Science, Technology and Education of Microscopy: an Overview

Principles of the high pressure SEM — Applications — Limitations

C. Mathieu

Université d'Artois - Centre de calcul et de Modélisation de Lens — Faculté Jean Perrin — SP
18 -62307 Lens cedex - France

Keywords : High pressure SEM - Environmental SEM — ESEM - Low vacuum SEM -
Variable pressure SEM — Skirting- X-ray microanalysis.

Abstract. This paper deds with the different kinds of high pressure SEM. The beam-gas
interactions and the different electron detectors are described. Examples of applications are
given. The limitations for the X-ray microanayss are discussed. The main effects are shown
and practicd solutions are proposed in order to limit these effects and the different correction
methods described in the literature are presented.

Introduction

Conventional scanning eectron microscopy (SEM) is widdy used as an andytica tool.
However, there are severd limitations on the types of samples which may be observed. When
a specimen condgsts of a norn-conductive sample, or is not properly grounded to the specimen
dub, charging occurs. Charging is the build-up of an excess of dectrons on the surface
specimen which causes many undesrable artefacts. Both secondary and backscattered
electrons used for SEM obsarvations are dgnificantly affected. The negdive fidd from the
charging surface deflects the negative incident beam from its intended course. Andyds by
WDS or EDS is compromised because of incident beam deflection and image drift, making
the andyds less accurate and reproducible. Elimination of specimen charging can be
accomplished :

- by the deposition of conductive films on the specimen surface which is then grounded to
the specimen stub. The excess of dectron charge can now flow to ground via the conductive
filmsthereby diminating charge. Thisway islargely used in the conventional SEM.

- by reducing the accelerating voltage below the charging point. Thisis the point where the
amount of charge being put into the sample by the primary eectron beam is equa to the
amount drained off, the point of charge equilibrium. This way is lagdy used with the FEG-
SEM.

- by theintroduction of gas (air gas, water vapour, nitrogen gas) in the specimen chamber.
In this case, the collison of the eéectron beam with gas molecules produces postives ions
near the gpecimen chamber. These ions can then combine with excess dectronic charge on the
surface and in this way neutrdise the sample surface. This way is used in the high pressure
Scanning eectron microscope (HPSEM). This term due to Farley and Shah[1-2] has been
introduced to digtinguish these techniques from conventional high vacuum techniques such as
regular SEM and low temperature scanning electron microscopy. This includes a variety of
techniques reported in the scientific and commercid literaiure, eg., environmenta scanning
electron  microscopy (ESEM)[3-8], WET-SEM, controlled-atmosphere scanning  electron
microscopy (CAT-SEM), Low Vacuum SEM and Variable pressure scanning eectron
microscopy (VPSEM)[9-10].

The ams of this paper are b describe the principle of the high pressure SEM, the gpplications
and the limitations for the X-ray microandysis.
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1.The high Pressure SEM
1.1Principles of the high pressure SEM

The high pressure SEM possesses two way of imaging the sample
- High vacuum mode (HV) (10-3 Pa).
- High gas pressure mode (HP)(1- 1300 Pa).

In the fird mode, the HPSEM operates exactly like a conventiond scanning eectron
microscope. Topographic images of the specimen are obtained with the secondary eectron
detector while compositional detail is revealed by the backscattered electron detector. In this
mode, the classcd limitations exis for the image qudity. Charging can be avoided by
conductive coating or by reducing the accderating voltage below the charging point. When
the microscope is used a lower accderating voltage, its resolution is greatly reduced. This
implies that the resulting images will not provide information of the qudity obtaned a a
higher accderating voltage. Furthermore, excitation energies are usudly not sufficient for
EDS or WDS techniques.

Moreover, with a biologica or a hydrated sample, the high vacuum induces an evaporation of
water indde the specimen and a dehydration of the sample is obtained and it is not possible to
observe the sample a room temperature in the natura state.

To overcome these limitations, the high gas pressure mode can be employed. The dimination
of the specimen charging is accomplished by the introduction of gas molecule in the specimen
chamber. The collison of the electron beam with gas molecules produces postive ions near
the specimen surface. These ions can then combine with excess of dectronic charge on the
surface and in thisway neutrdize the sample surface (seefig 1).

Electron heam

(Gas

Positive ions

INon conductive sample

Figure 1 Operating principle of the high pressure mode.

