
Chapter 3 

Surface Physics

Wave Nature of the Electron 

Motivation for fundamental studies of metallic surfaces arose in the early 
years of Bell Laboratories because of the increasing use of the vacuum tube in 
telephone repeaters. In the light of the role that surface states played in the 
discovery of the point contact transistor, research in surface physics was 
accelerated. This chapter starts with the historic Davisson-Germer experi
ment, which established the wave nature of the electron, and with a discus
sion of electron emission from solids, including secondary emission and field 
emission. 

Semiconductor surface research immediately following the discovery of the 
transistor was limited to "real" surfaces immersed in air or electrolytes. 
These studies dealt with surface charge, contact potential, surface photovol
tage, and surface states. The development of ultrahigh vacuum techniques 
made possible studies using atomically clean surfaces, such as low energy 
electron diffraction (LEED), the two-electron Auger emission, surface crystal
lography, and surface electronic structure on semiconductor and metallic sur
faces. The research on the interaction of higher energy ions with semiconduc
tor surfaces, including ion implantation, is discussed in Chapter 8. Related 
work on molecular beam epitaxy (MBE) is discussed in Chapters 2 and 19. 

I. THE DAVISSON-GERMER EXPERIMENT 

The historic experiment by C. J. Davisson and L. H. Germer was an 
outgrowth of an investigation of electron emission from a clean metal 
surface. They began this experiment to understand the effect on elec
tron emission when a very clean metal was subsequently coated with 
an oxide. Starting with the discovery of elastic scattering of electrons 
from the metal surface, Davisson and Germer [Fig. 3-1] investigated 
the angular distribution of the elastically scattered electrons.1 [Fig. 3-
2] This led them to study the variation of the intensity with orienta
tion of the scattering crystal. The unambiguous demonstration of the 
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Fig. 3-1. C. J. Davisson (left) and L. H. Germer with the tube used in their 
elec tron diffraction work. 

wave nature of electrons deduced from such electron diffraction was 
the basis for the award of the 1937 Nobel Prize in physics, which 
Davisson shared with G. P. Thomson of the University of Aberdeen, 
Scotland. 
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The story of the Davisson-Germer experiment is best recounted in 

quotations from Davisson's Nobel lecture of December 13, 1937, in 

the related excerpt from the Davisson and Germer paper published in 

the Physical Review in December 1927 describing the "well-known 

accident/' and in some quotations from K. K. Darrow's paper pub

lished in the Bell System Technical Journal 1951 Festschrift issued in 

celebration of Davisson's seventieth birthday: 

1.1 Quotations from Davisson's Nobel Lecture, December 13, 1937 

The case for a corpuscular aspect of light, now exceedingly strong, became 

overwhelmingly so when in 1922 A. H. Compton showed that in certain cir

cumstances light quanta-photons, as they were now called-have elastic colli

sions with electrons in accordance with the simple laws of particle dynamics. 

What appeared, and what still appears to many of us, as a contradiction in terms 

had been proved true beyond the least possible doubt-light was at once a flight 

of particles and a propagation of waves; for light persisted, unreasonably, to exhi

bit the phenomenon of interference. 
In 1924 there appeared the brilliant idea which was destined to grow into that 

marvelous synthesis, the present-day quantum mechanics. Louis de Broglie put 

forward in his doctor's thesis the idea that even as light, so matter has a duality of 

aspects; that matter like light possesses both the properties of waves and the prop

erties of particles .... perhaps no idea in physics has received so rapid or so inten

sive development as this one. De Broglie himself was in the van of this develop

ment but the chief contributions were made by the older and more experienced 

Schrodinger. 
In these early days-eleven or twelve years ago-attention was focused on elec

tron waves in atoms. The wave mechanics had sprung from the atom, so to speak, 

and it was natural that the first applications should be to the atom. No thought 

was given at this time, it appears, to electrons in free flight. It was implicit in the 

theory that beams of electrons like beams of light would exhibit the properties of 

waves, that scattered by an appropriate grating they would exhibit diffraction, yet 

none of the chief theorists mentioned this interesting corollary. The first to draw 

attention to it was Elsasser, who pointed out in 1925 that a demonstration of 

diffraction would establish the physical existence of electron waves. The setting of 

the stage for the discovery of electron diffraction was now complete. 

It would be pleasant to tell you that no sooner had Elsasser's suggestion 

appeared than the experiments were begun in New York which resulted in a 

demonstration of electron diffraction-pleasanter still to say that the work was 

begun the day after copies of de Broglie's thesis reached America. The true story 

contains less of perspicacity and more of chance. The work actually began in 1919 

with the accidental discovery that the energy spectrum of secondary electron emis

sion has, as its upper limit, the energy of the primary electrons, even for primaries 

accelerated through hundreds of volts; that there is, in fact, an elastic scattering of 

electrons by metals. 
Out of this grew an investigation of the distribution-in-angle of these elastically 

scattered electrons. And then chance again intervened; it was discovered, purely 

* Chester J. Calbick, a young collaborator of Davisson and Germer, wrote another 

interesting account entitled "The Discovery of Electron Diffraction by Davisson and 

Germer," The Physics Teacher 1 (1963), p. 63. 
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by accident, that the intensity of elastic scattering varies with the orientations of 
the scattering crystals. Out of this grew, quite naturally, an investigation of elastic 
scattering by a single crystal of predetermined orientation. The initiation of this 
phase of the work occurred in 1925, the year following the publication of 
de Broglie's thesis, the year preceding the first great developments in the wave 
mechanics. Thus the New York experiment was not, at its inception, a test of the 
wave theory. Only in the summer of 1926, after I had discussed the investigation 
in England with Richardson, Born, Franck and others, did it take on this character. 

From first to last a considerable number of colleagues contributed to the investi
gation. Chief among these were my two exceptionally able collaborators, Dr. C. H. 
Kunsman and Dr. L. H. Germer. Dr. Kunsman worked with me throughout the 
early stages of the investigation, and Dr. Germer, to whose skill and perseverance 
a great part of the success of the definitive experiments is due, succeeded Dr. 
Kunsman in 1924. Figure 3-2 

I would like also at this time to express my admiration of the late Dr. H. D. 
Arnold, then Director of Research in lthe Bell Telephone Laboratories, and of Dr. 
W. Wilson, my immediate superior, who were sufficiently farsighted to see in 
these researches a contribution to the science of communication. Their vision was 
in fact accurate, for today in our, as in other, industrial laboratories electron 
diffraction is applied with great power and efficacy for discerning the structures of 
materials. 

