
Chapter 20 

Characterization Techniques 

The behavior of materials in communications technology depends commonly 
on their composition and structure. Sometimes, the requirement is to achieve 

the highest possible purity, as in the reagents for lightguide fibers; or the 

greatest structural perfection, as in the silicon for large-scale integrated cir
cuits. Sometimes, the purpose is to establish and control the level of an addi
tive or dopant, as in the technology of electronic devices. These requirements 
have stimulated Bell Laboratories scientists to develop new, powerful instru
mental methods for characterization. This chapter reviews some of these 

advances. Electrical detection methods, which started soon after the discovery 
of the transistor, included the measurement of resistivity, Hall effect, mobility, 
and junction capacity. The techniques of mass spectroscopy were adapted to 

cover a wide variety of trace impurities. The very powerful techniques of 
electron microscopy and X -ray fluorescence spectroscopy were largely 
developed at Bell Laboratories, and the highly sensitive analytical techniques 
made possible with neutron activation and the use of lasers have contributed 

greatly to the measurement of materials. 

I. ELECTRICAL DETECTION METHODS
CAPACITANCE SPECTROSCOPY 

The electrical properties of semiconductors have been of vital con

cern because they determine most of the useful applications of this 

class of materials and sensitively reflect the state of purity and perfec
tion of the material. The evolution of electrical characterization tech

niques has foreshadowed not only an explosion in practical, techno
logical advances, but also a new frontier in the understanding of the 

fundamental properties of condensed matter. 
The technologically relevant transport properties of a semiconductor 

material are the concentration of conducting (free) charge carriers, the 

mobility of the carriers, and the lifetime of nonequilibrium (minority) 

carriers that are introduced to modulate the conductivity. The early 
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characterization of free ~:harge-carrier concentrations in silicon and 
germanium with Hall effect and resistivity measurements by F. J. 
Morin and J. P. Maita remain a definitive method for establishing the 
fundamental electronic properties of these materials.1 Studies of 
mobility and nonequilibrium carrier kinetics were initially performed 
at Bell Laboratories by J. JR. Haynes and W. Shockley in a classic series 
of experiments that bear their names.2 R. N. Hall of General Electric,3 

Shockley, and W. T. Read4 soon developed the theory for understand
ing the behavior of crystalline defects as recombination centers for 
minority carriers. C. Herring contributed to the theoretical formula
tion of charged carrier scattering and the functional dependence of 
mobility on lattice perfection and temperature.5 From the research of 
T. H. Geballe, Herring, G. W. Hull, J. E. Kunzler, Morin, and G. L. 
Pearson, a fundamental understanding of magnetoresistance,6 

piezoresistance,7 thermoelectric power,8 and thermomagnetic 
phenomena9 was developed. 

With the advent of planar device technology, measurement of free 
carrier concentration "on-·line" by sheet resistivity, as developed by A. 
Uhlir and F. M. Smits, became a primary characterization tool.10 

Modern industry standards relating carrier concentration, mobility, 
and resistivity in silicon, germanium, and GaAs werE~ established by 
J. C. Irvin and S. M. Sze.U 

C. S. Fuller and J. A. Dietzenberger applied sheet-resistivity 
measurements in an important series of studies that derived diffusion 
coefficients for the technologically significant doping impurities in 
silicon and germanium.12 At the same time, H. Reiss, Fuller, and 
Morin used bulk-resistivity measurements to demonstrate and define 
the chemical influence of free carriers in determining impurity solu
bilities and defect equilibria in crystalline semiconductors.13 These 
fundamental principles have critically influenced later developments 
in the understanding of diffusion and defect phenomena im 
semicqnductors.14,15 

1.1 Junction Capacitance Measurements 

The semiconductor electrical junction (p-n, Schottky, and MOS) is 
the primary building block of modern solid state circuits. As 
sheet-resistivity measurements characterized isolated layers, junction 
capacitance and conductance measurements were developed to study 
junction structures. These measurements represent the single most 
powerful probe of the electrical properties of semiconductor materials. 
The basic methods for characterization of electronic states at the 
insulator-semiconductor interface were developed by E. H. Nicollian 
and A. Goetzberger.16 Depth profiles of free charge-carrier concentra
tion beneath the semiconductor surface can be determined from obser
vations of the variation of junction capacitance with applied voltage. 
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The application of this technique became widespread following the 
development of two ingenious schemes for direct data analysis by 
J. A. Copeland and G. L. Miller.17,18 Junction-capacitance transient 
analyses by C. T. Sah have provided a unique tool for characterization 
of imperfections and im~urities that influence junction performance as 
recombination centers.1 The application of the measurement was 
popularized by a flurry of activity at Bell Labs, during which bias 
pulsing and transient correlation techniques were introduced.20~21 

