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Abstract

We review the various ways in which an electron beam can adversely affect an organic or inorganic sample during examination in an

electron microscope. The effects considered are: heating, electrostatic charging, ionization damage (radiolysis), displacement damage,

sputtering and hydrocarbon contamination. In each case, strategies to minimise the damage are identified. In the light of recent experimental

evidence, we re-examine two common assumptions: that the amount of radiation damage is proportional to the electron dose and is

independent of beam diameter; and that the extent of the damage is proportional to the amount of energy deposited in the specimen.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Besides providing useful information, the electron

beam used in a transmission electron microscope (TEM)

or scanning electron microscope (SEM) can cause

temporary or permanent change in the surface or bulk

structure of a specimen. One way of categorizing this

damage is in terms of the type of electron scattering that

gives rise to it (Fig. 1).

Elastic scattering represents electrostatic deflection of

incoming electrons by the Coulomb field of each atomic

nucleus. It gives rise to electron-diffraction patterns and to

diffraction and phase contrast in TEM images, as well as

backscattered-electron (BSE) contrast in SEM images, but

in some circumstances can result in atomic displacement

within a crystalline specimen or electron-beam sputtering of

atoms from its surface.

Inelastic scattering represents Coulomb interaction of

incoming electrons with the atomic electrons that surround

each nucleus. It gives rise to the secondary-electron

production that provides SEM images, to the emission of

X-rays (used for elemental analysis in the SEM and TEM)

and to electron energy-loss spectra (EELS) in the TEM. But

inelastic scattering can also produce radiolysis effects,

which change the structure of a specimen or remove

material (mass loss). Under certain conditions (the presence

of ambient hydrocarbons), electronic excitation also causes

hydrocarbon contamination, which obscures or distorts the

TEM or SEM image.

The first part of this paper consists of a brief review of

our current knowledge about these various damage

processes, including steps that may be taken to avoid or

minimize them. In the second part, we examine some

recent experimental results that challenge two common

assumptions in the field of radiation research: that the

damage is proportional to the accumulated radiation dose,

and is proportional to the amount of deposited energy. In

order to resolve these issues, further experiments are

suggested.

2. Atomic displacement

It is convenient to assume that elastic scattering

involves no change in energy of the transmitted beam.

However, conservation of energy and momentum dictates

that an electron which is deflected through an angle u

in the field of a single atomic nucleus (atomic mass

number A) must transfer an amount of energy E given

(in eV) by:

E ¼ Emax sin2ðu=2Þ ð1Þ

Emax ¼ E0ð1:02 þ E0=106Þ=ð465:7AÞ ð2Þ

where the incident-electron energy E0 is also in eV. For

small angles of scattering, as recorded in a typical TEM

diffraction pattern, the sin2 term in Eq. (1) ensures that
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the energy transfer is negligible ( p 1 eV) but for

backscattering ðu . 908Þ and high E0; the energy loss E

may be several eV. For a head-on ‘collision’ with the

nucleus, u ¼ 1808 and Eq. (1) gives E ¼ Emax which may

be many eV for high E0 and atoms of low atomic weight

(mass number) A; as can be deduced from Eq. (2).

If E exceeds some displacement energy Ed which is a

property of the specimen material (bond strength, crystal

lattice and atomic weight of the constituent atoms), high-

angle elastic scattering can displace atomic nuclei to

interstitial positions and thereby degrade the crystalline

perfection. This effect is most easily seen in the TEM if the

specimen is raised to an elevated temperature, such that the

interstitials aggregate to form loops or defect clusters which

give a characteristic ‘black-white’ diffraction contrast

(Fig. 2). Similar effects are seen in metals that have

been exposed at elevated temperature to neutron or ion

bombardment.

Some experimentally-determined values of Ed are given

in Table 1, together with the corresponding threshold energy

(value of E0 above which displacement occurs) obtained by

setting Emax ¼ Ed in Eq. (2). The accelerating voltages used

in an SEM are too low to induce displacement damage. In

the TEM, displacement effects are not expected for

E0 ¼ 100 keV (unless the specimen contains hydrogen

atoms) but the specimen is vulnerable at higher energies,

especially if it contains atoms of low or medium atomic

number. For example, carbon nanotubes or crystalline

silicon can be safely imaged in the TEM at 100 kV but not at

200 kV accelerating voltage.

Since it does not affect the momentum transfer to a

nucleus, specimen temperature cannot be used as a means of

controlling the displacement process. The only sure way of

avoiding displacement damage is to use an incident energy

below the threshold energy for the material in question. If

higher energies must be used, the electron dose (product of

current density and recording time) should be limited to the

minimum that is sufficient to record the information

required.

3. Electron-beam sputtering

If high-angle elastic scattering occurs at an atom

(atomic number Z; mass number A) which lies at the

surface of a specimen, Eqs. (1) and (2) remain valid but

the energy Es required for displacement is much lower:

surface atoms do not have to be squeezed into an

interstitial site—they are free to leave the specimen and

enter the vacuum of the microscope. By analogy with the

displacement of surface atoms by ion beams, this process

is called sputtering. The removal of carbon (from small

carbide precipitates by a focused field-emission probe)

has been attributed to this process, largely on account of

the relatively small temperature dependence observed

(Thomas, 1985).

