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MATERIALS CHARACTERIZATION AND ANALYSIS: 
APPLICATIONS TO MICROELECTRONICS 

The APL Microelectronics Group has been actively engaged in the design, fabrication, packaging, 
and testing of miniaturized electronic devices, circuits, and systems for use in space, avionics, bio
medicine, and ocean science. Advanced techniques for the analysis and characterization of materials 
have significantly aided the production, delivery, and ultimate reliability of the circuitry. In particu
lar, such inspection and characterization instruments as the scanning electron microscope, the scan
ning Auger microprobe, and the secondary ion mass spectrometer have allowed the development of 
new materials and processes applicable to hybrids, surface mounts, and other types of microelectron
ics and have also provided a way to ensure greater reliability and product safety. Other relevant tools 
and analyses include X-ray techniques (diffraction and spectroscopy), residual gas analysis, profilometry, 
atomic absorption, light and electron scattering methods, and a variety of mechanical, electrical, and 
environmental stress tests. 

INTRODUCTION 
Advanced methods for analyzing, characterizing, 

and testing materials have been developed to the point 
where they can be applied routinely not only in re
search and development but also in the day-to-day pro
duction of hybrid microcircuits and assemblies suitable 
for use in the fields of space research, avionic systems 
development, biomedicine, and ocean science. Basic 
tools (e.g., the scanning electron microscope equipped 
with various detectors, the energy dispersive X-ray 
spectrometer, and auxiliary current amplifiers) can be 
used daily for inspection, quality control, materials 
characterization, and failure analysis. I 

The scanning electron microscope has been used in 
every aspect of medical microelectronics manufacture, 
from basic substrate patterning to lid sealing. Anoth
er important method that has had widespread use is 
surface profilometry2 for thickness and dimension 
measurements, a technique that quantifies surface 
roughness and allows deposited layers and photo litho
graphically patterned areas to be measured routinely 
(both in thickness and extent) in a nondestructive con
tact way. Beta-backscatter thickness measurement 3,4 

is another nondestructive technique that has played a 
significant role in the screening of packages, deposited 
layers, and printed circuit board materials. 

Various materials identification and analysis tech
niques such as energy dispersive X-ray spectroscopy, 
residual gas analysis, atomic absorption, scanning Au
ger microscopy, secondary ion mass spectrometry, and 
X-ray diffraction have been used productively in the 
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development and testing of microelectronic devices and 
assemblies. Energy dispersive X-ray spectroscopy, 5 in 
conjunction with the scanning electron microscope, 
has been used to locate and identify impurities and to 
monitor the relative composition of various microelec
tronic coatings, deposited layers, and basic starting 
materials. Residual gas analysis 6 has been used to 
analyze, for example, gaseous products given off dur
ing charge and discharge cycles of potential implant 
capacitors and outgas products from curing epoxies 
and other organic materials. These analytical results 
contribute to specific component and materials selec
tion as well as aid in the development of processing 
and techniques to minimize contamination. 

Scanning Auger microscopy 7 has made several 
contributions to microelectronics development includ
ing contamination and cleaning tests, elemental materi
als identification, and depth profiling. X-ray diffrac
tion 8 has aided in materials identification and in the 
determination of microstructure (crystalline versus 
amorphous) and alloy composition. Secondary ion 
mass spectrometry9 has provided materials identifica
tion, impurity profiles, and the ability to look at both 
elemental and molecular compositions. Atomic ab
sorption spectroscopy 10 has also been used for quan
titative impurity and compositional determinations. 

MICROELECTRONIC APPLICATIONS OF 
THE SCANNING ELECTRON MICROSCOPE 

When a material is irradiated by a primary electron 
beam, secondary electrons are emitted with energies 
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between 0 and 30 electronvolts, with the upper energy 
limit set by the maximum primary beam energy. Sec
ondary electrons produce excellent topographical im
ages because of their abundance and ease of collection. 
Figure 1 is a secondary electron topographical image 
of an integrated circuit die in a ceramic chip carrier 
that is used in a biomedical implant. The depth of field 
of the scanning electron microscope and its obvious 
utility in inspection and quality assurance for integrat
ed circuits and packaging are evident. The effect of 
the material work function (as shown by the bright
ness of the gold bonding pad image) on the contrast 
of the secondary electron image is also apparent. Back
scattered electrons have energies distributed about the 
primary beam energy but are much less abundant than 
the secondary electrons, thus producing less intense 
topographic images. However, the yield of backscat
tered electrons increases with the atomic number of 
the material under analysis and therefore can be use
ful for material identification. Figure 2 is an example 
of how a backscattered electron image was useful in 
detecting an electrical problem (residual metal de
posits) on a substrate used in a medical electronic 
system. 