Most notably, application of these techniques has provided a sensitive 
measure of material purity and perfection, characterization of the local 
electrical properties of recombination centers, and the discovery of the 
new phenomena of multiphonon relaxation processes and electroni
cally stimulated solid state reactions.22 During the 1970s, Bell Labs 
scientists and engineers developed a complete science of semiconduc
tor junction spectroscopy, which employs capacitance transient spec
troscopy, scanning electron microscope, charge collection microscopy, 
and electroluminescence to characterize fully the properties of imper
fections in semiconductors.23 

II. MASS SPECTROSCOPY 

In the 1950s, the surge of activity in solid state physics at Bell 
Laboratories was accompanied by major advances in chemical analysis. 
Among these was mass spectrometry of solids, which was developed 
to measure trace quantities of impurities in semiconductors. Mass 
spectrometry had been in use for several decades with gases and vola
tile liquids. In this technique, the atoms or molecules to be studied 
are ionized by bombardment with an electron beam within an evacu
ated chamber, emerge through a slit system into a region of high 
vacuum, and then are passed through electric and magnetic fields that 
separate the particles according to mass and charge. 

For accurate spectrometric analysis of solids, it is necessary to avoid 
the preferential volatilization of some elements in the sample com
pared with others. N. B. Hannay used a mass spectrometer having a 
radio-frequency spark source that imposed pulses of energy upon the 
sample.24 The eroded material formed positively charged ions that 
were then analyzed in the spectrometer. The spark source had special 
merit in that it ionized all elements with about the same efficiency, 
displaying no bias toward the selection of certain elements. Since the 
ions exhibited a large spread of initial energies, it was necessary to 
allow focusing in both direction and velocity. This was achieved by 
the geometry of the electrostatic and magnetic analyzers and the slit 
system. The trajectories of the ions were brought to focus at a plane 
beyond the exit of the analyzers. Therefore, the simultaneous detec
tion of ions over a wide range of masses could be achieved with a flat 
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photographic plate that was positioned in this plane. [Fig. 20-1] 
Commercial instruments basically similar to the Bell Laboratories mass 
spectrometer have since come on the market. 

Hannay [Fig. 20-2] and A. J. Ahearn found that the most important 
factors limiting the sensitivity of this type of instrument originate 
from traces of organic contamination in the source chamber and from 
diffuse scattering betwe1en the ion beam and the residual gas.25 · 
Further modifications of the apparatus made it possible to determine 
trace elements in the ran1~e of a part-~er-billion atomk fraction of the 
major component in favorable cases. 6'27 The effectiveness of spark
source mass spectroscopy in measuring trace impurities in semicon
ductors was demonstrah~d by Hannay and Ahearn in studies of 
antimony, germanium, boron, and silicon.28 [Fig. 20-3] The results 
were found to be in good qualitative agreement with those of meas
urements of electrical conductivity in the same materials. The tech
nique has been applied successfully to a host of analyses by Ahearn 
and C. D. Thurmond on the impurities in gallium phosphide,29 and 
by D. L. Malm to the compositions of surface films. 30 

III. ELECTRON MICROSCOPY 

Microscopy is one of the most powerful characterization tools avail
able to the materials scientist. The transmission electron microscope 
further expands this powt~r because of the improved spatial resolution 
made possible by the mwch shorter wavelength of the electrons. The 
first electron microscopes. were developed in Germany in the 1930s. 
Early in World War II, scientists at RCA built electron microscopes 
based on an instrument constructed in Toronto, Canada, in 1938 by 
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Fig. 20-1. Radio-frequency spark source mass spectrometer. 
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Fig. 20-2. N. B. Hannay has made fundamental 

contributions to the techniques of mass spectroscopy, 

particularly for the detection of trace impurities in 

semicond uctors. He was vice president of research at 

Bell Labora tories from 1973 to 1982. 
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Fig. 20-3 . Mass spectrometric determination of boron in silicon. 