1.2 Davisson's "Well-Known Accidenll" 

The accident mentioned in Davisson's Nobel lecture is described in 
Davisson and Germer's Physical Re1~iew paper published in December 
1927.2 

During the course of his work a liquid-air bottle exploded at a time when the 
target was at a high temperature; the experimental tube was broken, and the target 
heavily oxidized by the in-rushing air. The oxide was eventually reduced and a 
layer of the target removed by vaporization, but only after prolonged heating at 
various high temperatures in hyd:r:ogen and in vacuum. When the experiments 
were continued, it was found that the distribution-in-angle of the scattered elec
trons had been completely changed. This marked alteration in the scattering
pattern was traced to a re-crystallization of the target that occurred during the pro
longed heating. Before the accident a,nd in previous experiments we had been 
bombarding many small crystals, but in the tests subsequent to the accident we 
were bombarding only a few large on1!S. The actual number was of the order of 
ten. 

1.3 Quotations from Karl K. Darrow's "The Scientific Work of 
C. J. Davisson" 

In 1951, a Festschrift edition of the Bell System Technical Journal was 
issued to celebrate Davisson's seventieth birthday. Darrow's essay 
entitled, "The Scientific Work of C. J. Davisson," is one of the papers 
in that Festschrift.3 (Darrow joim!d Western Electric in 1917 and 
became a member of Bell Labs upon its incorporation in 1925. He 
became famous for his scholarly reviews of physics research. At the 
time this paper was written, he was also the secretary of the Ameri
can Physical Society, a post he retained after retiring from Bell Labs 
in 1956.) Darrow gives an account of the Davisson-Germer experi
ment, authenticated by Davisson: 
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I can tell its history in words which I wrote down while at my request he 

related the story. This happened on the twenty-fifth of January 1937: I have the 

sheet of paper which he signed after reading it over, as also did our colleague L. 

A. MacColl, who was present to hear the tale. This is authentic history such as all 

too often we lack for other discoveries of comparable moment. Listen now to 

Davisson himself relating, even though in the third person, the story of the 

achievement. 
The attention of C. J. Davisson was drawn toW. Elsasser's note of 1925, which 

he did not think much of because he did not believe that Elsasser's theory of his 

(Davisson's) prior results was valid. This note had no influence on the course of 

the experiments. What really started the discovery was the well-known accident 

with the polycrystalline mass, which suggested that single crystals would exhibit 

interesting effects. When the decision was made to experiment with the single 

crystal, it was anticipated that "transparent directions" of the lattice would be 

discovered. In 1926 Davisson had the good fortune to visit England and attend 

the meeting of the British Association for the Advancement of Science at Oxford. 

He took with him some curves relating to the single crystal, and they were 

surprisingly feeble (surprising how rarely beams had been detected!). He showed 

them to Born, to Hartree and probably to Blackett; Born called in another Con

tinental physicist (possibly Franck) to view them, and there was much discussion 

of them. On the whole of the westward transatlantic voyage Davisson spent his 

time trying to understand Schroedinger's papers, as he then had an inkling (prob

ably derived from the Oxford discussions) that the explanation might reside in 

them. (The reader is reminded that the "transatlantic voyage" was by steamship.) 

In the autumn of 1926, Davisson calculated where some of the beams ought to 

be, looked for them and did not find them. He then laid out a program of 

thorough search, and on January 6, 1927, got strong beams due to the line-gratings 

of the surface atoms, as he showed by calculation in the same month. 

In 1937 the Nobel prize was conferred on Davisson, and he had the opportunity 

of enjoying the ceremonies and festivities which are lavished upon those who go 

to Stockholm and receive it. He shared the prize with G. P. Thomson, who must 

not be entirely neglected even in an article dedicated explicitly to Davisson. 

There was little in common between their techniques, for Thomson consistently 

used much faster electrons which transpierced very thin polycrystalline films of 

metal and produced glorious diffraction-rings. He too founded a school of crystal 

analysts. 

1.4 Observation of Spin Polarization Effects 

Davisson and Germer are cited in textbooks for their pioneering 

work in 1927 on the diffraction of low-energy electrons from nickel 

single-crystal surfaces, leading to the confirmation of the wave nature 

of particles. It is only because of a mistake in the analysis of experi

mental data that they did not open another very exciting and novel 

field of research. In fact, in 1975, C. E. Kuyatt4 of the National 

Bureau of Standards pointed out that in 1929, Davisson and Germer 

published a paper on the search for polarization of electron waves by 

reflection. 5 Mainly because of the negative results, this paper 

remained completely unnoticed for four decades. In the setup of the 

experiment described in their original paper, the electron waves scat

tered at 45 degrees from the first nickel crystal should show, if polar

ized, an asymmetry in the scattering from the second nickel crystal as 
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this is rotated around the axis of the beam between the two crystals. 
This experiment is analogous to the one used for demonstrating the 
polarization of light by reflection from solid surfaces, as noted by 
Davisson and Germer. But this similarity is true only within certain 
limits that were not realized by Davisson and Germer. They expected 
to observe two maxima and two minima in the scattering as the 
second crystal is rotated through 360 degrees, as in the case of light 
polarization. Actually, for the electron spin with quantum number 
1/2, only one maximum and one minimum should be observed. The 
erroneous conclusion reached by their 1929 paper is striking because 
polarization effects up to about 30 percent are obvious from the 
numerical results reported in the same publication. But for more 
than 45 years researchers in the field of low energy electron 
diffraction (LEED) did not realize this misinterpretation. 

At the time of this writing, experiments involving spin polarization 
effects in LEED look very promising for investigating surface-related 
problems and for providing another detector for the spin polarization 
of electrons that may be more efficient than Mott scattering.6 To this 
field, too, Davisson and Germer made their own contributions but, 
unfortunately, this time without recognizing its relevance. 