Figure 3 shows the utility of the scanning electron 
microscope in process development and also shows 
how it can be combined with other methods (such as 
impedance measurements) to produce structures suit
able for APL system applications. The example shown 
is a platinum-gold electrode platinized to reduce im
pedance and improve electronic signal reception. Im
pedance reduction factors greater than 10 have been 
achieved by this method. Platinization techniques have 
been applied in both underwater conductivity sensors 
and in neural prosthesis electrodes used for recording 
neuronal activity from the brain of an awake, perform
ing monkey. II Platinization of thin-film platinum
gold layers has been accomplished for multisensor neu
ral probes. 

Figure 1-Secondary electron photomicrograph of an in
tegrated circuit chip in a leadless ceramic chip carrier. Note 
the unlimited depth of field and the topographical nature of 
the scanning electron microscope image. 
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Fluorescent X rays are important for use in scan
ning electron microscope imaging. A scanning electron 
microscope equipped with a suitable energy-dispersive 
X-ray detector can be used in two modes for materi
als identification: full spectrum elemental analysis 
(atomic number 10 (neon) and above) and spectrum 
peak siting or dot mapping of a particular constituent 
over the entire sample surface. An example of an 
elemental X-ray spectrum (which revealed a cadmium 
impurity in an epoxy preform used in a spacecraft hy
brid) is shown in Fig. 4. Figure 5 illustrates a material 
dot map of tin diffused into a capacitor end cap after 
solder reflow. 

NONDESTRUCTIVE THICKNESS 
MEASUREMENTS 

Thickness measurements play an extremely impor
tant role in evaluating high-reliability hybrids and 

Figure 2-(a) Residual metal deposits on a substrate after 
photolithography using a high-resolution backscattered elec
tron detector. The residual material produced a surface leak
age problem. (b) A corresponding secondary electron image 
provided for comparison . 
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Figure 3-Scanning electron microscope morphology studies of thick-film platinum-gold electrodes platinized to reduce im
pedance. (a) Bare electrode; (b) converted to platinum black in a 3 percent platinum chloride solution at 1.65 amperes per 
square centimeter for 2 minutes. 
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Figure 4-Energy-dispersive X-ray spectrum of an epoxy pre
form . The epoxy is AblefilrJD517. The titanium peaks (Ti) are 
associated with the pigmented filler. The cadmium (Cd) im
purity was later determined to be 2.2 percent by atomic ab
sorption. The sulfur (S) is believed to be associated with the 
glass reinforcing mesh (as is the silicon (Si)); the aluminum 
(AI) is believed to be due to the sample mounting stud ma
terial. 

surface-mount assemblies in microelectronics. Al
though they can be made using the scanning electron 
microscope (with proper image correction for fore
shortening) and by standard optical interference tech
niques, such methods typically are destructive (requir
ing overcoating) and can be done only on a lot sam
ple basis. Exact production control requires film thick-
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ness measurements of each substrate, component, or 
microcircuit package. Two important, nondestructive 
thickness-measurement techniques that can be applied 
to production samples are stylus profilometry and 
beta-backscatter. 

Stylus profilometry was used, for example, to di
agnose a plating problem in the fabrication of a spi
ral inductor. The problem, as depicted in Fig. 6, was 
inconsistent plating thickness across the width of the 
plated track-it varied as much as 1.8 micrometers (out 
of a nominal 10 micrometers total thickness). The vari
ation shown by the stylus pro filer trace was determined 
to be a function of track location, suggesting that it 
was caused by improperly positioned anodes in the 
plating bath rather than by a photolithography-related 
process as was originally believed. Modifying the plat
ing technique and repositioning the electrodes solved 
the problem. 