Note the high sensitivity of the signal and its linea rity over a large 

dynamic range. 
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Hillier and Prebus. These instruments were of relatively low 
accelerating voltage of 30 to 50 keV, and as a consequence, they could 
only penetrate very thin sections of material and were used for sur
face studies. The technique used was to make a replica of the surface 
to be examined, for example, by evaporating carbon onto the surface 
and then depositing a thin layer of collodion over it to form a film 
that could be peeled off for study. In 1943, R. D. Heidenreich and 
V. G. Peck devised the silicon-oxide replica technique, which rapidly 
became the standard method of high resolution surface study.31 It 
offered replicas with a resolution of about 200 angstroms (A), which 
was essentially the limit of the microscope. Using this technique, 
Heidenreich and Shockley were able to study for the first time the 
details of slip lines on plastically deformed metals.32~33 Heidenreich 
and coworkers also made notable contributions to the study of the 
advanced magnetic alloys being developed (for example, Alnico-V), by 
combining the replica technique (for microstructural studies) with 
reflection electron diffraction (for crystallographic data). 

3.1 Transmission Electron Microscope 

The goal of being able to look at the metal itself, rather than a 
replica of its surface, was finally achieved in 1949 when Heidenreich 
[Fig. 20-4] devised the electrochemical thinning technique, which 
made it possible to produce metal foils that are transparent to elec
trons.33 The resulting transmission-electron image contained vastly 
more information because the contrast was produced by Bragg 
diffraction of the electrons by the lattice of the specimen. This revo
lutionary approach made possible the observation of previously postu
lated phenomena such as twins, subcell grain structures, growth steps, 
and so on. The dynamical theory of electron diffraction was intro
duced by Heidenreich and L. Sturkey, among others, to explain the 
contrast effects observed.34 By very detailed studies of the parameters 
limiting the performance of his instrument, Heidenreich was able, 
with suitable modifications, to improve the resolution of the images 
steadily up to about lOA. The culmination of this activity was the 
observation, first at Cambridge University and almost simultaneously 
by Heidenreich, of dislocations in crystals.35 At the time of this writ
ing, the modern commercial transmission electron microscope is 
essentially the instrument that he created. 

3.2 Scanning Electron Microscope 

The rapid evolution of the transmission electron microscope was 
paralleled by the development of the scanning electron microscope 
(SEM), in which a finely focused beam of electrons is scanned in a ras-
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Fig. 20-4. R. D. Heidenreich made outstanding contributions to 

improving the resolving power of the electron microscope for surface 

studies and transmission microscopy. 
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ter over a solid specimen. A signal returned by the specimen (for 

example, the backscattered electrons) is used to modulate the bright

ness of a cathode-ray tube scanned in synchronism with the beam. In 

this way, a magnified map of the sample is built up. When the 

incident beam impinges on a semiconductor, it produces a high den

sity of electron hole pairs that, by the application of a bias field, can 

be separated and made to produce a current flow in an external cir

cuit. In the region of electrically active defects, however, many of 

these electron hole pairs will recombine and the current in the exter

nal circuit will decrease. Therefore, a beam scan can be made to map 

out the presence of electrically active defects (dislocations, stacking 

faults, and so on) in the specimen. This technique, electron beam 

induced conductivity (EBIC), became of major significance as a tool for 

studying semiconductor devices. Its applications were first described 

by J. J. Lander and coworkers,36 and by W. Czaja and J. R. Patel,37 and 

later, in work by H. J. Leamy and L. C. Kimerling.38 
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3.3 Electron Energy Loss Spectroscopy 