II. ELECTRON EMISSION FROM SOLIDS 

2.1 Primary Emission 

Scientists at Bell Labs have long been interested in solids as 
emitters of electrons. The investigation of electron emission from a 
clean metal surface by Davisson and Germer was prompted by a 
desire for a better understanding of the effect on electron emission 
when a metal was coated with an oxide. In the late 1920s, H. E. Ives 
and his associates were interested in producing photoelectric cells of 
high efficiency as light detectors in connection with the development 
of the commercial system of picture transmission then in operation 
over certain Bell System lines? They studied alkali-metal photoelec
tric cells of various structures and the effects of varying the treatment 
and temperature of the material and the nature of the radiation used. 

J. A. Becker performed experiments with oxide-coated cathodes 
designed to yield information about the enhancement of electron 
emission resulting from coating the metal with barium oxide. He 
found, for example, that when current is drawn from the oxide, oxy
gen is deposited on the surface. If the oxygen is beneath the 
absorbed barium, it increases the activity; if it is above the barium, it 
decreases the activity. Together with W. H. Brattain, Becker corre
lated experimental values of the thermionic work-function with the 
theoretical Richardson equation.8'9 Their correlation resulted in some 
modification of Richardson's equation. 
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In 1949, N. B. Hannay, D. MacNair, and A. H. White investigated 

the semiconducting properties of (Ba,Sr)O cathodes. They found that 

the electrical conductivity was directly proportional to the thermionic 

emission over a range of three orders of magnitude of activation, 

except in the cases where the oxide coating was probably inhomo

geneous.10 In 1955, L. A. Wooten and coworkers pointed out 

difficulties of measurement that had not been adequately realized in 

prior studies.U The fact that minor impurities might play an impor

tant role in the activity of oxide coatings was indicated when they 

found that very pure barium oxide or strontium oxide coatings on 

platinum supports led to very low emission. (For more on this topic 

see Chapter 17, section III.) 

2.2 Secondary Emission 

K. G. McKay and J. B. Johnson applied increasingly sophisticated 

techniques to the study of secondary electrons during the early 1950s. 

McKay, using pulsed bombardment, found that the resulting transient 

not only gave a value for the yield, but also values for the resistivity, 

the dielectric constant, and part of the energy distribution function of 

the secondaries.12 In order to work with a clean substance of known 

structure, McKay and Johnson bombarded the (100) cleavage face of a 

single crystal of magnesium oxide (MgO) with electrons, establishing 

for this case also the inverse relationship between secondary emission 

and temperature.l3 

A theory of secondary electron emission proposed by P. A. Wolff 

in 1954 showed satisfactory agreement with experimental results and 

provided a valid and useful model for the phenomenon. 14 

2.3 Auger Electron Emission Spectroscopy of Solids 

A novel type of secondary emission from solids, involving interac

tion with two electrons in the metal surface, was discovered by J. J. 

Lander. This was designated as Auger electron emission because of 

its similarity to the Auger effect discovered in cloud-chamber X-ray 

experiments by P. Auger of France in 1925. In the Auger effect, a 

singly ionized atom spontaneously becomes doubly ionized. The 

spontaneous step is a two-electron transition in which one electron 

drops into the hole produced in the initial ionization, while the 

second electron is ejected. The energy of the ejected electron is 

related through energy conservation to the other three levels of the 

two-electron transition. 
Lander's paper, "Auger Peaks in the Energy Spectra of Secondary 

Electrons from Various Materials," published in 1953, marked the 

beginning of modern methods of surface chemical analysis.15 Lander 

showed conclusively that certain narrow peaks of the energy distribu-
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tion of secondary electrons from solids occur at energies that are 
related in a specific way to the core energy levels of surface atoms. 
Core-level spectra are highly characteristic (distinctly different for 
each different chemical element), and so offer a means of chemical 
identification. 

Besides making the first identification of Auger transitions at sur
faces, Lander gave one of the fir:st demonstrations of the utility of 
electron-stimulated (as opposed to X-ray stimulated) Auger spectros
copy. 

In the early 1950s, Bell Labs was an especially good environment 
for Lander's work. McKay had just completed a review that gathered 
many instances of secondary-emission features of the type later 
identified as Auger transitions.16 G. H. Wannier helped formulate a 
description of Auger transitions in solids that accurately exhibited the 
potentialities of Auger electron spectroscopy. G. A. Harrower later 
demonstrated the coexistence of Auger spectra and "energy loss" 
spectra associated with electrons involved in ionization eventsP 

In time, Lander's pioneering work was recognized by scientists in 
other laboratories. With suitable modifications, Lander's experiments 
led to practical means of surface chemical analysis, an essential 
prerequisite for further progress in surface science. [Fig. 3-3] Auger 
electron spectroscopy is used as the chief means of surface chemical 
analysis in practically every laboratory devoted to surface science. 

Another kind of surface investigative technique dependinf on the 
Auger effect was introduced by H. D. Hagstrum in 1954.1 In this 
technique, low-energy, positive ions of the noble gases are used to 
bombard metal or semiconductor f:.urfaces. An ion impinging on a 
surface induces an Auger-type transition in which one of the two 
electrons involved neutralizes the :ion and the other is collected. A 
series of experiments by Hagstrum led to a general understanding of 
the electron transitions that occur when excited or ionized atoms 
interact with a surface. A computer program was developed that 
made possible the derivation of a function approximating the local 
density of states in the surface region of a solid from the measured 
energy distribution of the ejected Auger electrons. 

2.4 Field Emission 

The field emission microscope invented by E. W. Mueller of 
Pennsylvania State University has been a powerful tool in the study 
of the distribution and effect of coatings on cathodes. In this instru
ment, electrons are emitted from a sharp metal point along diverging 
paths in an evacuated tube. Thes1~ electrons impinge on a curved 
fluorescent screen at the far end of the tube, producing a pattern that 
may be photographed. As the point is heated, surface atoms migrate 
and crystal facets with different emissivities develop. 
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Fig. 3-3. Typical Auger spectrum of impurity atoms 

embedded in GaP. The derivative technique used for detection 

is much more sensitive than the original detection method used 

by Lander. 
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Beginning in the early 1950s, the patterns from clean surfaces were 

the subject of a series of papers by Becker19 and others. In 1953, 

Becker reported that magnification of the image of the point was 

about 106, with a resolution of about 20 x 10-8cm. The excitement of 

the early discoveries with this instrument is conveyed in Becker's 

early papers. [Fig. 3-4] At 2800K, the surface of the tungsten point is 

hemispherical. Only the (110), (111), and (100) regions consist of 

small flat planes. In fields of 50 million volts per em and at 1200K, 

these planes enlarge. The edges of the planes are seen to be in 

violent agitation. Hence, surface atoms are mobile at temperatures 

above one-third of the melting point. Barium atoms show surface 

mobility at 400K on the (110) and BOOK on the (100) planes. 