It is believed that a sputtering crater forms only on the

beam-exit surface, since the momentum transfer involved in

a high-angle collision is mainly in the incident direction

(Crozier et al., 1990; Medlin and Howitt, 1991). Sputtering

Fig. 1. Classification of radiation damage according to the type of electron

scattering and according to the effects produced in a specimen.

Fig. 2. 2 mm £ 2 mm bright-field TEM image showing defect clusters

produced in a thin graphite crystal irradiated at 600 8C by 200 keV

electrons.

Table 1

Displacement energy Ed; and the corresponding threshold value of incident

energy E0; for some common materials (Hobbs, 1987)

Material Ed (eV) E0 (keV)

Graphite 30 140

Diamond 80 330

Aluminum 17 180

Copper 20 420

Gold 34 1320
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problems are therefore unlikely in the SEM, especially since

the incident energy and current density are lower than in the

TEM.

Analogous to the case of atomic displacement within a

specimen, electron-beam sputtering occurs only for an

incident energy E0 which exceeds some threshold value,

given by Emax ¼ Es: Taking Es as the sublimation energy

per atom, threshold energies for some common elements,

estimated using Eq. (2), are shown in Fig. 3. Light and

medium-Z atoms appear to be vulnerable to sputtering by

200 keV electrons.

The sputtering rate S (in monolayers per second) is given

approximately by:

S ¼ ðJ=eÞðZ2
=AE0Þð1=Es 2 1=EmaxÞð3:54 £ 10217cm2Þ ð3Þ

in which ðJ=eÞ represents the incident-current density in

electrons/cm2/s and the remainder of the expression is a

sputtering cross-section, here evaluated using a non-

relativistic Rutherford-scattering model; Es is in eV and

Emax is related to the incident energy through Eq. (2). The

case of elemental carbon, shown in Fig. 4, illustrates

the fact that the sputtering rate increases rapidly above the

incident-energy threshold, comes close to its maximum

value at about twice the threshold value and varies

relatively little at higher incident energy. Because the

sputtering rate is low immediately above the incident-

energy threshold, the situation for medium-Z elements is

somewhat less serious than might be deduced by

immediate inspection of Fig. 3.

In crystalline specimens, focused collision sequences can

transfer momentum over a short distance (a few atomic

layers) to surface atoms, thereby increasing the sputtering

rate (Cherns et al., 1976). However, this effect is important

only for incident energies well above the threshold energy

(Cherns et al., 1977). Therefore a layer of high-Z material

(e.g. tungsten, threshold <500 keV) on the exit surface of a

TEM specimen could protect against mass loss in high-

intensity beams.

The sputtering rates calculated in Fig. 4 are for an

incident-current density of J ¼ 105 A/cm2, just achievable

using a 200 keV field-emission TEM with focused illumina-

tion and a large condenser aperture. Holes in a 20 nm carbon

film are formed in a few seconds under such conditions. In

the case of a field-emission TEM fitted with an aberration-

corrected probe-forming lens, the current density can

exceed 106 A/cm2 (Lupini et al., 2001) and sputtering

effects should be readily observable with a stationary probe

and non-contaminating conditions.

As illustrated in Fig. 3, sputtering mainly involves low-Z

atoms (even if these are contained in a high-Z matrix). If the

threshold incident energy is low, the best strategy for

avoiding sputtering is to limit the radiation dose. Where this

is not possible (e.g. elemental analysis by energy-loss or x-

ray spectroscopy), a thin layer of a heavy element which

completely covers the beam-exit surface may provide

protection for TEM specimens.

4. Electron-beam heating

Because inelastic scattering involves ‘collision’ between

the incoming electrons and particles (atomic electrons) of

Fig. 3. Threshold incident energy for onset of electron sputtering in solid

elements, calculated using Eq. (2) taking Es as the sublimation energy per

atom.

Fig. 4. Sputtering rate (in nm/s) at the exit surface of a carbon film versus

incident-electron energy E0; based on relativistic Mott and Rutherford and

Mott cross-sections, and as given by Eq. (3).
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similar mass, appreciable energy can be transferred in the

process. Most of this energy ends up as heat within the

specimen, giving rise to a local temperature T that is higher

than the temperature T0 of the surroundings.

Consider first the case of a thin specimen (thickness t) in

the TEM. If the average energy loss per inelastic collision is

kEl; the average energy per incident electron is kElðt=lÞ
where l a mean free path for all inelastic scattering. The

heat deposited in the specimen per second is therefore

ðI=eÞkElðt=lÞ; I is the beam current and e the electronic

charge. This expression can be rewritten as IkEðeVÞlðt=lÞ
where the average energy is now expressed in eV rather than

Joule. A steady state is quickly achieved in which the heat

generation (in an incident beam of diameter d) is balanced

by heat loss due to radial conduction (over a distance R0

through material of thermal conductivity k) and radiation

(from both surface of the specimen, emissivity 1):

IkEðeVÞlðt=lÞ ¼ 4pktðT 2 T0Þ=½0:58 þ 2lnð2R0=dÞ�

þ pðd2
=2Þ1sðT4 2 T4

0 Þ ð4Þ

Putting numbers into Eq. (4) shows that the radiation term

can generally be neglected, even for relatively poor thermal

conductors. As a result, the temperature rise ðDT ¼ T 2 T0Þ

becomes independent of specimen thickness.