Figure 7 illustrates the thickness of goid plating on 
the inside of a ceramic chip carrier 12 as determined 
by the beta-backscatter technique. The carriers were 
to be used on a surface-mounted controller board 13 

of a programmable implantable medication system. 
Thin plating could result in improper eutectic die at
tachment and an ultimate decrease in system reliability. 
The plating was specified to be 2.54 ± 0.25 microme
ters thick. As seen in Fig. 7, only at the outer edges 
of the package bottom do the thicknesses meet the 
specified value. (Each thickness reading is the aver
age of 10 measurements.) The absolute accuracy of the 
beta-backscatter technique has been shown to be bet
ter than ± 5 percent. 
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Figure 5-Capacitor with end caps subject to metallization 
leaching during solder reflow. Problems were experienced 
with several capacitors used in a spaceborne hybrid receiv
er system . (a) Secondary electron photomicrograph of the 
leached capacitor. (b) Secondary electron photomicrograph 
of the end-cap cross section after reflow. (c) X-ray dot map 
of tin penetration into the end cap. 

RESIDUAL GAS ANALYSIS 
Residual gas analysis 6 has been particularly useful 

in determining the outgassing of capacitors under rapid 
charge/ discharge cycles (for potential use in an im
plantable defibrillator system) and the outgassing of 
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Figure 6-Stylus profile of a plated spiral inductor illustrat
ing a variation in plating thickness of as much as 1.8 microm
eters across the width of a track (approximately 300 to 500 
micrometers wide). This variation indicates a plating problem. 
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Figure 7-Thickness distribution of gold plating (in microm
eters) on the inside of a leadless ceramic chip carrier of the 
type used in medical implant electronics . 

various epoxies both during and after curing (for po
tential use in the assembly of microelectronic hybrids). 
Figure 8 illustrates the use of the residual gas analysis 
technique in determining both effective epoxy cure cy
cles and the proper solvent for postcure cleaning. Full 
details of this work were published previously. 14 

ATOMIC ABSORPTION SPECTROSCOPY 
Atomic absorption spectroscopy has played an im

portant role in the evaluation and quality assurance 
of space, medical, and underwater microelectronic 
devices. It has been used to identify and quantify im
purities in support of energy-dispersive X-ray, Auger, 
and secondary ion mass spectrometry analyses. For ex
ample, the cadmium impurity (indicated in the energy-
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Figure 8-Postcure residual gas 
analysis spectra for Ablefilm 517 
epoxy used in microelectronic cir
cuits: (a) short cure process ; (b) 
long cure process; (c) TeE solvent 
treatment after short cure; (d) alco
hol solvent treatment after short 
cure. 

o 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 

Mass-to-charge ratio Mass-to-charge ratio 

dispersive X-ray spectrum, Fig. 4) was accurately de
termined by means of atomic absorption to be 2.2 
percent. 

X-RAY DIFFRACTION 

Identification of the polycrystalline phases present 
in a sample is facilitated by X-ray diffraction anal
ysis. 8 Each distinct phase or crystalline form of an 
element or compound produces a distinct X-ray dif
fraction pattern that may be used to identify the pres
ence of that particular phase_ X-ray diffraction re
sponds to the crystalline structure as well as to the 
chemical composition of a material, in contrast to 
chemical analyses or other advanced materials analysis 
methods that are often insensitive to the crystalline 
structure. For example, if a sample contains micro
crystallites of the compounds AB, A2 B3, and A3 B2 
(where A and B are chemical elements), most forms 
of chemical analysis would show the presence and rela
tive amounts of the elements A and B but would give 
no information concerning the crystalline structure of 
the compounds or the relative abundance of the micro
crystallite phases in the sample. 

X-ray diffraction patterns were obtained on thin
film couples of aluminum and gold. Interplanar spac
ings (d-values) derived from the patterns were com
pared directly with values listed in the Powder Dif
fraction File, thus enabling the phases present in the 
films to be identified (Table 1). Wire-bond reliability, 
particularly the formation of uncontrolled aluminum
gold intermetallic growth, has been of great concern 
in microelectronic hybrids. Studies of bonding meth
ods and the formation of intermetallic structures, es
pecially in the form of thin-film reaction couples, have 
aided materially in improving wire-bond reliability 16 
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Table 1-Prominent lines present in an X-ray diffraction pat-
tern of aluminum-gold couple compared with standard strong 
lines 15 for A12Au5, AI2Au, AIAu4 , and AIAu. AI2Au5 appears 
to be the principal phase component in the sample. 