In 1958, L. A. D'Asaro studied field emission from p-type silicon,20 

and in the 1960s, J. R. Arthur used field emission microscopy to study 

surfaces of the semiconductors gallium arsenide and germanium.21,22 

In a slice of a gallium arsenide crystal cut parallel to the octahedral 

(111) plane, gallium atoms form the outer layer on one surface, the 

(111), and arsenic atom on reverse surface, the (111). Arthur found 

that surface migration of both gallium and GaAs was more rapid on 

the (111) "B," or arsenic, face, which became thermally disordered 

above 300°C. The (111) "A" face remained ordered up to 400°C. On 

both faces, gallium decreased the work function by about 0.5 volts, 

while arsenic reduced the emitting area without altering the work 

function appreciably. Arthur also discovered that the intensity of 

emission from germanium, whether p-type or n-type, was strongly 

sensitive to surface treatment. In related work, F. G. Allen used pho

toemission techniques to study the work function in clean GaAs sur
faces. 
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Fig. 3-4. (A) Schematic of field emission microscope. (B) Field 
emission patterns produced by the surface of the hemispherical tungsten 
point with va rying exposure times. 
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In the early 1970s, T. Utsumi and 0. Nishikawa at Bell Labs used a 
Mueller field ion microscope to study alloy formation when a 
tungsten or molybdenum point came in contact with molten gal
lium.23 In the field ion microscope, neutral atoms are injected into the 
tube and ionized by the large electric field near the charged point, 
from which they then travel to the screen. The shorter wavelength 
associated with the greater mass results in better resolution of the 
pattern. Nishikawa and Utsumi combined the field ion microscope 
with field ion spectroscopy to measure the kinetic energy distribution 
of field-ionized noble gases on both clean surfaces and nitrogen-
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absorbate-covered surfaces of tungsten.24,25 

In the mid-1970s, M. Campagna and others developed a technique 

for measuring the polarization of emitted electrons as a function of 

the surface crystallographic direction in the field emission micro

scope.26 The novelty of this technique relies on the possibility of 

obtaining atomically clean metal surfaces by controlled ultrahigh 

vacuum field evaporation. The field emission cathode is located in 

the center of a superconducting coil, so that under the influence of 

the axial magnetic field, the divergent beam of electrons forms a dis

torted image on the screen. The measurements provide unique, 

direct information on magnetic interactions near surfaces. Problems 

related to chemisorption on transition metals can also be investigated 

by this technique because the spin-polarization of the emitted elec

trons has been found to be strongly sensitive to surface conditions. 

III. SEMICONDUCTOR SURFACE RESEARCH DURING 1948-1960 

Semiconductor surface research at Bell Laboratories can be divided 

into two distinct periods. The research activity during 1948-1960, car

ried on by W. H. Brattain and others, was concerned with the prop

erties of surfaces like those used in devices-the "real" surfaces. In 

the research begun after 1960, the emphasis was on clean or chemi

cally well-characterized surfaces. 

Surfaces used in semiconductor research in the earlier period were 

generally produced by cutting, grinding or sandblasting, polishing, 

and etching. The chemical state of such a surface depends on the 

etchant used. It may be atomically ordered and in some cases may be 

covered with a thin oxide layer 10-30A thick, particularly if exposed 

to long periods in air. During this period, the research concentrated 

on elucidating the static and kinetic features of the electronic struc

ture of surfaces produced in this way. 

3.1 Surface Charge, Contact Potential, and Surface Voltage 

As a semiconductor surface is approached from the deep bulk of 

the solid, the space-charge region is entered. This region is typically 

about 10-5 em in extent, and is associated with a surplus or deficit of 

free carriers. The space-charge layer is the result of charges residing 

at the interface between the bulk of the semiconductor and the sur

face oxide, as well as in the oxide itself. Surface electronic states in 

intimate contact with the bulk, the "fast" (microsecond) states, reside 

at the oxide-semiconductor interface. "Slow" (second) states in poor 

electrical contact with the bulk reside inside and at the outer surface 

of the oxide layer. Charge in the slow states results in a potential 

drop, V0 , across the oxide. For a given bulk impurity doping, the 

space-charge barrier potential, V5 , uniquely determines the shape of 

the barrier and the carrier distribution (via the Poisson equation). In 
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the absence of an external field, the charges in all surface states and 
in the space-charge layer are equal and opposite. 

The existence of a space-charge .layer at the free surface of a sem
iconductor was first predicted by J. Bardeen in 1949.27 In 1953, experi
mental evidence of its existence came from the work on contact 
potential and surface photovoltage by Brattain and Bardeen.28 It was 
discovered that the barri,er potential associated with the space charge 
layer (V5 ) could be reproducibly varied by varying the gaseous 
ambient. The Brattain-Bardeen cyde of gaseous ambients involved 
the use of wet and dry oxygen and nitrogen, as well as ozone, 
applied in a particular sequence. This caused a variation of Vs of as 
much as 0.5 electronvolts ascribed to the addition and removal of ions 
at the outer surface of the oxide film. Recombination rates of holes 
and electrons and surface trapping were studied, and a particular 
model of surface states as donors and acceptors was proposed. 