Beam heating is known to be a problem in the TEM at

high incident currents, for example if a large (or no)

condenser-lens aperture is used. Under such conditions, thin

specimens of common metals have been melted in a

tungsten-filament TEM, despite their relative good thermal

conductivity (k . 100W/m/K). But even at low current

densities, heating effects are worrisome for organic

materials such as polymers, where k can be quite low

(0.2–2 W/m/K) and the materials are susceptible to melting

or thermal degradation at only moderately elevated

temperatures.

Although electron probes of very small diameter may

involve a high current density, the temperature rise is

usually insignificant. Applying Eq. (4) to a 5 nA stationary

probe incident on a carbon film (k < 1:6W/m/K) gives the

results shown in Fig. 5; as the beam diameter is decreased

from 1 mm to 1 nm, the current density in the probe

increases by a factor of 106 but DT increases only from 0.5

to 1.4 K. This small increase is a result of the logarithmic

term in Eq. (4), which is a characteristic of two-dimensional

radial heat flow. Consequently, the temperature rise

involved in scanning-transmission (STEM) imaging would

not be much greater from that involved in TEM imaging,

even if the incident-beam current were the same.

In the case of SEM, a bulk specimen is normally used and

heat flow is radial in three dimensions, leading to a

relatively small temperature rise. When the probe diameter

is much less than the electron range R; the temperature rise

in a stationary probe is (Reimer, 1998, p. 118):

DT ¼ ð1:5=pÞðIV0Þ=ðkRÞ ð5Þ

where I is the probe current and V0 the accelerating voltage.

For V0 ¼ 20 kV and I ¼ 1 nA, R < 1 mm and DT , 0:1 K

for metals or a few degrees for a typical polymer (k < 1 W/

m/K). With a scanning probe, whose dwell time per pixel is

typically less than the thermal equilibration time, DT is even

lower.

But if a thin film (on a TEM grid) is examined in the SEM

and if the incident energy is between 500 eV and 2 keV, the

temperature rise in an organic specimen can reach a few

hundred degrees for a stationary probe (Li, 2003). In this

situation, the electron range is less than the film thickness,

all of the beam energy is deposited in the film and the heat

flow is two-dimensional. The temperature rise is typically

reduced by a factor of ten if the beam is scanned at

video rate.

5. Electrostatic charging

The charging of electrically-insulating specimens

involves both elastic and inelastic scattering, since the net

charge added to the film per second depends both on the

backscattering coefficient h and on the yield dð1Þ for

secondary electrons which are emitted with kinetic energy

1: Consider first the case of a bulk SEM specimen;

analogous to Eq. (4), the steady-state condition represents

a current balance:

I þ Vs=Rs ¼ Ihþ IdðVsÞ ¼ Ihþ I
ð
ðdd=d1Þd1 ð6Þ

where Vs is the surface potential developed in the beam and

Rs is an effective electrical resistance between the irradiated

and surrounding regions of specimen. Terms on the left-

hand side of Eq. (6) represent negative current entering

Fig. 5. Temperature rise ðDTÞ in a carbon film for a 5 nA electron probe,

calculated as a function of the probe diameter ðdÞ using Eq. (4) with

R0 ¼ 30 mm and k ¼ 1:6 W/m/K. Incident energy ¼ 200 kev.
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the irradiated volume, from the beam (incident current I)

and by leakage (from a grounded specimen stage) through

the specimen. Terms on the right-hand side represent the

loss of electrons by backscattering and by secondary

emission; dðVsÞ is an effective secondary yield when the

surface potential is þVs; such that electrons of energy below

eVs cannot escape into the vacuum. Appropriate limits of the

integral in Eq. (6) are therefore eVs and (approximately)

E0 2 eVs; this last expression representing the kinetic

energy of the highest-energy secondary which can be

generated by incident electrons of energy E0:

At high E0; most secondary electrons are generated well

below the surface of the specimen and do not escape into the

vacuum. Consequently, dðVsÞ is low and a negative value of

Vs is needed, on the left-hand side of Eq. (6), to achieve

current balance, as seen in Fig. 6. If Rs is large (highly

insulating specimens), lVsl may be many kV, causing the

incident beam to be repelled from the charged region and

giving rise to unstable or distorted SEM images (Reimer,

1998).

At low E0; the beam penetrates only a few nm (or less)

and most of the secondaries produced can escape. The larger

value of dðVsÞ requires Vs to be positive in order to achieve

current balance. After the beam hits the specimen, the rise in

Vs causes Vs=Rs to increase and dðVsÞ to decrease until Eq.