Observed d- Values 
AIAu Couple Al2Aus A/2Au AlAu4 A/A u 

3.87 3.71 4.60 
3.50 3.37 3.46 3.19 
3.23 3.00 3.09 3.16 
3. 12 2.97 2.83 2.94 
2.82 2.81 
2.74 2.73 
2.54 2.52 
2.46 2.45 
2.42 2.42 
2.34 2.33 2.31 * 2.31 
2.27 2.26* 
2.22 2.23 * 
2.18 2.12 2.19 2.19* 
2.10 2.10 2. 14 
2.09 2.09 2.03 
1.93 1.93 1.97 
1.88 1.86 1.81 * 
1.85 1.78 1. 73 1.63 1.66 

1.50 1.55 1.59 
1.48 

1.38 1.36 
1.34 1.28 
1.22 
1.15 1.17 

* Indicates strongest lines. 
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with applications to space, biomedical, and underwater 
microelectronic systems. 

AUGER MICROPROBE ANALYSIS 
Auger analysis has been crucial in developing clean

ing processes and evaluating residual contaminants 
from curing epoxies. For example, Fig. 9 shows Auger 
spectra of aluminum-metallized silicon substrates ex
posed to vapors produced during the cure of Able
filmQ) 517 and 550 (Ablefilm is a tradename of the 
Ablestick Corp., California). The substrates were 
placed near curing epoxy samples that consisted of two 
sandwiched stacks of 10 single layers of epoxy between 
11 alumina (polycrystalline Al2 0 3 ) substrates (7.5 by 
25 millimeters). The metallized substrates were sub
jected to a 10-minute ultraviolet/ozone cleaning treat
ment 17 before the experiments. No absorbed species 
were detected during the cure of Ablefilm 517 (the car
bon signal was essentially at the noise level), but a large 
carbon signal and a nitrogen trace were detected on 
the substrate exposed during the cure of Ablefilm 550. 
Previous studies 18 have shown that Ablefilm 550 out
gasses more hydrocarbon species than Ablefilm 517, 
results that agree with the Auger analysis. (The nitro-
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Figure 9-Auger spectra of aluminum on silicon substrates 
placed near epoxy samples during cure. The substrates were 
cleaned with ultraviolet/ozone prior to the experiment. (a) Ex· 
posed during cure of Ablefilm 517. (b) Exposed during cure 
of Ablefilm 550. dN(E)/dE is the energy derivative of the num· 
ber of Auger electrons. 
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gen species probably originates from the amine curing 
agent.) Auger analysis has also shown that surface 
diffusion of epoxy-related species 6 on metallized mi
croelectronic circuits may prove to be a serious prob
lem for subsequent processing and ultimate reliability. 

SECONDARY ION MASS SPECTROMETRY 
ANALYSIS 

Secondary ion mass spectrometry has been an im
portant tool in evaluating medical implant systems and 
in selecting components and materials for use in hy
brid production. Moreover, it has provided materials 
identification (it is sensitive to all elements, even hydro
gen, and to complexes to some degree) and depth pro
files in intermetallic studies. This method has also shed 
light on package plating problems, various failure 
analyses, and cleaning processes. Figure 10 is an ex
ample of profile results for a series of cleaning and 
bonding studies. A capacitor end-cap leaching prob
lem 19 was solved this way. 

Table 2 presents the relative compositions of the 
end-cap metallizations from various vendors and pro
cesses. The two units prone to leaching (from two 
different vendors) showed high zinc content. Such an 
impurity could easily be screened by secondary ion 
mass spectrometry on a lot sample basis to improve 
the product assembly yield and hence overall micro
electronic system reliability. 
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Figure 10-Secondary ion mass spectrometry of carbon on 
photoresist contaminated aluminum metallization (on silicon): 
(a) contaminated ; (b) solvent·cleaned (TeE/acetone/alcohol) ; 
(c) ultraviolet/ozone cleaned (10 minutes); (d) uncontamina· 
ted control. 
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Table 2-Composition of various chip capacitor end caps de-
termined by secondary ion mass spectrometry. Data listed 
are the relative atomic fractions. Lots CO and PL displayed 
severe leaching. 18 