The presence of a gas around the specimen has some important advantages. The main is the
suppression of the charge accumulation on insulating specimen. The second is to preserve the
natura date for the biologcd sample and in the case of the dectron detection, the gas
contributes to the amplification of Sgnas. [5]

Practicaly, the operator sdects the pressure and ingtructs the computer to raise the vacuum
pressure in the chamber until a charge free condition is reached or in the case of a biologica
sample to raise the pressure in order to limit the dehydration phenomena The pressure leve
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can be decreased or decreased through a menu and adjusted via the computer feedback
mechanism. The comparator reads the vacuum menu input and the specimen chamber
pressure and at the same time adjust the needle vaue. Accordingly, this dynamics adjustment
provide a vacuum level which should remain congant. In these circumgances, the chamber
pressure can be considered as anew parameters, available for adjusting imaging qudity.

The presence of a low vacuum in the specimen chamber is an important feature of the SEM
gpparatus. Indeed, the optica column is separated from the specimen chamber by a PLA
(pressure limiting aperture). The differentid pumping permit to have a pressure up to 1300 Pa
in the case of the ESEM and to have a pressure up to 300 Pa in the others HPSEM. The
ESEM has been defined as an SEM capable of maintaning a minimum of water vapour
pressure of a leest 609 Pa in its specimen chamber. This pressure corresponds to the
saturation pressure of water a 273 K and condtitutes a naturd threshold, above which water
can be maintained in its liquid phase. At the room temperature, the corresponding temperature
is higher and an ESEM can operate d<o a this or higher pressures. This cgpability to observe
water initsliquid phase is the main difference with the other commercid HPSEM.

The gas in the specimen chamber is generdly water vapour in the ESEM and ar or nitrogen
gas in the others HPSEM. The operators can change the nature of the gas in the SEM chamber
and it is possible to put mixture of gas in function of the application.

In the next part, we want to present the interaction between the gas and the dectron beam and
the consequences for the electron detection.

1.2 The Beam-gasinteraction and the electron detection
1.2.1 Theionisation process.

The eectron beam propagates unhindered until it approaches the fina aperture and, form a
paticular point onwards, it undergoes sgnificant scatering. The pressure is generdly uniform
throughout the specimen chamber, except for a smdl region in the neighbourhood of the
gperture. The presence of gas results only in scatering and removing fraction of eectrons
from the origind beam into a broad dectron skirt that surrounds the origind  skirt. A
schemétic representation of possible ionisation eventsisgiveninfigure 2.

2’5 e " '
' j & + | Figure 2 Schemdtic diagram

____________ of ionising collisonsin alow
MNon conductive sample pressure gas above a charged
norconducting specimen.
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Gas ionisaion results from colligons initiated by (1) incident eectron beam dectrons, (2)
backscattered eectrons and (3) secondary eectrons emitted from the specimen. Further
ionisation events follow since each ionising collison liberates a low-energy dectron that can
be accderated by fidd E until its energy exceeds the ionisation energy of gas molecules.
[11]. There is a dgnificant probability with each collison that an additiona dectron (cdled
environmenta secondary  eectron)will be liberated so that an avaanche process ensues. This
phenomenais used in the environmental secondary detector in the ESEM.

Findly, ingde the specimen chamber, we can distinguish the following eectrons
Backscattered electrons,
Environmenta secondary eectrons.

The secondary dectron emitted from the specimen has not sufficient energy to reach the
Everhart- Thornley detector and the following mode of detection have been employed.

1.2.2 the dectron detectors
The Backscattered mode

Backscattered dectron imaging with high gas pressure in the specimen chamber has shown
itself to be a useful technique in the scanning electron microscope. The backscattered eectron
have a sufficient energy to excite the detector. For example, specimen may be surrounding by
ar or nitrogen gas to ingpect non conductive surface [11-13] or by water vapour in biologica
applications [14-15]

Practicdly, the dgnd to noise raio decreases and the image quality decreases a high
pressure. The emission of the backscattered eectrons at the impact point is reduced due to the
skirting effect. Moreover, the interaction between the gas and the primary eectron beam and
adso the interaction of the emitted backscattered electron with the gas add a congtant level of
noise to the useful Sgnals form the specimen. (see Fig 3 A)

-Emissve mode

The emissve mode of detection has been employed usng a ‘gaseous detector device (GDD
see Danilatos [8] for a review). This is a collecting éectrode which under working conditions,
is placed in the vicinity of the specimen and it is pogtively biased. The eectrode collects
emitted eectrons, adong with the eectrons generated by them and the primary eectrons due to
ionisation processes.

