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Introduction

1.1
Surface and Interfaces in Everyday Life

Surfaces and interfaces are all around us. Their properties are important in
our daily lives and are basic to many of today’s advanced technologies. This
is particularly true for the semiconductor materials that are used throughout
modern electronics. The aim of this book is to present the physical principles
underlying the electronic, chemical, and structural properties of semiconductor
interfaces and the techniques available to characterize them. Surfaces and interfaces
are a cross-disciplinary field of science and engineering. As such, this book
emphasizes the principles common to physics, electrical engineering, materials
science, and chemistry as well as the links between fundamental and practical
issues.

Surfaces and interfaces play a central role in numerous everyday phenomena.
These include (i) triboelectricity, the transfer of charge between two materials
brought into contact – such as the static electricity built up on a comb after
combing one’s hair; (ii) corrosion, the oxidation of structural materials used in,
for example, buildings, bridges, and aircraft; (iii) passivation, the prevention of
such chemical or biological processes using special protective layers; (iv) colloid
chemistry, the wetting of surfaces and the dispersion of particles within fluids as
emulsions or colloids, for example, paints and time-release capsule medicines;
(v) tribology, the friction between sliding objects in contact and their interface
lubrication; (vi) cleaning and chemical etching, the removal of surface layers or
adsorbed species; (vii) catalysis, the reduction in energetic barriers to speed up or
improve the yield of chemical reactions, for example, refining oil or burning coal;
and (viii) optical interference, the rainbow of colors reflected off thin oil layers or
the internal reflection of light between stacks of materials only a few wavelengths
of light thick. On a much larger scale are (ix) electromagnetic interfaces between
the earth’s atmospheric layers that bounce short-wave radio signals around the
world and that alter the reflection or absorption of sunlight contributing to global
warming.
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1.2
Surfaces and Interfaces in Electronics Technology

Surfaces and interfaces are fundamental to microelectronics. One of the most
important microelectronic devices is the transistor, all functions of which depend
on the boundaries between electronic materials. Figure 1.1 illustrates the three
aspects of this dependence. Here, current passes from a source metal to a drain
metal through a semiconductor, in this case, silicon (Si). A gate metal between the
source and the drain is used to apply voltages that attract or repel the charge carriers
involved in the current flow. The result is control or ‘‘gating’’ of the current flow by
this third electrode. This basic device element is at the heart of the microelectronics
industry.

The surfaces and interfaces are the key to the transistor’s operation, shown in
Figure 1.1. Thus, the contact between the metal and Si is a metal silicide. Barriers
can form between metals and semiconductors that impede charge movement
and introduce voltage drops across their interfaces. This barrier formation is a
central topic of this book. Microelectronics researchers found that promoting a
chemical reaction to form silicides, such as TiSi2 between Ti and Si, reduces
such transport barriers and the contact resistivity ρc at these metal–semiconductor
interfaces. This is illustrated, for example, in Figure 1.2a. Such interfacial sili-
cide layers form low resistance, planar interfaces that can be integrated into
the manufacturing process. A challenge of this approach is to achieve very
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Figure 1.1 Source–gate–drain structure of a silicon transistor.
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Figure 1.2 Expanded view of a (a) interface
between metal and semiconductor with reacted layer,
(b) gate–semiconductor interface with trapped charge in
insulator and at insulator–semiconductor junction, and
(c) dopant or impurity atom diffusion into semiconductor.
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thin, low ρc contacts without allowing reactions to extend far away from the
junction.

The second important interface appears at the gate–semiconductor junction,
shown in Figure 1.2b. Here, the earliest transistor experiments [1] showed the pres-
ence of fixed charges at this interface that prevented control of the source–drain
current. This gate interface may involve a metal in direct contact with the semi-
conductor or, more commonly, a stack of metal-on-insulator-on semiconductor to
apply voltage bias without introducing additional current. Atomic sites within the
insulator and its semiconductor interface can immobilize charge and introduce
dipoles across the insulator–semiconductor interface. This localized charge pro-
duces a voltage drop that offsets applied voltages at the gate metal, opposing the
gate’s control of the source–drain current flow. Minimizing the formation of these
localized charge sites has been one of the prime goals of the microelectronics
industry since the invention of the transistor.

The third important microelectronic interface involves diffusion of atoms into
and out of the semiconductor. Atomic diffusion of atoms into the semiconductor
that donate or accept charge is used to control the concentration of free charge
carriers within specific regions of a device. Acceleration and implantation of
ionized atoms is a common process to achieve such doped layers that extend
into semiconductor surfaces, here illustrated in Figure 1.2c. In addition, atomic
diffusion can occur between two materials in contact that are annealed at high
temperature. High-temperature annealing is often used to heal lattice damage after
implantation or to promote reactions at particular device locations. However, such
annealing can introduce diffusion and unintentional doping at other regions of
the device. Outdiffusion of semiconductor constituents is also possible, resulting
in native point defects that can also be electrically active. Balancing these effects
requires careful design of materials, surface and interface preparation, thermal
treatment, and device architectures.

