CHAPTER 14
Surface Analysis

14.1 INTRODUCTION

The term surface analysis is used to mean the characterization of the che
erties of the surface layer of solid materials, The surface layer of a solid

composition and in physical properties from the bulk solid material. A common example is the thin
layer of oxide that forms on the surface of many metals such as aluminum upon contact of th

face with oxygen if‘ air. The thickness of the surface layer that can be studiedlziepe:('i]sa:n (t)het i;::;
mental method. This laygr may vary from one atom deep, an atomic monolayer, to 100-1000 nm Jeep,
depending on the techmquc? used. Surfajlce analysis has become increasingly important because our
understanding of the beha-v10r of materials has grown. The nature of the surface layer often controls
important material behavior, such as resistance to corrosion. The various surface analysis methods
reveal the elements present, the distribution of the elements, and sometimes the chemical forms of
the elements in a surface layer. Chemical speciation is possible when multiple surface techniques
are used to study a sample.

Surface analysis has found great use in understanding important fields such as materials charac-
terization of polymers, metals, ceramics, and composites; corrosion; catalysis; failure analysis; and
the functioning and failure of microelectronics and magnetic storage media. In the pharmaceutical
industry, it can be used to investigate the multilayered materials and coatings used in packaging and
time-release products. In medicine, it has been used to study bone structqrc and thc_a s.u.rface of teetl_x,
indicating why SnF, fights tooth decay, for example, and to study the biocompatibility of metallic

and polymeric implantable devices.
Spectroscopic surface analysis techniques
with a beam of X-rays, particles, electrons, or ot

mical and physical prop-
often differs in chemical

are based on bombarding the surface of a samp¥e
her species. The bombardment of the surface by this

primary beam results in the emission or ejection of X-rays, electrons, particles, and the lxl;e frorp
the sample surface. This emitted beam is the secondary beam. The nature of the secondaziy elam 1;
What provides us with information about the surface. A number of techniques have been e;; t(;[::e
for surface analysis but only the most common will be discussed in this chapte;. i hlfnl;aumee:m e
*Pectroscopic techniques and the primary and secondgry beams used. for eac tech bgt frppic
n Table 14.1. These techniques are frequently quite different in physgcal all:p'roacS o s e
formation about solid surfaces. Applications of these surface analysis technique

Tables 142 and 14.3.

The student should be aware that there is another ¢
“Malytical microscopy, including scanning electron MICrOSCOPY, “r.:
“omic force microscopy, and scanning tunneling microscopy: A di
"echniques ig beyond the scope of this chapter. Most industrial matenla g
¢S will haye some combination of electron spectroscopy, X-ray analysis,

‘ i he ne
> and analytical microscopy instrumentation available, depending on't

nalysis instrument§ based on
transmission electron mlf:roscopy,
scussion of these microscopy
|s characterization Jaborato-
face mass spectrom-
eds of the industry-

lass of surface a
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Table 14.3 Specific Surface Analysis Application
8

Type of Analysis

Failure analysis

Adhesion failure

Corrosion

Surface cleanliness

Reverse engineering
Semiconductor wafers

Hot sample stage
analysis (up to
700°C)

Cold sample stage
analysis (to —100°C)

Applications

Surface contamination
Particle identification
Fracture due to grain boundary impurities

Adhesive failure

Cohesive failure

Silicone surface contamination

Thickness and composition of surface oxides

Identification of corrosive elements (e.g., Cl)

Passivation layer composition and thickness

Detergent residue identification

Solvent residue identification

Type and amount of surface impurities

Composition and identification of competitors’ materials
Analysis of complete surface of wafer (up to 300 mm)
Defect/particle identification

Thin-film composition

Volatility of surface components

Temperature dependence of surface chemistry

Migration of bulk components to surface

Surface species that are volatile at RT in ultrahigh vacuum (UHV)
Hydrated surfaces

Samples that outgas at RT in UHV

Source: Information in table provided by Physical Electronics, Inc., Eden Prairie, MN,

www.phi.com.