3.2 Surface Photovoltage and Surface States 

Brattain and Bardeen also varied the barrier potential by applying 
light using the surface photovoltage effect. They demonstrated a 
direct correlation between the surface photovoltage and the work 
function of the surface.29 C. G. B. Garrett and Brattain produced a 
detailed theory of the surface photovoltage effect that accounted for 
the experimental data and contributed significantly to the quantita
tive understanding of the space-charge layer.30 [Fig. 3-5] 

The barrier voltage associated with the space-charge region, the 
region itself, and the surface conductance can be varied by applying a 
capacitatively coupled external electric field.31 Garrett and Brattain 
used field effect, surface photovoltage, and surface conductivity mea
surements in a combined experiment and compared their results with 
theory.32 W. L. Brown used the variation of conductance with exter
nal field to determine both the surface potential and the distribution 
of charge in the surface states.33 He recognized that observation of 
the unique minimum in conductance leads to quantitative results. 
Low-frequency field-effect measurements in various gaseous 
ambients,34 .and the measurement of surface conductance in strong 
inversion layers,35 were also performed during the period of 1948-
1960. 

W. Shockley made a theoretical study of the symmetrical truncation 
of a crystal with perfect periodicity from bulk to surface.36 He found 
that localized states split off from the upper and lower bands, form
ing the so-called Shockley surface states in the forbidden gap. Sur
face states on the free surface of geJrmanium were first demonstrated 
in the field-effect measurements of Shockley and G. L. Pearson.37 That 
surface states can be slow or fast (poor versus good electrical contact 
with the bulk) was evident in the early work of Brattain and Bar-
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Fig. 3-5. Life history of an extra electron created in p-type 
material by illumination of the sample, from its birth in the 
photoexcitation process to its death in recombination at the 
surface, starting with a positive charge in the oxide layer and 
higher at the surface than at the side, as shown in the top part 
of the diagram. In the next part of the diagram, an extra 
electron created by photoexcitation begins moving in the 
direction of the arrow. The other steps are shown in the 
remaining parts of the diagram. 
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deen.38 That these surface states differ greatly in capture times was 
shown by Garrett and Brattain when they observed that the surface 
photovoltage disappeared after illumination in times of seconds or 
minutes.39 Relaxation of the fast surface states was studied with 
high-frequency applied fields by H. C. Montgomery, who developed 
this means of eliminating the effects of slow states.40 A quantitative 
analysis of this experiment was given by Garrett.41 Surface recombi
nation velocity was shown to be very sensitive to treatment of the 
surface.42 Its connection with surface noise was studied by 
Montgomery. 43 
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3.3 Semiconductors in an Electrolytic Ambient 

Work with the semiconductor in an electrolytic ambient has proved 
very fruitful. Brattain and Garrett elucidated the rectification proper
ties of the semiconductor-electrolyte interface.44 They studied reac
tions for anodic and cathodic bias, as well as the surface properties 
that had been investigated for the gas-semiconductor interface. The 
surface states introduced by various metallic ions from an electrolyte 
were studied by P. J. Boddy and Brattain.45 Adsorption of gases on 
semiconductor surfaces, as well as the oxidation kinetics of these sur
faces, were studied extensively by J. T. Law.46 

IV. SURFACE RESEARCH-CONTROLLED SURFACE IN ULTRAHIGH 
VACUUM 

Several factors contributed to the nature of surface research in the 
late 1970s. Advances in ultrahigh vacuum techniques in glass sys
tems had progressed to the point that fundamental scientific experi
ments on surfaces appeared practical Moreover, experimentation was 
greatly facilitated by the availability of commercial ultrahigh vacuum 
system components. This was accompanied by the application of new 
spectroscopic techniques having greater surface specificity, such as 
ultra¥iolet photoemission at energies in the range of 10 to 100 eV, 
extended X-ray absorption spectroscopy, electron energy loss spectros
copy, high-energy ion scattering, and the application of high-speed 
computer methods to low energy electron diffraction. 

A surface is a collection of interacting atoms that may be con
sidered a phase of matter in close association with, but nevertheless 
distinguishable from, the bulk solid under it. It is characterized by 
the geometric arrangement of its atoms (surface crystallography), the 
chemical nature of the atoms present (chemical composition and 
adsorption), and the energy level and charge density structure of the 
electrons in the surface region (surface electronic structure). 

The study of the interaction of atoms with surfaces has both kinetic 
and static aspects. Several important parameters are the probability 
that an atom incident on a surface will stay on, or stick to the surface, 
the migration and nucleation of adsorbed species, and the thermal 
desorption of the foreign atom. Each of these phenomena was stud
ied extensively by J. A. Becker in the late 1940s and 1950s using a 
variety of techniques. Among thes'e were thermionic emission, ther
mal and field desorption, work function measurement, and field emis
sion microscopy. This work led to a much better understanding of 
the charge state of adsorbed species by their effect on surface poten
tial or work function; of the specificity of adsorption and migration 
phenomena to particular crystallographic planes; and to the binding 
energy of adsorbate atoms to crystal surfaces in more than one crys
tallographic site. Becker reviewedl much of this work in 1955.47 
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Becker's work represented an early effort to attack surface problems 
using more than one technique. (For more on Becker's studies see 
section 2.4 of this chapter.) 

During the late 1950s, J. T. Law studied the adsorption of gases on 
cleaned semiconductor surfaces.48 These studies led to Law's work on 
the oxidation of silicon, in which measurements of kinetics were 
made and models of the growth of oxide films were presented.49 

An important aspect of the interaction of atoms with surfaces is the 
development of tools for the chemical analysis of such surfaces. The 
principal means for analysis is Auger electron spectroscopy (AES) 
described in section 2.3 of this chapter. 

Researchers also benefited from the greatly increased understand
ing of the nature of the solid state. In 1962, E. 0. Kane proposed a 
theory of photoelectric emission from semiconductors that was based 
on density-of-state and energy-band considerations and that did not 
involve scattering of the excited electrons either from the bulk 
material or at the surface.50 Theorists also began to apply self
consistent calculations of energy levels specifically to the surface 
region of the solid. 

The geometric structure of the surface layer was explored with 
low-energy electron diffraction by J. J. Lander, G. W. Gobeli, and A. 
U. MacRae, among others.51 A variety of surface superlattices were 
studied. It was found, for example, that in an annealed Si(111) sur
face, the translational periodicity of the surface layers is seven times 
that of the bulk substrate. The implications of these new structural 
forms, seen on almost all semiconductors, were far-reaching for the 
understanding of chemical bonding. 