(6) is satisfied. For highly insulating materials (large Rs), the

Vs=Rs term is insignificant but balance can still be achieved,

at a surface potential Vs which is sufficient to prevent the

lower-energy secondaries from leaving. Nevertheless, it is

advantageous to work at a particular incident energy E0 ¼

E2 (Fig. 6) at which the required value of Vs is zero, since

this avoids loss of secondary-electron signal. Values of E2

have been tabulated for common materials (Joy and Joy,

1996).

At very low incident energy ðE0 , E1Þ; primary

electrons have insufficient energy to generate many

secondaries. Because d is low and since h , 1; Vs again

becomes negative. However, values of E1 are typically in

the range 50–150 eV (Joy and Joy, 1996) and therefore not

relevant to most scanning-electron microscopy.

In the case of a thin specimen in the TEM, current balance

requires that a term representing the transmitted electron

current It be added to Eq. (6), giving:

I 2 It þ Vs=Rs ¼ IhðtÞ þ IdðVsÞ ð7Þ

Here hðtÞ is a reduced backscattering coefficient, taking

into account the small thickness t of the specimen. As t is

reduced, It approaches I in magnitude since very few

electrons are absorbed within a thin specimen, especially

at high E0: The effect of increasing It is to cause Vs to

again become positive above some incident energy E3;

typically 2–10 keV (Reimer et al., 1992; see dashed

curves in Fig. 6). Under these positive-charging con-

ditions, the surface potential Vs can increase so that

current balance is achieved, as for a bulk specimen with

E1 , E0 , E2: Statistical fluctuations in Vs may account

for the fluctuating granularity (bee-swarm effect) some-

times seen in the TEM image of a thin insulating film

(Curtis and Ferrier, 1969).

At high current density, and taking into account the

existence of Auger electrons with high kinetic energy, Vs

may become dangerously high, as pointed out by Cazaux

(1995) who analysed the case of a typical field-emission

probe (d ¼ 1 nm, I ¼ 0:4 nA) and obtained Vs ¼ 76 eV.

While this voltage may have negligible effect on the

electron focusing, it leads to an electric field (at the edges of

the illuminated area) in excess of 1010 V/m, sufficient to

cause electrical breakdown (Hobbs, 1990) and possibly a

lateral migration of ions. Calculation of the corresponding

net charge within the irradiated volume (containing n

atoms) gave Qs < 1000e < 0:16 n (Cazaux, 1995). Since a

solid with 16% of its atoms ionized is likely to disintegrate

by electrostatic repulsion, electrostatic charging was

proposed as an explanation of the hole drilling observed

in metal-oxide insulators in a field-emission STEM (Hum-

phreys et al., 1990).

Charging of a TEM specimen can also produce a

mechanical force that the specimen is unable to withstand.

For example, it may cause tearing of thin polymer films,

especially since mechanical softening (due to the heating

effect of the beam) is likely.

Fig. 6. Total electron yield ðdþ hÞ and surface potential ðVsÞ in a poorly

conducting bulk specimen or thin film (dashed curve), as a function of

incident-beam energy E0:
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6. Radiolysis of inorganic materials

Radiolysis implies electron-beam degradation through

inelastic scattering. To produce atomic displacement (loss

of crystallinity or mass loss), there must be some

mechanism for converting the energy acquired by atomic

electrons to kinetic energy and momentum of atomic nuclei.

For alkali halides, which are among the most radiation-

sensitive inorganic materials, inelastic scattering can lead

to a 7 eV exciton state, which decays within 10 ps to

form an double-halogen ion (H-centre) and an anion

vacancy (F-centre), as described by Hobbs (1984). The

vacancies can aggregate to form voids and the displaced

halogen ions may condense to create dislocation loops but

will eventually diffuse to the surface, resulting in halogen

loss (Egerton et al., 1987). Radiolysis is somewhat

temperature dependent and can be reduced by cooling the

sample (Hobbs, 1984, 1990).

Other binary compounds such as oxides decompose in an

electron beam, but at much higher doses and in the case of a

highly focussed probe the mechanism may involve electro-

static charging, as discussed above. Whereas elastic

displacement occurs only above some incident electron

energy, hole drilling seems to occur only above some

threshold current density, easily achieved in field emission

probes (Salisbury et al., 1984; Humphreys et al., 1990) and

less easily with a thermionic source (Devenish et al., 1989).

If so, the problem may be worse for STEM imaging than for

TEM with the same accumulated dose.

In the case of transition-metal oxides, radiolysis is

believed to occur via the Knotek-Feibelman mechanism: the

incident electron creates an inner-shell vacancy on the metal

site followed by (interatomic) Auger decay from the

oxygen. This results in a (neutral or) positive O atom

which is repelled by the surrounding metal ions and ejected

into the vacuum leaving a metal-rich surface with a mottled

(pitted) appearance (McCartney et al., 1991). The process

continues until the material becomes sufficiently conducting

to screen the positive oxygen ion. Since the mass loss occurs

mainly close to the surface of the specimen, it is also known

as electron-stimulated desorption (ESD).

For inorganic specimens, the existence of a radiolytic

process increases the thinning rate above that due to

electron-beam sputtering and may pose a severe problem

in the case of a stationary aberration-corrected probe.