Note: RT, room temperature; UHV, ultrahigh vacuum.

in originally and that of the one to which it descends. The energy levels of these two inner orbitals

are almost independent of the
from Chapter 5 that the energy of a valence.
environment of the combined atom and provi

chemical form of the atom, combined or otherwise. However, we know

electron varies with the chemical form and chemical
des the basis for ultraviolet (UV) absorption analysis.

This variation is reflected as well in the energies of the inner shell electrons, but the changes in energy
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involved are very small compared with the energy of the emitted X-rays themselves. The slight 4y
ferences in X-ray wavelength are extremely difficult to measure, since they are such a small fractjc,
of the nominal wavelength of the X-rays generated. It is therefore normally accepted that the ener
of the emitted X-rays are independent of the chemical form of the generating atoms and difference,
in energy cannot be observed except under very high resolution. X-ray fluorescence (XRF), as yqq
discussed in Chapter 8, is therefore an elemental analysis technique. It tells us wha} elements are pres.
ent, but does not give information on the oxidation state of the element or the chemncal species present.
However, the energy E of the original electron ejected from the atom is the difference between the
energy E, of the impinging electron (or photon) and the energy E, required to remove the electron from
the atom, that is, E = E, — E,. The energy E, will be slightly different depending on the chemical enyi. .
ronment of the atom. We can determine this small difference by making the enerzy E, of the imping. ;
ing electron just slightly greater than the energy E, required to eject the electron. The residual energy
E of the emitted electron will then be small, but any variation in E; will produce a larger relative
variation in the energy E of the emitted electron. In this way, small differences in E, can be measured,
For example, if the energy of the K, line for Al is 1487 eV, the effect of chemical environment may
change this by 2 eV, resulting in Al K, at 1485 eV. The relative shift (2/1487) is slight, and the 1485 ¢V
X-ray line would be difficult to distinguish from the original 1487 eV line in X-ray emission and XRE.
If the energy of the impinging electrons generating X-rays is 1497 €V, then the energy of the ejected
electron is 1497 — 1487 = 10 eV. But if the chemical environment changes the energy needed to eject
the electron to 1485 eV, then the energy of the emitted electron is 1497 — 1485 = 12 €V. It is easier to
distinguish electrons with 10 eV energy from electrons with 12 €V energy than to distinguish between
photons with energies of 1487 and 1485 eV. These slight changes in the energy of the ejected electron
can provide information about the chemical species present and the oxidation state of the atoms pres-
ent. Based on this phenomenon, the field of ESCA was developed in the 1960s by Swedish physicist
Kai Siegbahn and his coworkers. More recently, the term X-ray photoelectron spectroscopy (XPS)
has become the accepted name for the field and will be used preferentially.

A companion field, Auger electron spectroscopy (AES), was developed simultaneously. AES does
not provide chemical species information, only elemental analysis, as we will see. Since the electrons
ejected in these two techniques are of low energy and the probability of electron interaction with matter
is very high, the electrons cannot escape from any significant depth in the sample. Typical escape depths
for XPS and AES electrons range from 0.5 to 5 nm for materials. The phenomenon is therefore confined

to a few atomic layers, combined or otherwise, which are at the surface of the sample, and provides 2
method of surface analysis.

PRSI LS SR LN PR S TR S N |

14.2.1 X-Ray Photoelectron Spectroscopy

When an X-ray beam of precisely known energy impinges on a sample surface held under an
ultrahigh vacuum (UHV), inner shell electrons are ejected and the energy of the ejected photoelec-
trons is measured. This is the phenomenon on which XPS is based. Figure 14.2 shows the emission
of both a photoelectron and an Auger electron for a model atom.

The kinetic energy of the escaping electron is designated as E,. The binding energy of this elec-
tron is given by the equation

E =hv-E,—¢ (14.1)

where
E, is the binding energy of the electron
hv is the energy of the photon (either X-ray or vacuum uv)
E, is the kinetic energy of the escaping electron
¢ is an instrumental constant called the work function of the spectrometer
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hows an incoming photon causing the ejec-
ottom diagram shows one possible relaxation process that
sulting in the emission of an Auger electron. (From
Jlectron Spectroscopy. Chastian, J. and King,
MN, 1995; Courtesy of Physical Electronics,

