investigated, particularly with respect to electron
energy loss expressions.

K.Murata: Surfaceroughnessisalsoanimportant factor for
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backscattering at low energies. Could you comment on how
theroughnessinfluence the backscattering coefficient? How
didyou confirmflat surfacesexperimental ly?

Authors: Thesampleroughnessisindeed animportant factor
to be taken into consideration in the measurement of the
backscattering coefficient from asolid target. Thisisbecause
the position of a topographical feature on the surface with
respect to that of theincident el ectrons, on the one hand, and
the electron detector and its angle of collection on the other
hand, will giverisetotwo artefacts. Theseare salf-shadowing
and edge enhancement as depicted in Figure 6. However,
these artefacts are normally seen in the case of an incident
electron beam of diameter much less than the height of the
featurebeingimaged. Itseffect, however, will still be present
inthetota yield, and therefore, flat surfaces must be used in
these type of measurements. Another important factor isthat
backscattering normally increases as a function of the
incidence angle, hence for topographically rough surfaces, n
is expected to increase depending on the degree of surface
roughness.

Inthe present study, the sampleswered | mechanically
polished to about two microns. Thiswasestablished optically
before insertion into the vacuum chamber and by using the
sampleimaging facility of the Varian Auger spectrometer used
here, which has aresolution of 10-20 um at these energies.

D. Venables. Could the authors please elaborate on why the
low Z materias show an increase in n as the beam energy
decreases, whereashigh Z materials show the oppositetrend?
Authors. The behaviour of n for electrons of energy less
than 2 keV is believed to be largely affected by the ratio of
elastic to inelastic scattering of electrons with the target
material. Inelastic interaction is a function of a number of
losses; plasmon excitation, band transition and electron-
electroncollision, dl isbelieved to bestrongly target dependant
inacomplex way that does not reflect asimplelinear atomic
number dependence asthe caseisfor higher electron energies.
However, in our opinion, there may be some systematicsof )
acrosstheperiodictableat low incident el ectron energiesthat
giveriseto such lossesin the first place. Such systematics
could only bediscovered with dataobtained from clean sample
surfaces, and the present work is a step towards this goal.

D.Venables: Theauthorssuggest that the differencesbetween
their own as-inserted data and that of Bongeler et al. (1993)
may be due to the difference in vacuum conditions under
which the datawas acquired. Inthisregard, how do the data
of Darlington and Cosslett (1972) (al so acquired under UHV
conditions) compare to those of the authors and to those of
Bongeleretal. (1993)?

Authors. The data of Darlington and Cosslett (1972) were
indeed obtained under UHV conditions but there was no in
situsurface cleaning facilitiesused. Inthisregard, it could be
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that the surfaces studied may have a layer of natural
contamination of unknown thickness and composition. In
theauthorsexperiencewith surfaceanalysis, therewill aways
be an element of contamination on solid surfaces even on
surfaceswhich have been degreased in asolvent. Inthe case
of thedataof Bongeler et al. (1993), in addition to the natural
contamination layer, the data was collected under
conventional vacuum conditions in a commercid electron
microscope. Poor vacuum conditionscould causean additiona
layer of adsorbates on the sample surface. Both sets of data
are therefore different than those presented here, with the
dataof Bongeler et al. (1993) more likely to show a stronger
contamination than that of Darlington and Cosdett (1972).
The data presented by Darlington and Cosslett (1972)
generally shows higher values than either our data or those
by Bongedler et al. (1993).