Species Capacitor Lot 

CO CN PO PN* PL 

Ag 0.09 0.13 0.061 0.009 0.044 
Pd 0.10 0.15 0.047 ND** 0.038 
Zn 0.21 0.042 0.057 ND 0.18 
Cd 0.014 0.021 0.074 ND 0.082 
Sn 0.003 0.009 ND 0.25 ND 
Pb 0.10 0.091 ND 0.3 0.005 
Zr 0.004 0.026 0.002 0.001 0.006 
Bi 0.32 0.39 0.62 0.28 0.57 
B 0.079 0.10 0.084 0.042 0.049 
Al 0.079 0.066 0.051 0.013 0.019 
K 0.001 0.001 0.0003 0.001 0.0001 
Ni ND ND 0.001 0.10 ND 
Co 0.001 0.002 0.001 ND 0.0001 

*Lot and caps were solder dipped. 
* *ND = not detected. 

SUMMARY 

Various advanced materials analysis, inspection, 
measurement, and characterization techniques have 
been used in the last few years to aid in evaluating high
reliability microelectronic systems. The ability to view 
specimens clearly in three dimensions, such as is pro
vided by the scanning electron microscope with its 
nearly unlimited depth of field, has been invaluable. 
Materials identification provided by wavelength and 
energy-dispersive X-ray techniques, Auger electron 
spectroscopy, and secondary ion mass spectrometry 
have aided in the development of new materials and 
processes. This is particularly true in the areas of or
ganic adhesives, substrate and component cleaning, 
and photolithography. The ability to track impurities 
as a function of distance from a sample surface (regres
sion Auger and secondary ion mass spectrometry) has 
allowed us to distinguish surface-adsorbed species 
from bulk impurities. 

The techniques of atomic absorption (which provide 
accurate quantitative analysis for selected materials in 
trace quantities), X-ray diffraction (for crystallograph
ic structure identification), and residual gas analysis 
(with its ability to identify volatile species) have played 
significant roles in evaluating sophisticated microelec
tronic systems. Surface profilometry and beta-back-
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NONDESTRUCTIVE THICKNESS MEASURE
MENTS BY STYLUS PROFILOMETRY 

Stylus profilometry is conducted with a micropro
cessor-controlled measurement apparatus in which a 
diamond stylus of small radius (typically 5 microme
ters in diameter) is loaded with a downward force 
(nominally 5 to 25 milligrams) and is drawn across the 
surface to be profiled. Any vertical displacement of 
the stylus is detected by a linear variable differential 
transducer. The transducer signal is electronically am
plified and digitized. In modern machines, the digi
tized scan signal can be stored, expanded, smoothed, 
and sent to a hard-copy printer or mainframe com
puter for further processing. The digitized data can 
be displayed on a monitor and can be used to mea
sure the height of a step, line width, average surface 
roughness, cross-sectional area maximum height, or 
average height. This technique is able to resolve ver
tical details as small as 1 nanometer and horizontal 
dimensions down to 0.1 micrometer. The use of sty
lus profilometers is covered by ISO Standard 4518. 

~ Sample 

Block diagram of the stylus profilometer. 

Sloan Dektak IIA stylus profilometer. 

scatter thickness techniques allow the needed checks 
on microcircuit dimensions and layer thicknesses to en
sure high yields and ultimate device reliability. 
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SCANNING ELECTRON MICROSCOPY 

Elementary atomic physics predicts that when an 
electron with enough energy strikes and penetrates a 
solid, it will be scattered by a core electron in an atom 
on or near the material's surface. In a simplified view 
of the process, the incident (primary) electron is back
scattered, a core electron is ejected from the atom (the 
emitted electron is called a secondary electron), and 
the atom is left in an excited state. The excited atom 
can decay by emitting an Xray, the energy of which 
depends on the spacing of the electron energy levels 
of the atom in question and, thus, can be used for ele
ment (atom) identification. This is the basis for the 

Electron 
primary beam 

(2- 50 k il oe lectronvo lts ) 

Backscattered 
electrons 

( energy~pr i mary 
beam ) 

Absorbed electron 
current 

Transm itted electrons 

Diagram of possible electron beam interaction with a 
sample. 