Chemical microanalysis by means of electron-optical instruments is 
possible because of the ionizations produced by the incident beam. 
These can be detected and characterized either by a measurement of 
the wavelength (or energy) of the X-ray photons produced in the sub
sequent decay-a technique applicable to both bulk and electron 
transparent specimens-or by measurements of the energy loss 
suffered by the transmitted electrons as a result of these ionizations. 
This second technique is of special value because it is very sensitive to 
the lighter elements (carbon, nitrogen, oxygen, and so on) which pro
duce X-rays that are too "soft" to be readily detectable. Work by D. C. 
Joy and D. M. Maher in developing this technique of electron energy 
loss spectroscopy as an adjunct to the electron microscope has pro
duced a microanalytical method that combines very high 
sensitivity-typically 10-18 gram (gm) of material-with good spatial 
resolution (on the order of 100A).39 [Fig. 20-5] The technique is of 
great value in the study of the chemistry of boundaries, interfaces, 
and so on in semiconductors. In addition, significant electronic and 
structural information can be deduced from fine structures in the 
energy loss spectrum. 

IV. X-RAY FLUORESCENCE SPECTROSCOPY 

The use of X-rays to measure the elemental composition of materials 
began only a few years after W. C. Roentgen's discovery of X-rays in 
1895. It was recognized quite early that the impingement of high
energy X-rays upon matter produces secondary, or fluorescent, X-rays 
that have wavelengths characteristic of the elements being irradiated. 
G. J. Moseley's classic research (from 1910 to 1913) showed that a 
definite relationship exists between the wavelengths of X-rays and the 
atomic number of the element emitting the radiation. These facts, 
coupled with the rapid development of X-ray tubes and spectrometers, 
made X-ray spectrography an analytical tool of great potential. Major 
advances in X-ray techniques occurred during World War II, in large 
part through the extensive work on the chemistry of radioactive ele
ments for which new instrumentation had to be developed. 

The earliest uses of X-rays for chemical analysis requ~red that the 
sample under investigation be made the target within the X-ray tube 
and that the spectra be recorded photographically. These procedures 
were too tedious for routine analyses, although they were highly 
effective for certain problems that could not be handled by conven
tional means. The fluorescence method removes the burden of instal
ling the sample as the target inside the X-ray tube. Instead, the sam
ple is bombarded with a beam from a sealed X-ray tube and emits 
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Fig. 20-5. Ray diagram for an electron energy loss spectrometer 

fitted to a transmission electron microscope. For the system 

described here, R = 15 em and L ... 30 em. [Joy and Maher, J. 
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secondary X-rays. These fluorescent X-rays are analyzed according to 
wavelength by impingement on a high-quality crystal that spreads out 
the spectrum of wavelengths, which are then detected by a device 
that converts them into electrical pulses that are amplified and 
recorded. With these technical developments, X-ray fluorescence 

spectroscopy became an important method of chemical analysis. 
Through the work of T. C. Loomis and K. H. Storks, [Fig. 20-6) Bell 

Laboratories made major advances in the techniques of X-ray fluores
cence spectroscopy in microanalysis.40 [Fig. 20-7] An apparatus called 
a milliprobe was designed for analytical studies of very small samples, 
inclusions, or surface contaminations. The instrument was designed 

to examine regions with dimensions of only about 0.01 centimeter 
(em). This high spatial resolution was achieved in the spectrometer 
by a mechanism that uses a system of highly accurate bar links rather 
than precision gears to position the analyzing crystal that scans the 
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Fig. 20-6. K. H. Storks developed the technique of X-ray 
fluorescence spectroscopy in chemical analysis . 
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Fig. 20-7. Calibration plot for the quantitative determination of cobalt 
at the parts-per-billion (ppb) level by the coprecipitation microdot 
milliprobe (CO PR EX) technique. The sensitivity and linearity shown 
are representative of the quantitative determination of elements such 
as iron, nickel, chromium, manganese, zinc, and molybdenum, as well 
as many elements in other parts of the Periodic Table. 



Characterization Techniques 633 

spectrum of wavelengths. The sensitivity to fluorescent X-rays was 
further increased by housing the spectrometer in a vacuum chamber, 
thereby preventing the scattering of X-rays by the air. The milliprobe 
made it possible to study with unprecedented detail and sensitivity 
such objects as inhomogeneous materials, diffusion layers, wear tracks 
on contact surfaces, and the uniformity of thickness of plated, evap
orated, or sputtered films. 