Figure 14.2 The XPS process fora model atom. The top diagram $
tion of the XPS photoelectron. The b

follows the ejection of the photoelectron, ré
Moulder, J.F. et al., In Handbook of X-Ray Photoe

R.C., eds., Physical Electronics, Inc., Eden Prairie,
Inc., Eden Prairie, MN, www,phi.com.)

ns per energy interval vs. their kinetic

of the number of emitted electro
red and is constant for a given instru-

the spectrometer can be measu
s of the electrons to be determined.
f the emitted electron, depends on the energy of the elec-
tronic orbit and the element from which the electron is emitted, it can be used to identify the element
present. In addition, the chemical form or environment of the atom affects the energy E; to a much
smaller but measurable extent. These minor variations give rise to the chemical shift and can be
used to identify the valence of the atom and sometimes its exact chemical form. Databases of bind-
ing energies for elements and compounds are available, such as the National Institute for Standards
and Technology (NIST) electronic XPS database that can be found at www.nist.gov/srd/surface or
tables in reference books such as that by Moulder et al. (1995) listed in the bibliography. Quantitative

g the intensity of the XPS lines of each element.

measurements can be made by determinin

The XPS spectrum is a plot
energy. The work function of
ment, allowing the binding energie

Since E,, the original binding energy ©

14.2.1.1 Instrumentation for XPS

of four major components housed in a UHV system
rce, consisting of an X-ray source and a means of

:DViding highly monochromatic X-rays: (2) the sample holder; (3) the energy analyzer, which
fesolves the electrons generated from the sample by energy: and (4) an electron detector. Modern

'f‘:““ments have computerized data recording and processing systems. The pressure required
XPS must be very low, often less than 1077 Pa, in order to prevent adsorbed residual gas trom

a A commercial XPS instrument consists
ith magnetic shielding: (1) the radiation sou
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Figure 14.4 Schematic diagram of an XPS instrumen

| t with a single-channel electron multiplier detector, and
an aperture for selecting the analysis are

a.

Modern XPS instruments are typically equipped with a specially shaped crystal monochro-
mator that, in addition to decreasing the bandwidth, also focuses the X-ray beam. Currently, it

is possible to produce X-ray beams that are less than 10 pm in diameter with this approach. XPS

instruments of this type provide much higher sensitivity for small-area XPS analysis than those
using an aperture to select the analysis area.

14.2.1.1.2 Electron Energy Analyzers

Electron energies can be filtered with energy discriminators as shown in Figure 14.5. Figure 14.5a
shows two parallel charge plates with two openings. The electrons with the required energy enter
and leave the holes as in a slit system. Electrons with other energies do not exit the second hole.
Figure 14.5b shows a second type of energy discriminator, which is a simple grid discrimina-
tor. Electrons with insufficient energy are repelled by the second grid and do not penetrate. This
System only discriminates against electrons with low energies. Any electrons that have sufficient
energy penetrate the second grid. A third system uses cylindrical plates (Figure 14.5¢). If the angl_e
between the planes of the entry and exit slits is 127.17° (i.e., /(2)"? rad), a double-focusing effect is
Obtained and the intensity of the electron beam is maintained as high as possible: Electrons wi!h tl.le
incorrect energy are lost either to the sides of the cylindrical plates or on the sides of the exit slit.

imilar modifications have led to the development of a 180° cylindrical system rather than parallel
Plates (Figure 14.5d). This system does not provide such fine-tuning of the energy bandwidth, but it
Creases the intensity of the electron beam. This is another example of gaining in beam intensity
Ut losing in energy discrimination or gaining in power and losing in resolution. :
Electron energy analyzers are equivalent to the monochromators used in spectroscopy. Their
nction is to disperse the emitted photoelectrons based on their energies. The most common.ly use.d
Clectron energy analyzers incorporate an electrostatic field that is either symmetrical or hemispheri-
-~ eS¢ systems are in essence an extension of the electron energy filters shown in Figure 14.5.
Al clectron energy analyzers require shielding from stray magnetic fields as described subse-
ently. One System is shown schematically in Figure 14.6; it is based on the system of Figure 14.5a
ad is called o cylindrical mirror analyzer (CMA). The “plates” are now two coaxial cylinders, thus

PTDViding an efficient electron-trapping system while maintaining resolution. The electron source
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The CMA as shown is used for AES.
rcquil'cd Cnlm.glyl rcsﬂllll(l(‘:/il. This design is o CMAS in series are used to obtain the
prough a double-pass C A is good ' ass CMA. The transmissi - :
{ o N RBhA N s 1:‘ , but solution g poorer th: ilL Sl()n.()f electrons
centric hemisp al analyzer (CHA) describeg subs | 1an that obtained using the con-

The CHA, shown in Figure 14.4. ig w; SHOsequently.