Conversely, an aberration-corrected instrument could be

very useful for electron-beam lithography on a sub-nm scale

(Broers, 1988; Humphreys et al., 1990)

7. Radiolysis of organic materials

The worst problems of radiation damage occur in

organic solids, which are either amorphous (e.g. most

polymers) or molecular crystals, containing both covalent

bonds and much weaker (Van der Waals) bonding. Electron

excitation occurs within each molecule but (partly due to the

weak steric constraints) the subsequent de-excitation may

not return the molecule to its original electronic state. In

other words, chemical bonds are broken and the molecule

changes in shape and shifts in position, causing a loss of

crystallinity which is observed as a fading of the spots in an

electron-diffraction pattern (Henderson and Glaeser, 1985).

The change in electronic configuration of a molecule also

causes a loss of fine structure in the electron energy-loss

spectrum, while the bond breakage results in mass loss

(escape of light atoms: particularly hydrogen, nitrogen and

oxygen).

For each of these processes, a critical dose can be

defined, for example for ‘complete’ destruction of the

electron-diffraction pattern of a crystalline sample. Note

that in the electron-microscope literature, ‘dose’ usually

means electron exposure (often in C/cm2), the product of

incident-current density and exposure time. As shown in

Table 2, this critical dose varies widely between different

organic materials but is generally higher for aromatic

compounds compared to aliphatic ones. The higher

radiation stability of the aromatics is attributed to the fact

that they contain relatively stable ring structures, with a high

resonance energy of the p-electrons (Isaacson, 1975) which

allows the energy deposited by inelastic scattering to be

shared by many electrons without bond breakage.

As noted by Isaacson (1977), the dose required for mass

loss and composition change in an organic material is

usually greater than the dose which gives diffraction-pattern

fading (loss of long-range order) but less than that required

for loss of energy-loss fine structure (destruction of short-

range molecular order). In molecular crystals, the size of

each molecule is not much smaller than that of the unit cell,

so a distortion of the molecular shape (due to limited bond

breakage, possibly accompanied by hydrogen loss) can

appreciably affect the diffraction intensities. More extensive

irradiation leads to loss of other elements but the stable ring

structure of aromatics, as measured by the EELS fine

structure (usually the 6 eV p-resonance peak) remains

intact.

The release of H atoms is an important factor in the

radiation damage process, as illustrated by the reduced

sensitivity of phthalocyanine (Pc) in which peripheral H

Table 2

: Critical dose Dc; for destruction of the electron-diffraction pattern of

selected aliphatic and aromatic materials (Reimer, 1975)

Material E0 (keV) Dc (C/cm2)

Glycine 60 0.0015

C26 paraffin 60 0.004

Polyethylene 100 0.01

Anthracene 60 0.07

Phthalocyanine (Pc) 60 0.1

Cu-phthalocyanine (Cu-Pc) 60 1.5

Cl16Cu-phthalocyanine 100 30
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atoms have been replaced by halogen (Br or Cl; see Table 2).

Surrounding molecules are thought to provide a ‘cage

effect’ which hinders the displacement of the larger halogen

atoms. Consistent with this idea, damage to chlorinated Pc

was found to occur heterogeneously, producing amorphous-

like regions within the crystalline matrix (Clark et al.,

1980).

A more quantitative measure of damage is a character-

istic dose De; defined as the dose at which the effect being

measured decreases to 1/e ¼ 37% of its value at the start of

irradiation. Whereas De is a measure of the radiation

resistance of a material, the radiation sensitivity can be

expressed as a damage cross-section:

sd ¼ e=De ð8Þ

where e is the electronic charge. Eq. (8) can give rise to

confusion because De (and therefore sd) is a macroscopic

quantity derived from experiment, whereas a scattering or

electron-excitation cross-section is a microscopic quantity

expressed as a target area per atom or (alternatively) per

molecule. However, if sd is found to match some excitation

cross-section per molecule, this suggests (although it does

not prove) that one such excitation per molecule is

responsible for the damage.

It is reasonable to expect a damage cross-section to scale

with incident energy E0 in the same way as the cross-

sections for inelastic scattering, i.e. inversely proportional to

the square of the electron speed or (approximately) as 1=E0

for E0 greater than a few keV (Isaacson, 1977). This might

suggest that radiolysis can be reduced by using high incident

energy; but since the elastic cross-sections are also

proportional to 1=E0; the ratio of damage to (image or

spectroscopic) signal remains unaltered.

With a bulk SEM specimen, damage is produced only

close to the surface, within the electron range. As E0 is

reduced, this range becomes very small and the surface

damage (energy deposition per unit volume) actually

increases. But artifacts such as shrinkage of the specimen

depend on the depth as well as energy density, so the

observed damage effects tend to be less at low incident

energy (Joy and Joy, 1996).

Although lowering the temperature of a specimen does

not change the inelastic cross-section, it does reduce the

sensitivity of an organic specimen to structural damage and

mass loss. The reduction factor depends considerably on the

material and on the experimental technique, and has been

the subject of much debate (International Experimental

Study Group, 1986). Cooling a TEM specimen with liquid

nitrogen (below 100 K) decreases mass loss by factors

between 3 and 100 (Table 3) and can be explained in terms

of the reduced atomic mobility at low temperature. In fact,

the sample does lose mass when returned to room

temperature (without further irradiation) as the dislodged

atoms diffuse out (Egerton, 1980).