F. G. Allen and Gobeli characterized other physical ~roferties of 
the elemental and the 111-V compound semiconductors. 2'5 Particu
larly noteworthy were their experimental measurements of the work 
function, bulk photoelectric threshold, and energy gap surface state 
distribution on Si(111). Gobeli and Allen performed a series of exper
iments on the photoelectric emission from cleaved (111) surfaces of 
single silicon crystals in a vacuum, using both pure and doped crys
tals. Their results were in agreement with the Kane theory, and gave 
rise to an understanding of the surface transport and rectification 
properties of these materials. 

Beginning in the late 1960s, advanced techniques of surface science, 
particularly Auger spectroscopy and electron diffraction, were applied 
with notable success to the problems of growing and characterizing 
the surfaces of nearly perfect crystals of GaAs in ultrahigh vacuum by 
Arthur and A. Y. Cho.54 Insights into the kinetic processes involved 
in the growth of these compounds were obtained, and for the first 
time, geometric characterization of a surface under growth conditions 
was achieved. This technique, molecular beam epitaxy (MBE), has 
resulted in improved capabilities in the areas of heterojunction lasers, 
and microwave and optical component fabrication.55 Molecular beam 
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epitaxy holds great promise as a tool for the development of practical 
integrated optical devices. (For more on MBE see section VI of 
Chapter 2.) 

The greatest progress in controlling and documenting a surface and 
its characteristics has been made for the free surface of a solid in a 
vacuum or in a controlled gaseous environment. This has occurred 
because it has been possible to dev1?lop the methods of cleaning the 
surface and of diagnosing its properties to the necessary level of 
sophistication. The research on semiconductor surfaces carried on 
after 1960 at Bell Labs falls into this category. 

4.1 Surface Crystallography- Low Enetgy Electron Diffraction 

Low energy electron diffraction (LEED) is a tool for determining 
the geometric arrangement of sutface atoms. The study of this 
phenomenon as a crystallographic tool for surface studies goes back 
to the first experiments by Davisson and Germer on the wave nature 
of matter. Even in that early work, the effect of surface condition was 
clearly evident. It was found that the condensation of an unknown 
gas (probably CO) on the nickel crystal produced a superstructure on 
the surface with a repeat distance twice that of the surface metal 
atoms. This resulted in extra diffra~Ction spots between those caused 
by the surface nickel atoms. Thus began a study of adsorption super
structures on solid surfaces, which proceeded very slowly until the 
advent of improved instrumentation in the early 1960s. At that time, 
Germer, Lander, MacRae, and others undertook intensive studies in 
this field. 

The determination of the periodicity and symmetry of the adsorp
tion superstructure from the LEED data is not difficult. It is a neces
sary first step in every complete surface study leading to a full 
analysis of the arrangement of the surface atoms. Observations of 
LEED pattern changes or the disappearance of the pattern also make 
possible studies of surface or two-dimensional phase transformations, 
and order-disorder transformations both in adsorbed layers and on 
clean surfaces. Such adsorbed layers may be the initial foothold of an 
epitaxial deposit. 

A particularly interesting discovery made during this period is the 
metastable (2-by-1) structure on the cleaved Si(111) surface that, when 
heated, reverts irreversibly to the (7-by-7) structure. The (7-by-7) 
structure has a superstructure unit mesh (the two-dimensional 
equivalent of the unit cell of a three-dimensional crystal) 49 times as 
large in area as that of the underlying semiconductor surface.56 

Once the surface symmetry and mesh dimensions have been deter
mined, the specific determination of atom positions at a surface is still 
a difficult task. This requires the study of the way in which the 
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intensity of the diffracted beams varies with electron energy (or 
wavelength) of the incident beams. Such observations were made in 
the early Davisson and Germer work, but a detailed understanding 
required the development of LEED theory and computing methods. 
P. M. Morse, who spent the summer of 1929 at Bell Labs, pursued 
the problem beyond a simple single-scattering kinematic theory of 
electron diffraction. Although his theoretical analysis did not account 
for structure observed between the principal Bragg peaks in the plots 
of intensity versus voltage, it did point to the necessity of a multiple 
scattering approach as represented in this case by the band structure 
of the crystal. In 1966, E. G. McRae applied a general multiple
scattering theory developed by M. Lax to the specific case of LEED 
intensities, giving the first exact solution for a model in which atomic 
potentials are represented specifically.57 McRae's study led to qualita
tive understanding of the extra (non-Bragg) structure in the I-V plot. 
His "layer" method of computing diffraction intensities is an exten
sion of early ideas of Darwin and Wannier. This method, or a varia
tion, is used in practically all numerical LEED computations leading 
to specific atom positions.58 The study of beam intensities in LEED as 
a function of temperature led to the first observation that vibrational 
amplitudes for surface atoms exceed those of the bulk, and to the 
determination of a surface Debye temperature.59 

The original Davisson and Germer studies demonstrated the poten
tial of using the LEED technique in various forms. During the fol
lowing two decades, D. W. Farnsworth and his students at Brown 
University used LEED to measure the intensity of electrons diffracted 
from surfaces by standard current, measuring techniques. In the late 
1950s, E. J. Scheibner, who was later joined by Germer, put a display
type LEED cwparatus (first suggested by Ehrenberg in 1934) into prac
tical form.6 [Fig. 3-6] Lander and coworkers (and independently, 
Peria at the University of Minnesota) further improved display-type 
LEED by using spherical grids and phosphor screens.61 This was the 
form that Germer arranged to have made commercially available. It 
was based on a design he provided after his retirement from Bell 
Labs, and it had a stimulating effect on LEED research because of its 
visual display of the diffraction pattern. 