ATOMIC ABSORPTION 

energy dispersive X-ray spectrometer. The excited 
atom can also decay in a two-step process in which 
an excited state electron decays to a lower energy state, 
and a second electron (usually a valence bond elec
tron) simultaneously is emitted with a specific energy 
that is indicative of the particular element. The emit
ted electron is called an Auger electron. Detection and 
energy analysis of Auger electrons form the basis of 
scanning Auger microscopy. Auger transitions are 
more prevalent in the lighter elements, while X-ray 
transitions dominate in materials with high atomic 
numbers. 
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the intensity loss or absorption produced by introduc
ing the specimen into the flame. Detection levels in 
atomic absorption spectroscopy are in the range of less 
than one part per million , and overall absolute quan
titative analysis can be obtained with an accuracy of 
± 2 percent. 
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In an atomic absorption spectrometer, a specimen 
to be analyzed is dissolved in a suitable liquid and 
vaporized by passing it through a suitably hot flame. 
The burning causes some of the specimen material to 
dissociate into its individual constituent atoms (or 
ions). If the dissociated atoms are irradiated with light 
of the proper wavelength, the intensity of the light is 
reduced as a result of absorption caused by the exci
tation of electrons in the free atoms. This reduction 
in intensity of the light beam is directly proportional 
to the concentration of the specimen in the flame. Each 
material absorbs at a different wavelength so that a 
light source with a different wavelength output is re
quired for each material to be identified and quanti
fied. A spectrophotometer is used to measure the 
intensity of the transmitted light at the appropriate 
wavelength (with no sample present) and to quantify Schematic diagram of an atomic absorption spectrometer. 
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NONDESTRUCTIVE THICKNESS MEASUREMENTS BY THE 
BETA-BACKSCATTER TECHNIQUE 

In the beta-backscatter technique, a beam of ener
getic electrons (nominally 100 kiloelectronvolts) from 
a radioactive source (typically promethium-147, 
carbon-14, or thallium-204) is allowed to impinge upon 
the sample. The total number of electrons backscat
tered during a specified sampling time is measured us
ing a Geiger-Mueller tube that is placed coaxially in 
line with the radioisotope source and the material be
ing tested. That number is a function of thickness and 
the atomic number of the material being bombarded. 
If a heavier element (high atomic number, e.g., gold) 
is plated or deposited on a lighter element substrate 
(low atomic number, e.g., aluminum), the number of 
backscattered electrons is substantially greater than the 
number from the uncoated substrate because of the 
higher atomic number of the atoms in the coating film. 
If the lighter element is plated on the heavier element 
substrate, the number of back scattered electrons is re
duced (compared with the number from the uncoat
ed substrate) because of the lower emission of the 
lighter element material and the absorption of sub
strate emissions by the coating film. If the detected 
signals from the unknown are compared with those 
from known thickness reference standards (pure sub-

RESIDUAL GAS ANALYSIS 

In residual gas analysis , a hot filament is used to 
dissociate and ionize species of a gas specimen. The 
ionized particles are separated according to the mass
to-charge ratio (m/e) in either a monopole or a quad
rupole mass analyzer. The relative intensity of each 
m / e peak (i .e. , the number of ions at a particular mass
to-charge ratio) is then displayed to yield a spectrum 
or "cracking" pattern for the particular gas spectrum. 
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Schematic diagram of a residual gas analysis system . 
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Schematic diagram of beta-backscatter analysis 
system. 

strate material, pure coating material, and two sam
ples of known coating thickness on the substrate 
material), the number density of the coating element 
and, hence, the coating thickness can be determined. 
The system can also be used to determine the compo
sition of certain alloys (e.g., tin-lead solder). The use 
of beta-backscatter measurement techniques is covered 
by ASTM Standard B567-79a and ISO Standard 3543. 
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AUGER ELECTRON SPECTROSCOPY 

If the number of response electrons resulting from 
the bombardment of a solid with a beam of primary 
electrons of energy (Ep) is plotted as a function of 
energy, three distinct regions result. The regions cor
respond to (a) a peak in the curve at Ep representing 
elastically scattered (backscattered) primary electrons, 
(b) a peak at 0 to 50 electron volts representing the 
secondary electrons (as described under scanning elec
tron microscope theory), and (c) a region between the 
two peaks that has low intensity and slope (Fig. 2). 
With sufficient amplification, the small peaks of that 
region (50 to 1000 electronvolts) can be detected. They 
correspond to the Auger electron emission. By taking 
the derivative of the number of response electrons with 
respect to energy, the Auger peaks are more readily 
identified. The specific energy locations for the Au
ger peaks of a given element are unique, and thus 
material can be identified. 