Coating both sides of a TEM specimen with carbon (or a

metal) has been shown to have a protective effect, reducing

mass loss (Table 4). A possible explanation is that the

coating acts as a diffusion barrier, reducing the escape rate

for light gaseous elements. Researchers studying the

composition of interfaces (using a highly focused electron

probe) have been known to pre-irradiate the area of interest

in an older TEM, producing a thin contamination layer on

each surface which inhibits the loss of light elements.

More surprisingly, surface coating is also found to reduce

the loss of crystallinity (see Table 4). One proposed

explanation is that return to the original molecular state

(healing of the broken bond) is more likely if the escape of

volatile elements is prevented (Fryer and Holland, 1983).

Increasing the thickness of a specimen should also reduce

the out-diffusion rate and indeed the dose required to

destroy crystallinity has been found to increase with

increasing thickness (Fryer, 1984).

For inorganic materials, Strane et al. (1988) have

suggested that coating reduces the rate of desorption-

induced electronic transitions (DIET). Coating might also

reduce beam-induced temperature rise or electrostatic

charging (Salih and Cosslett, 1974), besides acting a

sputtering barrier (as discussed earlier).

Table 3

Characteristic dose for the removal of specified elements from organic

specimens irradiated with 80 keV electrons, determined by EELS (Egerton

et al., 1987)

Material Element De (C/cm2) at 300 K De (C/cm2) at 100 K

Collodion N 0.002 0.25

O 0.006 0.5

C 0.06 0.3

Formvar O 0.03 ,1

PMMA O 0.06 0.5

C 0.5 0.8

Polycarbonate O 0.5 .5

Cl16Cu Pc Cl ,3 ,10

Table 4

Effect of surface coating on radiation sensitivity of TEM specimens; Pc

denotes phthalocyanine. Specimen thickness was in the range 7–50 nm,

coating thickness in the range 5–15 nm

Measurement method Specimen Coating Protection factor

EELS (O-loss) collodion C 1.7

EELS (Cl-loss) Cl16Cu Pc C ,4

EELS (F-loss) LiF C 1.5

CaF2 C 5.7

Electron diffraction Coronene Al 3

Au 5

Electron diffraction Perylene C 3.0

Pc C 2.7

Cl16Cu Pc C 6.1

Br16Cu Pc C 6.0

Data from Salih and Cosslett (1974); Fryer and Holland (1983, 1984);

Egerton et al. (1987).
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8. Hydrocarbon contamination

The inverse of mass loss is mass gain, and such an effect

occurs when hydrocarbon molecules on the surface of a

TEM or SEM specimen are polymerized by the incoming

(or outgoing) electrons. This polymer has a low vapour

pressure and low surface mobility, so it increases in

thickness as the irradiation proceeds.

Beam-induced contamination was a severe problem in

the early days of electron microscopy. Since then, the

vacuum in the TEM and SEM has steadily improved, both in

terms of pressure (at the specimen) and hydrocarbon content

(gaseous hydrocarbons arising from pump oils, vacuum

grease, O-ring seals etc.). As a result, the problem of

specimen contamination has been greatly reduced; yet not

eliminated since the specimen itself can act as a local source

of hydrocarbons, acquired during the specimen preparation

procedure or during storage or transfer through the normal

air. Techniques which are used to combat this problem

include the following.

1. Heat the specimen with an electric lamp in air (or in the

microscope airlock) in order to desorb hydrocarbons

from its surfaces. Irradiation by a small ultraviolet lamp

is also said to be effective and might be preferable for

heat-sensitive specimens.

2. Expose the specimen to energetic ions (which sputter

away the surface layer) in a plasma cleaner or in the

microscope (Isabell et al., 1999).

3. Flood the surrounding area with electrons, by defocuss-

ing the illumination and removing the condenser

aperture (in TEM) or by scanning at lower magnifi-

cation (in SEM) in order to fix (polymerize) surface

hydrocarbons and prevent them diffusing towards a

focused probe.

4. Heat the specimen to about 300 8C in the TEM, in

order to desorb hydrocarbons from its surface and

maintain a low hydrocarbon concentration during

viewing.

5. Cool the specimen during observation and thereby

reduce the mobility of surface hydrocarbons (Wall,

1980). If water vapour is present in the microscope

vacuum, it may condense on the specimen and ‘burn

off’ (oxidise) hydrocarbons within the illuminated area

(Hren, 1979) but this situation is harmful to organic

specimens since the specimen itself can be eroded.

It is known that the diffusion of hydrocarbons along the

specimen surface provides the source of most hydrocarbon

contamination because, for a beam which focused to a

diameter <1 mm, the contamination occurs as a ring (Hren,

1979). Hydrocarbons already adsorbed on the specimen

diffuse along its surface towards the edge of the irradiated

area and are immobilized there.