4.2 Surface Electronic Structure 

The third basic characterization of a solid surface, viewed as a col
lection of interacting atoms, is its electronic structure or chemical 
binding. The questions may arise: How can this structure differ from 
the bulk electronic structure? And what are the best ways to describe 
the electronic states of adsorbed foreign atoms? Prominent among 
the techniques used to answer these questions is ultraviolet photo-
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emission spectroscopy (UPS). Also important are ion neu tralization 
spectroscopy (INS) and electron energy-loss spectroscopy (ELS) . In 
pursuing these spectroscopic investigations, it has been most impor
tant for experimentalists to work in close coordination with theoreti
cians. 
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/ The energy spectrum of photoelectrons emitted from a solid surface 
is related closely to the energy level distributions of electronic states 
in both the bulk and at the surface. The surface sensitivity is 
enhanced by working in the photon energy range above about 20 eV, 
where the photoelectron mean-free path is only a couple of atomic 
spacings. Early work on photoelectric emission was performed at Bell 
Labs by Ives and collaborators. In 1928, Ives, A. R. Olpin, and A. L. 
Johnsrud published a paper that contained measurements of the 
energy spectra of photoelectrons, and their distribution in angle.62 

Photoemission languished in the physics community for several 
decades, and was taken up again at Bell Labs in the early 1960s by 
Gobeli, Allen, and Kane, as noted in section IV of this chapter. In 
1964, Kane proposed that measurements of the angular distributions 
of photoelectrons should yield directly the dispersion relations (that 
is, the energy-versus-wavevector curves) for electronic states.63 

In the early 1970s, UPS was studied by J. E. Rowe, H. D. Hagstrum, 
N. V. Smith, and their respective coworkers. Rowe and H. Ibach 
pursued photoemission from surface states on several different crystal 
faces of silicon.64 From Si(lll) they saw not only the "dangling" 
bond states associated with the fundamental gap, but were also able 
to observe additional surface states within the valence band energy 
range associated with back-bonding orbitals. These states had been 
predicted by J. A. Appelbaum and D. R. Hamann in what were the 
first self-consistent calculations of energy states in the surface region 
of a solid.65 [Fig. 3-7] The experimental results were confirmed and 
extended by Rowe and Ibach using energy loss spectroscopy (ELS).66 

Similar studies were performed on adsorbate-covered surfaces by 
detailed examination of the new peaks that appear in the photoelec
tron energy spectra. For example, experimental studies by Ibach and 
Rowe, and by T. Sakurai and Hagstrum,67 coupled with theoretical 
calculations and interpretation by Appelbaum and Hamann and by K. 
C. Pandey and J. C. Phillips,68 revealed the existence of a variety of 
structurally different forms of chemisorbed hydrogen on silicon. 

Additional theoretical and experimental work was applied to the 
study of the metal-semiconductor interface, or Schottky barrier, 
formed by sequential deposition of fractions of aluminum monolayers 
on silicon. 69 Theoretical studies of atomic geometries showed that a 
threefold bonding of aluminum atoms to silicon occurs. Experimental 
measurements of surface states after aluminum deposition showed 
that the Schottky-barrier energy levels were caused by a thin layer 
(-2A) rather than the thicker layer (-15A to 20A) suggested previ
ously?0 

One of the most important solid-solid interfaces in technology is 
formed by silicon dioxide on silicon. The stabilization of silicon sur-
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Fig. 3-7. Contours of charge density on a silicon surface. The numbers indicate equi-charged 
density contours in arbitrary units. 

faces by thermally grown oxides was first demonstrated by M. M. 
Atalla, E. Tannenbaum, and Scheibner.71 The oxide layer is used as a 
passivating element to protect the silicon device from the ambient 
environment and as an insulating layer to isolate individual elec
tronic components on a single chip. In the late 1970s, a number of 
different techniques were developed and applied to the physical char
acterization of this structure. D. E. Aspnes and J. B. Theeten used 
ellipsometric techniques to determine the interface width.72 0. L. 
Krivanek of the University of California at Berkeley, and D. C. Tsui 
and coworkers at Bell Labs, studied the same system by cross-sectional 
transmission electron microscopy,73 while L. C. Feldman and cowork
ers analyzed the structure using hi:~h-energy Rutherford backscatter
ing techniques?4 The results of these studies indicated a very sharp 
interface, -SA thick, which included a region of strained silicon sin
gle crystal. These results confirmed the high degree of perfection at 
this interface that makes it very useful in technological applications. 

Smith, whose initial efforts had concentrated on that part of the 
photoemission spectra which could be understood in terms of wave
vector conserving transitions within the bulk band structure, turned 
to the old problem of the angular distribution of the photoelectrons. 
In 1974, Smith, M. M. Traum, and F. J. DiSalvo demonstrated for the 
first time that the electronic energy dispersion relations could indeed 
be mapped directly from angle-resolved photoemission experiments 
performed on the layer compounds TaS2 and TaSe2? 5 Their study 
consummated the proposal made ten years earlier by Kane?6 The 
energy band structure derived was in remarkable agreement with the 
theoretical band calculations of L. F. Mattheiss.77 In the same year, 
Traum, Rowe, and Smith applied the angular-dependence technique 
to the dangling and back··bond surface states on Si(lll)?8 The exten-
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sion to adsorbate systems was performed by Smith and coworkers for 

chlorine atoms adsorbed on Si(l11)?9 Results were obtained for the 

two-dimensional surface band structure of this system that agreed 

well with theoretical calculations by M. Schluter and coworkers.80 

[Fig. 3-8] In short, a very detailed description of the surface electronic 

structure and chemisorptive bond could be obtained. 

Since 1975, much of the photoemission work has been done using 

synchrotron radiation from the Tantalus storage ring at the Univer

sity of Wisconsin, Madison. The intense continuum nature of syn

chrotron radiation makes it an attractive source, and its inherent 

polarization was used, for example, in the additional selection rules 

needed to infer the atomic position of chlorine on the Si(lll) sur
face.81 

The surface-sensitive ion-neutralization spectroscopy (INS) was 

developed by Hagstrum [Fig. 3-9] as a result of extensive studies of 
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Fig. 3-8. Photoelectrons emitted from an ordered monolayer of 

chlorine atoms (1-1, as observed by low energy electron diffraction) on 

a silicon surface. The three-dimensional plot shows intensity as a 

function of the emitted electron energy and the angle between, normal 

to the surface and the direction of the emitted electrons. The 

maximum electron energy is 16.3 eV (21.2 eV photon energy minus 

4.9 eV work function). The two principal intensity peaks, Clp.L and 

ClPII• result from electrons in two different atomic states of chlorine -

one perpendicular to the surface and the other parallel to the surface, 

respectively. The peak at the left is caused by multiple scattering. 
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Fig. 3-9. H. D. Hagstrum pioneered in research 
involving surface phenomena in ultrahigh vacuum. In 
the early 1960s, he designed and built an all-metal, 
multi-experiment apparatus. Hagstrum's speciality has 
been the study and use of electron ejection 
accompanying the surface interaction of slowly moving 
atoms that carry surface potential energy (ions or 
metastables) upon which the most surface-specific 
probes of electronic structure are based. Using his 
newly developed ion-neutralization spectroscopy, 
Hagstrum was the first to observe the surface 
resonance of electrons in the chemical bonds holding 
adsorbate atoms to otherwise atomically clean surfaces. 