The chief advantage of the milliprobe in analyzing samples was its 
ability to look only at a small area of interest and ignore the rest of 
the sample. However, it found equally important use in the analysis 
of "trace" components of materials. The procedure involves dissolv
ing the entire sample in a suitable solvent (for example, an acid), 
selectively precipitating out the trace ingredient, and measuring its 
amount by X-ray fluorescence spectroscopy. It has long been recog
nized by chemists, however, that trace elements tend not to come out 
of solution quantitatively and reproducibly. In the 1960s, C. L. Luke 
developed analytical procedures based on the phenomenon of copre
cipitation, whereby a trace element can be induced to precipitate if 
another suitable element is added in small quantity.41 The larger mass 
of the solute is left in solution. For example, trace quantities of lead, 
zinc, cadmium, and manganese precipitate from dilute carbamate solu
tion with the addition of copper (II) as a coprecipitant. The precipi
tate is collected on a fine-pore filter and is examined by the X-ray 
spectrometer. An important part of Luke's work was the choice of 
coprecipitants that would not "interfere" with the X-ray fluorescence 
spectra of the trace elements to be analyzed. Thus, in addition to hav
ing the right chemistry to come out of solution with the trace ele
ments, the coprecipitants must have spectra that do not obscure the 
X-ray lines belonging to the elements under study. This technique of 
coprecipitation X-ray ("coprex") analysis was shown by Luke to enable 
measuring many elements in microgram quantities. He developed 
coprecipitation procedures for most of the elements of the Periodic 
Table. Further refinements by J. E. Kessler and coworkers made it 
possible to concentrate the precipitate on a very small area of the filter 
and to analyze this spot with the X-ray milliprobe spectrometer.42 

This development extended the sensitivity of detection to the range of 
10-8 to 10-9 gram. Such sensitivity proved valuable for examining 
impurities in semiconductors and in glasses for optical fibers. 

V. ULTRA TRACE AND MICROANALYSIS OF CONTAMINANTS 

5.1 Computerized Emission Spectrograph 

In 1975, an important step in the improvement of instruments for 
multielement trace analyses at Bell Laboratories was taken by D. L. 
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Wood, A. B. Dargis, and D. L. Nash, who set up a fullly computerized, 
emission-spectrographic analyses facility.43 Their system used a 
prism-ec:helle spectrograph having an exit image that matched in size 
with an image converter capable of transforming ultraviolet to visible 
wavelengths. The light output from the converter was then measured 
by a digital television camera controlled by a dedicated minicomputer. 
The intensities of 400 analytical lines could be measured every second 
during the excitation of a sample. This multielement system, with the 
capability of displaying intensity versus time, is wdl suited for the 
profiling of impurities in electroplating deposits. 

5.2 Neutron Activation and Radioisotope 

In the early 1970s, raw materials for production of optical 
waveguide fibers having impurities of such elements as copper, 
nickel, manganese, cobalt, chromium, iron, and vanadium of only a 
few parts per billion were sought. Extraordinarily sensitive and reli
able ultratrace methods were required for identifying contaminants 
responsible for unacceptable loss in waveguide fibers .. screening avail
able raw materials, pinpointing deficiencies of raw-material 
purification processes, and detecting sources of contamination during 
preform manufacture and fiber drawing. At Bell Laboratories, 
significant contributions were made in improving the accuracy and 
applicability of ultratra•ce characterizations of waveguide materials 
using neutron activation and radioisotope techniques.44 New 
interference-free radiochemical separation techniques and methods for 
production of homogeneously doped, trace-element standards for 
waveguide materials ana~sis were introduced by J. W. Mitchell 
[Fig. 20-8] and coworkers .. 4 •46 