For smaller electron-beam diameters, a contamination

peak is formed rather than a ring and this effect can be

utilized as a form of lithography, as proposed long ago

by Broers (1964). Because the hydrocarbon polymer has

reasonable resistance to etching by chemical solutions or

sputtering ions, a dot-array contamination pattern can be

used to fabricate an array of magnetic dots with data

storage applications; see Fig. 7a. Alternatively, the

contamination line formed by a linear electron-beam

scan can be used to produce a nano-wire with interesting

electrical properties, as in Fig. 7b. In this case, the line-

edge roughness (LER) is of importance and the measured

values (LER , 1 nm, 3s-value) compare favourably with

those achievable by e-beam lithography with ultra-thin

polymer resists.

Fig. 7. (a) Array of contamination dots written on a silicon nitride

membrane by an electron probe in a 200 kV TEM. (b) 7 nm-wide bismuth

line with low line-edge roughness (LER , 1 nm), produced by contami-

nation lithography.
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9. Energy threshold effects

A common assumption in radiation-damage studies is

that the extent of the damage depends on the amount of

energy deposited in the sample by ionizing radiation

(charged particles or X-rays). This postulate is implicit in

the units (Gray, rad or G-value) commonly employed in

radiation dosimetry (Cember, 1992; Reimer, 1989). It would

imply (for example) that an electron which undergoes an

inelastic collision with 300 eV energy loss produces 10

times as much damage as an electron which suffers a 30 eV

collision.

In fact, there are reasons for questioning this assumption.

300 eV exceeds the binding energy (Ei < 285 eV) of a

carbon K-shell electron, so a 300 eV-loss event can cause

K-shell ionization, followed by de-excitation which (in light

elements) involves mainly the emission of Auger electrons.

The Auger process leaves the C atom with a double negative

charge which would likely damage the stable ring structure

of aromatic compounds, whereas lower-energy (valence-

electron) excitation might not cause such damage.

After measuring electron-beam damage in nucleic acids,

Isaacson (1975) obtained a damage cross-section compar-

able to the K-shell ionization cross-section, leading him to

suggest that only K-shell ionizations cause damage in

aromatic molecules. This would lead to a threshold effect: if

the incident electron energy E0 is reduced to below Ei; there

should be a substantial reduction in the amount of damage to

aromatic compounds.

This idea received experimental support from workers at

the Cavendish laboratory (Howie et al., 1985) who

irradiated p-terphenyl with electrons (of different energy

E0 and with various doses) in an SEM, then determined the

critical dose Dc for loss of crystallinity by observing the

damaged area in a 100 keV TEM. Their damage cross-

section ðsd ¼ e=DcÞ fell to unmeasurably low values as E0

was reduced below about 1 keV. The discrepancy between

this threshold energy and the carbon-K ionization energy

was ascribed to the competing influence of valence-electron

scattering. Subsequent work on other aromatics (coronene,

perylene) produced similar results (Howie et al., 1987),

whereas the aliphatic compound L-valine showed no abrupt

threshold—just a more gradual fall in damage cross-section

below 1 keV in accordance with the lower energy

deposition at low E0: Further experiments at Arizona State

University (Stevens et al., 2000) provided similar

conclusions.

One problem associated with the above experimental

procedure is that the electron penetration depth becomes

very small at low E0: Taking the electron range as (50 nm)

E0(keV)1.35 for carbon (Bongeler et al., 1992) gives

R ¼ 50 nm at 1 keV and R ¼ 20 nm at 500 eV. Unless the

sample is thinner than the electron range, low-E0 irradiation

will leave an undamaged layer below the beam-entrance

surface of the specimen, giving a diffraction pattern when

the specimen is re-examined using high-energy electrons in

the TEM and leading to the illusion of no damage at low

E0 ðDc , 1;sd < 0Þ: The Cavendish workers tried to avoid

this situation by using (in their later experiments) very thin

specimens, irradiated from both sides. The ASU group

conducted additional experiments in which a diffraction

pattern was observed at the same energy as used for the

irradiation. Their observation of transmission diffraction at

E0 , 1000 eV showed that some regions of the specimen

were very thin and, assuming thicker regions made no

contribution to the diffraction pattern, the presence of an

energy threshold was apparently confirmed.

In fact, it is very difficult to make uniform-thickness

samples of molecular solids such as coronene. When grown

either from solution or by vacuum sublimation, a specimen

consists of partially-connected crystallites separated by

holes. Three-dimensional growth leads to the existence of

thicker regions, even when the average thickness is below

the electron range, while the statistical nature of electron

scattering suggests the possibility of some contribution from

underlying undamaged regions. We therefore believe that

the interpretation of electron-diffraction measurements is

not straightforward (Li, 2003).