Because of the large inelastic scattering cross sec
tion for electrons in solids, Auger electrons can be de
tected only from atoms within about 1 nanometer of 
the surface, a true surface analysis technique. Al
though the short inelastic mean free path causes Auger 
electron spectroscopy to be very sensitive to the sur
face composition of solids, it also complicates the anal
ysis at greater depths. To determine composition at 
depths greater than or equal to 10 nanometers, Auger 
analysis must be combined with a technique for materi
al removal, such as inert gas ion sputtering. As the 
surface is regressed because of sputtering, continuous 
Auger analyses are performed on the freshly exposed 
surface. Depth profiling is an important Auger tech
nique and has been applied in many microelectronic 
activities along with more conventional top monolayer 
surface analysis. 

-. 
""""--

APL's Perkin Elmer scanning Auger spectrometer. The ultrahigh vacuum sample chamber, detector, and sputtering source 
are shown at the left. 
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SECONDARY ION MASS SPECTROMETRY 

When an energetic ion (typically 1 to 20 kiloelec
tronvolts) collides with a solid surface, atoms and 
molecular species from the material under analysis are 
ejected with a certain distribution in energy and an
gle. Depending on the impact energy, angle of inci
dence, and nature of the bombarding ion, some 
fraction of the sputtered atoms and molecules escapes 
from the sample as positive or negative ions (other es
caping material corresponds to neutral atoms and 
atom clusters) . These secondary ions, which are 
representative of the composition of the outermost 
atomic layers of the materials under analysis, can be 
collected by a mass spectrometer and separated and 
detected on a mass-to-charge ratio (m/e) basis. They 
provide a qualitative and, with proper standards, 
quantitative analysis of the near-surface region (one 
to three monolayers thick). The detection and iden
tification of the sputtered secondary ions constitute 
a secondary ion mass spectrometry analysis. The 
method analyzes only the material removed from a 
surface by sputtering, while Auger electron spectrom
etry analyzes the outer few atomic layers present at 
the sample surface without substantial material 
removal. Hence, the former method is inherently des
tructive to the specimen while the latter is nondestruc
tive (when used in the nonprofiling mode). However, 

APL's GCA Corp. IMS 101-8 secondary Ion mass spec
trometer. 

Ion generation section 

Insulator~ 

Primary beam j 
'on op"cs { 

Exit aperture~ 

Ion optics / 
for sputtered 

secondary beam 
(+ ions) 

this method provides much more information than the 
Auger method about compounds, molecules, and 
other complexes present at the sample's surface. Sur
face depth regression occurs automatically as a func
tion of time, and depth profiles are easily obtained 
by monitoring a particular m/e peak with time. Un
der proper circumstances and for some atomic spe
cies, the sensitivity of secondary ion mass spectrometry 
can be at the parts per billion level. 

Ion analyzer section Ion detection system 

Separation of ions 
in modif ied toroidal 

Separation of ions electric field 
in homogeneous (charge) 
magnetic f ield 
(momentum) 

{3 aperture 

X-Y 

Schematic diagram of a secondary ion mass spectrometer. 
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X-RAY DIFFRACTION 

The quantitative theory of X-ray diffraction by crys
talline solids is quite complicated. Diffraction is a 
physical phenomenon that exists because of the wave 
nature of X rays. Because the spacing between atom
ic lattice planes in a crystal is of the same order of 
magnitude as a wavelength of X rays (a few tenths of 
a nanometer), reflection of the X rays from various 
lattice planes can interfere constructively or destruc
tively, depending on the direction of the X-ray beam 
relative to the lattice planes. When many crystallites 
are randomly oriented with respect to a collimated X
ray beam, the X rays are reflected (diffracted) in such 
a way as to exhibit intensity maxima at certain angles 
that are characteristic of the lattice spacing. If the sam
ple is a three-dimensional solid, the diffraction maxi-

X-ray diffraction equipment. A Seifert 180-1000 stabi
lized X-ray generator with a chromium target (vanad i
um filter). The Read X-ray camera is visible in the upper 
center. 
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