the electronic transitions that can occur when a slow atomic particle, 
carrying potential energy by virtue of its being ionized or excited, 
encounters a solid surface. It is based on a two-electron, Auger-type 
electron ejection process. Hagstrum developed a method for using 
the experimental data to obtain the surface spectroscopic information 
and observed the surface electronic resonance caused by an adsorbed 
atom.82 The method has been applied to the adsorption of the chal
cogens on nickel crystalline surfaces. It has been shown that the 
coordination of the "surface molecule" is mirrored in the orbital 
energy spectrum obtained.83 



Surface Physics 131 

In 1977, researchers at Northwestern University and at the Univer
sity of Kent discovered giant Raman scattering molecules adsorbed 
from solution onto silver electrodes in an electrochemical environ
ment.84 (For more on Raman scattering see Chapter 5, section 6.2.) 
Estimates of the magnitude of the scattering, assuming that only the 
first few adsorbed monolayers were contributing, concluded that it 
was enhanced by roughly six orders of magnitude over normal gas
phase Raman scattering. At Bell Labs, J. G. Bergman and coworkers 
used radioactive tracer measurements to confirm that the giant Raman 
scattering was indeed taking place from about one monolayer, or 
roughly 1015 molecules per square-centimeter on the electrode.85 This 
surface-enhanced scattering can be compared with conventional, non
resonant, Raman scattering cross sections of molecules in the study of 
surface structure or catalysis, where scattering from approximately 
1015 molecules per square-centimeter is normally swamped by the 
intense scattering of the substrate. This new technique of surface 
vibrational spectroscopy appears to be capable of yielding essential 
information about adsorbant-adsorbate systems that is difficult or 
impossible to obtain either by traditional electronic level spectroscopy 
or by LEED. The knowledge of surface vibrational frequencies and 
intensities can yield direct and positive identification of adsorbed 
species and give important insight into how and to which bonding 
sites they are adsorbed. 

In 1979, Rowe and coworkers observed the surface-enhanced 
Raman effect on a silver surface prepared and dosed with an adsor
bate at ultrahigh vacuum. This study paved the way for an under
standin~ of the mechanism behind the large observed enhance
ments.8 The results of the study were consistent with the excitation 
of localized dipolar plasmon resonances of small (lOOA to 1000A 
scale) silver particles, which Rowe determined must be present on the 
surface in order to obtain enhanced signals. This effect had been sug
gested originally by M. Moscovits at the University of Toronto,87 and 
later analyzed by S. L. McCall, P. M. Platzman, and P. A. Wolff,88 and 
confirmed experimentally by C. A. Murray and coworkers89 and D. A. 
Zwemer and coworkers.90 Using a classical spheroid model, they 
showed that the silver particles act as antennas for intensifying both 
the incident exciting optical laser light and the reradiated Raman
shifted light. The predicted magnitude, distance, and frequency 
dependence of the signal was also consistent with the data. 

4.3 Multiple Experiments in One Apparatus 

The work of Bell Labs scientists in surface physics has emphasized 
the importance of performing multiple experiments on the same solid 
state specimen in one ultrahigh vacuum apparatus.91 [Fig. 3-10] In 
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Fig. 3-1 0. H. D. Hagstrum's ultrahigh vacuum appa ratus containing facilities for freeing a 
specimen from contamina nts and maintai ning the purity while several surface physics 
ex periments a re performed. 

one type of multiple experiment, the surface is characterized, 
inspected, and probed by a variety of means that yield information 
on several different aspects of the surface and its interactions. Thus, 
LEED specifies surface crystallography, Auger electron spectroscopy 
(AES) specifies the atoms present in the surface region (the surface 
chemistry), and an electron spectroscopy such as ultraviolet photo
emission spectroscopy (UPS) probes surface electronic structure. A 
second type of multiple experiment, although it may include the first, 
emphasizes the probing of a particular aspect of a surface by a variety 
of means. Thus, surface electronic structure has been studied by 
more than one electron spectroscopy such as UPS, INS, or electron 
energy loss spectroscopy (ELS).92 Similarly, surface geometrical struc
ture has been probed by ion backscattering, by LEED, by h igh energy 
electron diffraction (HEED), and by the diffraction of low energy, 
nearly monoenergetic beams of helium atoms from silicon surfaces by 
M . J. Cardillo and G. E. Becker.93 The atomic beams of helium were 
obtained from a free-jet expansion of helium out of a high-pressure (7 
atm) nozzle through a small ( -30 J.lm) aperture. Combined with 
LEED and AES, atom diffraction allows a more complete determina-
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tion of the surface structure.94 Each spectroscopy, or method, has its 
peculiar set of characteristics. The use of a combination of them pro
vides considerably more information about a given aspect of a surface 
than can be obtained with one method alone. 

Multiple experiments of either type or, as is usually the case, a 
combination of the two, is an essential part of good surface experi
mentation. This is rooted in the fact that the atomic system studied 
in the first monolayer or two of a well-characterized surface cannot 
be transported from one experiment to another as can a bulk crys
talline solid. In most cases, the two-dimensional crystal must be 
created and studied in the same vacuum environment. Multiple 
experiments come close to being ideal for performing research on 
controlled surfaces in a vacuum. 

The story of the investigation of electron emission during the first 
fifty years of the history of Bell Labs is one of progress from the 
study of materials whose physical nature and chemical purity was 
inadequately known, to powerful techniques involving high-vacuum, 
electron spectroscopic techniques, temperature measurement over 
wide ranges, and purity of materials unavailable to the early workers 
in the field. The development of the computer has made possible 
correlations between theory and experiment that might have been 
prohibitively time-consuming in the past. Understanding of the 
processes involved in electron emission continues to increase at an 
accelerated rate. 
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