Precticdly, in order to increase the sgna to noise ratio, the operator can increase the gas
pressure and can modify the potentiad on the collecting eectrode to improve the avaanche
process.

- Specimen current mode and biased current mode

Farley and Shah [1-2,16] reported images of a quality comparable to that obtained by the
Everhart-Thornley detector could be obtained by a new detection mode. They cdled this new
mode of detection the bias specimen current detection mode. A biasng dectrode is used
above the specimen to influence the trgectories of the charge carriers and hence image
contrast. The specimen is connected, via the specimen stub, to the virtud earth termind of a
charge sendtive amplifier to collect the current generated in and around the specimen. It has
been successfully shown that the current can be collected from the specimen for the purpose
of image genedion, for both conducting and non-conducting specimen. This mode is now
used in the other HPSEM. [17]
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Practicaly, in order to increase the signd to noise retio, the operator can increase the gas
pressure and can modify the potential on the collecting eectrode to improve the avalanche
Process.

Figure 3 a Image of ageologicd sample with
the backscattered detector (U = 15kV, P=
100 Pawith air gas)

Figure 3 b a Image of ageologicad sample
with the specimen current detector (U = 15
kV, P =100 Pawith air gas)

2- Applications

The types of gpplications that the HPSEM s dble to tackle are virtudly unlimited. Unlike the
conventiona  SEM, which is redtricted to clean, dry specimen, the HP-SEM can be used to
observe awide of wet, oily and non conductive specimens.

The man interest is the posshility to observe directly the sample without preparation (no
codting).

The following are examples of specimen can be observed with the HPSEM in the high gas
pressure mode:

- Insulating materids such as ceramics, plagtics, polymers, synthetic fibres, powders, paper
products, textiles.

- Plants, food, soil, insect, tissues, petroleum product.

- Hydrated cement, geologica sample

-Forensc and archaeologica items that prohibit sample preparation and dl uncoated sample
requiring EDS or WDS andlysis.

3-Limitations
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The limitations of the HPSEM concerns essantidly the interpretation of the contrast in the
HPSEM Images and the use of XRMA in the mode of high gas pressure mode.

3-1 limitation for imaging:

The image formation in the HPSEM is due to backscattered eectron detector or by Pseudo-
secondary electron detector. The interpretation of the images is based of the classcd
interpretation with a secondary or a backscattered detector in a topographic mode. However,
the neutralisation of the surface due to the presence of the gas is more complex and
recombination between eectron and ions can be took place and severa authors have observed
an contrast inverson in function of the pressure, the working distance and the potentid of the
electrode[18]

3-2 Limitation of the use of XRMA in the high gas pressure mode.

The HPSEM can be consdered as an univers microscope for al types of sample and asa
classca SEM, an EDS or WDS system can be coupled to the microscope. Unfortunately,

the presence of a gaseous environment in the specimen chamber presents serious limitations
for the use of XRMA due to three mgor effects - loss of spatial resolution due to beam
broadening (beam skirting), X-ray contribution from the gas atmosphere due to the
interactions between the primary dectron beam, the backscattered eectrons and the gas,
reduced X-ray count (interaction between photons and the gas).[19]

3-2-1 Loss of gpatial resolution due to beam skirting

Sgee and Gilpin [20-21] proposed a smple experiment to demondtrate the beam skirting. An
electron beam is directed onto a layer of carbon with a copper target placed a varying
digances from the primary probe area The skirting effect of the beam within an ar
amosphere is shown by the ability to pick up a Cu sgnd of varying intendty from the centrd
probe area. (seefigd).

Electron probe E-—ravs

// ;f}ﬁ Atmosphere
probe area

/ /‘ﬂ Surrounding area

Cu target
Sampl
el / /\/|—|

Skirting

Aluminium =tub

Figure 4 The different effects for the X-ray microandysis due to the beam gas interactions

Most data were obtained at distances of 100-1000mm from the Cu target. At high vacuum, no
Cu peak was detected at these distances. The andytical distance was equa to 25 mm.
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At a distance equa to 1 mm, the copper content varied from 2 to 9 % when the pressure
ranged from 1 to 270 Pa.(Fig 5) at 15 kV.[22]
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Fgure 5 Variation of the Cu content versus the pressure and with the distance to the Cu target