: 4 18 Widely used

ot of ¢ SR Sed in both XPS ; e
.onsists of an put lens assen . i S and Auger instruments »
L;nl S dctcclorpThc inp:] t |u]1h1]‘y, tWo concentric hemispherical shcllqguf dit.l'cr;]r]l(g:nﬁﬁ;[;hc, [i]HA
slec . N8 focusec R ‘ > adii, and an
:hcit‘ energy. This permits better c;lfm:& ,“’clc‘-'lf(ms from the sample and lowers (or r‘elzlrds)
hemispherical path. The two shell ‘LTEA)’ _ l'()n. The electrons then pass through a slit into tﬁe
: ' negativaly charged ¢ : S_tllc maintained at g potential difference, AV, with the outer
i h ) ioc NC the inner one positively charged, as shown in Figure 144, Onl
slectrons with a very small ene ’ : y dS & 1gure 14.4. On
du.llL; hrough the y ' 1«;-" - eTBY range will pags through the hemispheres along a path of radiu}s,'
r, and through the exit slit to the detector, The potential difference is varied to s h |
energies, and a spectrum of the energies of the eject e e S T

i y ed photoelectrons is recorded. Resolution of
this analy ,it'r’ AEJE, depends on the entrance angle of the electrons into the analyzer, the slit width
and r,, as follows: : ,

or XPS, two

the pho
resolut

AE
E

+a (14.3)

c“'E

where
AE/E is the resolution
w is the slit width
r, is the radius of the equipotential surface within the analyzer
« is the angle at which the electrons enter the analyzer

Two approaches to retardation (deceleration) of the electrons are used. One mode of operation is
called fixed-analyzer transmission (FAT) or constant-analyzer transmission (CAT). In this
mode, the electrons are retarded to a constant energy. This results in the absolute resolution of the
system being independent of the kinetic energy of the incoming els:ctr'ons. Eneljgy analyzers operat-
ing in the FAT mode provide high sensitivity when the pass energy 1s high and hlg.h energy resolution
when the pass energy is low. The other operating mode is called fixed retardation ratio (FRR) or
constant relative ratio (CRR). In this mode, the incoming elec_tron§ are decelerated by a gonstant
ratio from their initial kinetic energies. Energy analyzers operating in the FRR mode prowde rela-
tively uniform sensitivity across the energy spectrum. However, absolute energy resolution degrades
as the mea ineti rgy increases. _ _ \
Otlr::aia::::;z:ze}::/:fef: designed based on the mag'netlc deﬂectlor} of .el.ectrf)ns, .t;ut in nglzn:
eral, these have not been very successful because of the difficulty of maintaining a uniform mag

i . i rcial instrumentation.
netic field. Electrostatic systems are used in all comme _
The instrument is cali)l;rated regularly with known conductive standards such as gold or copper

10 establish the linearity of the energy scale and its position.

14.211.3 Detectors

el detectors are used in XPS and Auger spectroscopy. Thle
the channel electron multiplier. The channel electron mu(;
tube (PMT) used in optical spectroscopy (dlscgssz
trons constitute the signal that is being amplified,

. . e
a continuous dynode surface inside a tflb
rved. The surface 1s &

the input and output,

Both single-channel and multichann
f!lost common single-channel detector is ;
tiplier functions much like the photomultiplier
:]n Chapter 5). The major difference is thl?t elec -

Ot photons. The channel electron multiplier cOnSISE
45 depicted in Feigcl:‘rz 14.7a. Channels may be straight mbe§ as shgwn o‘r ;::S
in-film conductor with a high resistance. When a voltage is supplied acros

e —
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