As an alternative measure of radiation damage, we have

made use of the fact that aromatic compounds are efficient

light emitters and provide a cathodoluminescence (CL)

signal in the SEM. As shown in Fig. 8, the CL yield varies

with incident energy E0 in a similar way to the (calculated)

energy deposition in the sample, as would be expected if the

light emission is an end-result of valence-electron exci-

tation. More significantly, we find that the CL signal decays

exponentially (with characteristic dose De) during

irradiation, even when the incident energy is very low

(landing energies below 1 keV can be achieved by applying

Fig. 8. Energy deposition (solid curve), CL signal normalized to the

incident-beam current (open circles) and damage cross-section (solid

circles) derived from time decay of the CL signal for a thin film of

coronene. The dashed line shows a calculated total-inelastic scattering

cross-section per molecule.
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a negative bias to the specimen stage). In fact, our measured

damage cross-section for CL decay ðe=DeÞ also varies with

E0 in proportion to the amount of energy deposition (Fig. 8).

This finding indicates that valence-electron excitations are

effective in producing some form of damage that results in

decay of the CL signal.

Above E0 ¼ 1 keV, the CL-decay cross-section is about

30 times larger than the damage cross-section obtained from

diffraction measurements on coronene at the same energy. It

is quite close to the estimated total-inelastic cross-section

per coronene molecule, suggesting that (on average) each

molecule emits only one photon before light emission is

suppressed.

Since there is less complication from valence-electron

excitation, the existence of a K-shell threshold effect could

be examined with greater precision by using X-rays to

create the damage and examine the effects. Employing a

synchrotron source, the damage rate could be measured just

above and just below 285 eV (the carbon-K threshold),

making allowance for the different amount of energy

absorption in these two cases.

10. Dependence of damage on dose rate and beam

diameter

As remarked earlier, electron-beam hole drilling in metal

oxides is observed to occur only above a threshold current

density (e.g. 5 £ 104 V/cm), indicating that the irradiation

damage depends on dose rate as well as accumulated dose.

In the case of organic materials, some measurements have

indicated that the current density J (the dose rate) does not

affect the characteristic dose (Egerton et al., 1987) but these

measurements were performed at low current densities

( ! 1 A/cm2). Using higher current densities (1.6–16 A/

cm2), Fryer (1987) found that lattice images of hydro-

carbons could be recorded rapidly (in 10–100 ms) in the

TEM, using a radiation dose equal to or exceeding that

which would destroy the crystallinity at lower current

densities.

Improved lattice images were also reported by Downing

and Glaeser (1986) as a consequence of reducing the

incident-beam diameter from 3 mm to 1–2 nm. However,

this improvement was attributed to a reduction of the

amount of radiation-induced mechanical warping during the

electron exposure.

Measurements at high dose rate and small probe

diameter were reported by Varlot et al. (1997), using

EELS to monitor reduction of the 7 eV p-resonance peak

of PET (indicating destruction of the aromatic ring

structure). Using a thermionic-source TEM, their charac-

teristic dose was De ¼ 0:1 C/cm2 for a 100 nm probe

(containing 10 pA, J ¼ 0:1 A/cm2) whereas using a field-

emission TEM, they measured De < 1000 C/cm2 for a

0.7 nm-diameter probe (250 pA, J ¼ 5 £ 104 A/cm2). This

higher value of De cannot be explained in terms of

enhanced degradation due to beam heating (Payne and

Beamson, 1993) since both the current and the current

density were higher in the highly-focussed probe. The

temperature rise should have been higher in that situation,

resulting in a lower value of De:

Similar EELS measurements of p-peak fading were

made on polyethylene by Siangchaew and Libera (2000)

and they also yielded a substantial increase (up to a factor of

60) in the characteristic dose for the case of a small

(,100 nm) probe diameter. The proposed explanation was

that a large part of the damage (to the aromatic ring

structure) arises from fast secondary electrons (FSE’s)

whose energy is above 50 eV. FSE’s are emitted almost

perpendicular to the incident beam and some travel

relatively large distances from their point of origin. In the

case of a small probe, FSE energy is deposited outside the

probe area, giving rise to ‘collateral’ damage which is not

monitored by the transmitted (energy-loss) electrons. In

support of this idea, Siangchaew and Libera performed

digital linescans, varying the distance ðsÞ between pixels

from 5 to 80 nm. At s ¼ 80 nm, every pixel produced the

same p-peak intensity (for the same electron dose) whereas

at s ¼ 5 nm the p-peak intensity was reduced (except at the

first pixel) indicating that as the probe sampled previously-

damaged material.

The main difficulty with the FSE explanation is that

there are not enough high-energy secondaries to give a

substantial enhancement factor for small probes. Con-

sideration of the number, energy and range of the FSE’s

suggests that 75% of the FSE energy is deposited within

2 nm of the incident probe (Egerton and Malac, 2004).

Instead, collateral damage might be caused by slow

secondaries, for which the inelastic mean free path can

exceed 2 nm in some materials if their starting energy is

less than 10 eV (Seah and Dench, 1979; Cartier et al.,

1997; Bass and Sanche, 1998). In insulators, the inelastic

mean free path could be as long as 1 mm (limited only by

phonon processes) if the electron energy lies within the

forbidden gap (Spence, 1997), although it is not clear

whether these low-velocity electrons can cause damage in

an organic material.

Clearly, the radiation damage produced by a small

electron probe represents an important problem requiring

further investigation, including measurements in which any

specimen drift is carefully monitored and where the current-

density distribution of the probe is measured out to a radius

of at least 50 nm.
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