The Cu peaks were always detected over the 100-1000mm range between 1 to 270, indicating
a cear sirting effect in the presence of an amosphere. Beam <kirting cdearly limits the
spatia resolution of X-ray microandyss.
The skirt effect can be directly related to the average number of collison defined by Danilatos
[23]

m=p.s.L/k.T
where p = pressure, s = the totd scattering cross section of the gas, L = distance from the last
pressure limiting aperture to the sample, k = the Boltzmann congant, and T = absolute
temperature,
In order to reduce m, the pressure, the working distance and the value of the total ionisation
cross section must be reduced. For the totd ionisation cross section, a reduction implies an
increase of the acceerating voltage. Moreover, the nature of the gas can be danged in order
to choose gas with alow atomic number like helium [19, 24-25].
The gpatid resolution can be improved with the use of high accderating voltage and low
working distance, low pressure and a gas with alow atomic number.

3-2-2 X-ray contribution from the chamber atmosphere

Passage of the dectron beam through the specimen chamber amosphere leads to the
generation of characteristic and continuum X-rays from the gas molecules.

In order to illudrate this effect , a sample which contains Na, Al, S and O is andysed at three
different accderating voltage (5, 10 and 15 kV).The sample is deposad on a duminium stub.

With the same excitation conditions, the effect of introduction and incressed levels of air
amosphere was investigated by collection of X-ray from the sample. X-ray emisson spectra
a high vacuum indicated only peaks of O, Na, Al and S.

Figure 6 shows the variations of the ratio of the oxygen content at different pressure on the
oxygen content at 1 Pa which is used as a reference & three different accelerating voltage. The
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curve obtained & 5 kV show an important increese of this ratio. This behaviour is not
observed at 15 kV.
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Figure 6 Variaion of the %0/ % O (1 Pa) ratio with the accderating voltage

The ar amosphere into the specimen chamber implies only the generation of an oxygen
sgnd, which increased with amospheric pressure. The presence of an amospheric X-ray
contribution clearly presents problems for the determination of oxygen content in the andysed
Specimen.
X-ray contribution from the amosphere dearly limits quantitative X-ray microandyss.
Various operationad parameters can be optimised to reduce this effect including amospheric
pressure and nature of atmospheric gas.

Atmaospheric pressure. Chamber pressure should be kept as low as possible

Nature of atmospheric gas In order to reduce the X-ray contribution from the
atmosphere, a practica solution is to choose a gas such as H or He. Indeed, the atmospheric
contribution will not detect by XRMA.

3-2-3 Reduced X-ray count

Introduction of an amosphere into the specimen chamber can lead to a marked fal in the tota
counts of the X-ray spectrum. In the HPSEM, with the same excitation conditions, air
amosphere has an important effect with the reduction of the tota X-ray counts. This effect is
more important a low accelerating voltage. The decrease of the total counts can be explained
by reduced dectron beam penetration to the specimen due to eectron scatter and aso
probably by the absorption of X-ray photonsin the gas at high pressure

In order to reduce this effect, the choice of gas with a low atomic mass such as hydrogen gas,
helium gas can be an interesting solution.

3-2-4 The correction methods

Two basicdly different correction methods have been described by Bilde Sorensen and Appe
[26-27] referred to as the beam stop and pressure variation procedures.
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Beam stop method.
One verson of this procedure involves the use of a needle (composed of a known eement not
detected in the sample) that can be inserted over the specimen to act as a beam stop for the
central (unscattered ) eectrons but not the peripheral beam skirt. The spectrum obtained with
the beam gtop in postion contains x-rays derived from the known eement (beam stop) plus
the area covered by the beam skirt. The pure spectrum from the centrd probe area can be
obtained by removing the characterisic pesks of the known dement from the first spectrum
and subgracting the remaining spectrum from the second.

Pressure variation method
This gpproach is based on the fact that intendty of skirt varies with chamber pressure, and
thus correction for eectron scattering can be made by obtaining x-ray spectra at different
chamber pressures. According to Danilatog23] a any paticular pressure the fraction of
unscattered eectronsis given by the equation:

I/1o=exp(- psL/KT)
where p = pressure, s = the scattering cross section of the gas, L = distance from the lagt
pressure limiting aperture to the sample, k = the Boltzmann congtant, and T = absolute
temperature,
The above expresson can be used to relate the measured count rate (Ct ) from a paticular
element in the sample to counts rates a zero scattering (C,) and complete scaitering(Cs).