Because of the extraordinarily high sensitivity (10-6 to 10-12 gm), 
extremely broad applicability (approximately 60 elements), specificity, 
and relative freedom from contamination problems, neutron activation 
has been applied to answer a number of other important questions 
and to solve several si;gnificant analytical problems. For example, 
microanalyses of a few milligrams of polywater showed the presence 
of appreciable amounts of sodium. Additional analyses by spark
source maLSS spectrometry, electron microprobe, and X-ray fluorescence 
showed potassium, chlorine, S042, carbon, and oxygen in major 
amounts (1 to 35 percent) and calcium, boron, silicon, nitrogen, and 
sulfur in small amounts.. These results aided in characterizing poly
water as little more than poly-contamination.47 Nuclear separation 
schemes have been exploited to develop the moBt sensitive and 
specific method available for determining ultratraces of gold in 
effluent wastes from Bell System recovery processes.48 The Bell 
System's manufacture of high-density (64 K) memory devices depends 
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Fig. 20-8 . J . W . Mitchell made fundamental contributions to neutron 
activation and ultratrace a nalysis. 
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critically on reducing the occurrences of soft errors caused by ionizing 
radiations emitted by ultratrace impurities in ceramic components of 
chip housing. A nuclear method based on fission track counting was 
perfected to determine quantitatively parts-per-trillion levels of 
uranium, the most prominent alpha-particle emitting impurity present 
in components of microprocessor chip mounting units that are com
mercially available.49 

5.3 Chemical Analysis 

Historically, chemical procedures have been essential in ultratrace 
analyses to improve detection limits and eliminate interferences. By 
the mid-1970s, chemists at Bell Laboratories, using appropriate combi
nations of chemical techniques and high-sensitivity analytical instru
mentation, had made significant strides toward lowering the limits at 
which reliable quantitative elemental analyses could be per
formed.sO,SI Contamination-free procedures were introduced for 
chemical processing of samples, and new methods were developed for 
ultrapurifying analytical and MCVD reagents. 52,53 A low-temperature 
sublimation process of broad applicability for the highly efficient 
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purification of compounds, which are liquids under ambient condi
tions, was applied to the preparation of analytical reagents of the 
highest possible purity. 

5.4 Laser-Based Instruments for Analysis 

Bell Laboratories chemists have also been developing laser-based 
instrumentation for ultratrace and microanalyses. A unique intracav
ity dye-laser spectrometer was designed and constructed to meet a 
stringent amplitude stability specification, an essential feature for use 
in quantitative analyses.54 [Fig. 20-9] This system exploits a novel and 
convenient approach for null-type measurements of intracavity 
absorption using an electro-optic cell. Using ultrapurified analytical 
reagents and controlling contamination during chemical processing of 
samples, T. D. Harris and Mitchell applied laser intracavity spectro
photometry to detect sub-part-per-billion iron impurities in MCVD 
reagent chemicals.55 Another laser-based analytical system has been 
applied to solve a microanalysis problem plaguing the semiconductor 
industry for several decades, that is, the accurate determination of 
moisture within very small void spaces (approximately 40 microlam
berts) of hermetically sealed packages containing microprocessor 
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Fig. 20-9. Analytical laser intercavity absorption spectrometer. The argon laser 
is the pump for the dye laser. The chopper reduces the power absorption in the 
sample to prevent the formation of the thermal lens effect in the aqueous sample. 
The standard, highly reproducible intracavity loss, to which the sample is 
compared, is provided by the electro-optic (Pockel) cell. 
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chips. J. A. Mucha and P.R. Bossard developed a derivative infrared 
diode laser absorption technique that eliminated all inadequacies of 
techniques previously applied to this measurement problem.56 A 
modulated laser tuned to the most intense absorption line of water 
provides a derivative signal for the water vapor content of a package 
within a millisecond of its rupture and exposure to the evacuated test 
cell. [Fig. 20-10] With this technique, it is possible to determine a con
tamination of 100 parts per million water in a 40-~L volume to 
± 10 percent. 

Additional advances in ultratrace and microanalyses were expected 
to result from exploiting the tunability, spectral brightness, and spa
tial resolution capabilities of laser-based instrumentation as this work 
moved into the 1980s. 

This is an excellent example of the benefits of proper instrumenta
tion. At the same time, the instruments are made possible by the 
superb quality of the research. It illustrates more generally the role of 
the materials effort described in the last ten chapters. The research 
was greatly facilitated by the advances in our understanding of the 
physics of the solid state and by the technology it generated and, in 
turn, made possible more precise experimentation and definitive 
theoretical interpretation of experimental results. 
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Fig. 20-10. An infrared frequency-stabilized laser, operating at an absorption frequency of 

water, is modulated to obtain a derivative signal. The specimen chip is crushed 

mechanically after the test cell is evacuated. Standard lock-in electronic techniques are 

used for sensitive signal detection. 
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