Cu=Cyexp(-pm) + Cs (1-exp(-pm)) wherem =sL/KT

The factor Cs is unknown, but will be a congant provided that pm is sufficiently low for
multiple scattering of dectrons to be ignored. Under these conditions, G, can be derived from
two measurements of Cy at different pressures, where p and m are known.

It exists another correction method proposed by Doehne [28] the method is as follows an X
ray spectrum (A) is acquired under condition of high chamber pressure (2P). Another
gpectrum (B) is made under identical conditions but a a lower chamber pressure (P). The
difference between the two spectra provides informatiion on how decreasing the contribution
of the X-ray generated by the skirt dectrons affects the overdl spectrum. If C is the spectrum
at low pressure (<103 Pa, no skirt effect), then C can be approximating by the following: C =
B - ((A-B)*D).

This methods assumes that changes in the laterd extent of the X-ray skirt with pressure are
less important than changes in the <kirt intendty.D is an empiricd factor derived from
observation when x-ray background shape of spectrum B is dgnificantly dtered by the
subtraction of the spectra differences between A and B. The background shape acts as a built
in agangt overcorrection. It exist another correction methods based only on the skirt effect
[29]

It is important to notice that these correction methods which have been described account
only the skirting effect.

4-Conclusion

The High pressure SEM can be consdered as an universd SEM for al types of samples for
the imaging. The different detectors have been presented.. However, serious limitations
exigs with the use of XRMA in the condition of high gas pressure mode. The three man
effects have been described. In order to reduce these effects, a good practicd solution is to use
a gas with a lower aomic mass number like Hdium which permits to diminate the
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amospheric contribution. However, in order to permit quantitative X-ray microandysis, the
correction of dl disturbing effects remains a chdlenge.

References

[1] A .N. Farley, J. S. Shah, J. Microsc, Vol158, (1990) p379

[2] A .N. Farley, J. S. Shah, J. Microsc, Vol 158, (1990) p389

[3] G .D. Danilatos, Micron and MicroscopicaActa, Vol 14 (1983) p 307
[4] G.D. Danilatos, R. Postle, Micron, Vol 14, (1983) 1, p41

[5] G .D. Danilatos, Adv. Electron. Electron Phys, Vol 71(1988), p 109

[6] G .D. Danilatos, Scanning, Vol 12, (1990) p 23

[7] G .D. Danilatos, Scanning Microscopy, Vol 4(1990) p 799

[8] G .D. Danilatos, Adv. Electron. Electron Phys, Vol 78 (1990) p1

[9]C Mathieu Microscopy and Andysis, Val 43, (1996)p13

[10] C Mathieu , Scanning Microscopy Vol 13 (1999) p23

[11] D. A. Moncrieff, V .N. E. Robinson, L. B. Harris, JPhysD Appl. Phys, Vol 11 (1978)
p2315

[12] D. A. Moncrieff, P. R. Barker, V .N. E. Robinson, JPhysD Appl. Phys, Vol12(1979)
p481

[13] G .D. Danilatos, V .N. E. Robinson, Scanning Vol 2 (1979) p 72

[14] V .N. E. Robinson, J. Phys E Sci Instrum, Vol 8,(1975) 648

[15] V .N. E. Robinson, J. Microsc, Vol 103 (1975) p 71

[16] R. Durkin and J S Shah Journa of Microscopy, Vol 1, (1991), p 33
[17] A.Mohan, N Khanna, JHwu and D.C Joy, Scanning vol 20 (1998) p 436
[18] M. Toth, M.R Phillips, Scanning,vol22 (2000), p 370

[19] C Mathieu Mikrochimica Acta{suppl],vol 15(1998) p295

[20] D.C.Sigee, C.Gilpin Scan microsc suppl, Vol15 (1994) 219-229

[21] C. Gilpin, D.C.Sigee, J. Microsc, vol 179(1995)p22

[22] C Mathieu Microscopy and Andysis, Vol 60, (1999)p5

[23] G.D. Danilatos, Mikrochimica Actavol114/115,(1994)p143

[24] S. J. Stowe, V.N.E Robinson Scanning, vol20(1997) p57

[25] B Adamiak, C Mathieu, Scanning,Vol22 (2000)p78

[26] J B Bilde Sorensen and C C Appell Proceeding SCANDEM 96 p 4-5
[27] JF Mansfield, Proceeding EMAS 99, (1999) p69

[28] E Doehne(1997) Scanning vol 19 (1997) p75

[29] R. Gauvin, Scanning, vol 21(1999)p 388

705