Microelectronic circuits consist of many interfaces between semiconductors,
oxides, and metals. Figure 1.3 illustrates how these interfaces form as silicon
progresses from its melt-grown crystal boule to a packaged chip. The Si boule
formed by pulling the crystal out of a molten bath is sectioned into wafers, which
are then oxidized, diffused, or implanted with dopants, and overcoated with various
metal and organic layers. Photolithography is used to pattern and etch these wafers
into monolithic arrays of devices. The wafer is then diced into individual circuits
that are then mounted, wire bonded, and packaged into chips.

Within each circuit element, there can be many layers of interconnected conduc-
tors, insulators, and their interfaces. Figure 1.4 illustrates the different materials
and interfaces associated with a 0.18-µm transistor at the bottom of a multilayer
Al–W–Si-oxide dielectric assembly [2]. Reaction, interdiffusion, and formation of
localized states must all be carefully controlled at all of these interfaces during the
many patterning, etching, and annealing steps involved in assembling the full struc-
ture. Figure 1.4 also shows that materials and geometries change to compensate
for the otherwise increasing electrical resistance as interconnects between layers
shrink into the nanoscale regime. This continuing evolution in microelectronics
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Figure 1.3 Integrated circuit manufacturing process flow.
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Figure 1.4 Multilayer, multimaterial interconnect architec-
tures at the nanoscale. Feature size of interconnects at right
is 45 nm [2].

underscores the importance of interfaces since the material volume associated with
these interfaces becomes a larger proportion of the entire structure as circuit sizes
decrease.

Many other conventional electronic devices rely on interfaces for their operation.
Figure 1.5a illustrates the interface between a metal and semiconductor within a
solar cell schematically as an energy E versus distance x band diagram. The Fermi
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Figure 1.5 Interfaces in conventional electronics:
(a) solar cell, (b) gas sensor, (c) optoelectronic emitter, and
(d) photoemissive cathode.

levels EF in the metal (solid line) and the semiconductor (dashed line) align at
a constant energy, whereas the conduction band EC and the valence band EV in
the semiconductor bend near the interface. Incident photons of energy hν at this
interface create electrons and holes that separate under the field set up by these
bent bands. This charge separation results in photoinduced current or voltage
between the metal and the semiconductor.

Figure 1.5b shows what appears to be a transistor structure except that, unlike
Figure 1.1, there is no gate. Instead, molecules on this otherwise free surface adsorb
on the surface, exchanging charge and inducing a field analogous to that of a gate.
Figure 1.5c illustrates a circuit that generates photon, microwaves, or acoustic
waves. The contacts that inject current or apply voltage to the generator layer are
key to its practical operation. Unless the resistance of such contacts is low, power
is lost at these contacts, reducing or totally blocking power conversion inside the
semiconductor. Figure 1.5d illustrates an interface involving just a semiconductor
surface that emits electrons when excited by incident photons. Chemical treatment
of selected semiconductors enables these surfaces to emit multiple electrons when
struck by single photons. Such surfaces are useful as electron pulse generators or
photomultipliers.

Surfaces and interfaces have an even larger impact on electronics as devices
move into the quantum regime. Figure 1.6 illustrates four such quantum electronic
devices schematically. Figure 1.6a illustrates the energy band diagram of a quantum
well, one of the basic components of optoelectronics. Here, the decrease in bandgap
between EC and EV of one semiconductor sandwiched between layers of a larger
bandgap semiconductor localizes both electrons and holes in the smaller gap
material. This joint localization enhances electron–hole pair recombination and
light emission. The quantum well is typically only a few atomic layers thick so
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Figure 1.6 Four quantum electronic devices. (a) Charge
localization, recombination, and photon emission at a quan-
tum well; (b) carrier confinement and transport at a semi-
conductor inversion layer; (c) tunneling transport at an
avalanche detector; and (d) carrier confinement in three
dimensions at quantum dots.

that the allowed energies of electrons and holes inside the well are quantized at
discrete energies. This promotes efficient carrier inversion and laser light emission.
Imperfections at the interfaces of these quantum wells can reduce the quantized
light emission by introducing competing channels for recombination that do not
involve the quantized states in the well.

Figure 1.6b shows a schematic energy band diagram of a semiconductor with
bands that bend down at the surface, allowing EF to rise above EC. The high
concentration of electrons is confined to within a few tens of nanometers or less
at the surface. This phenomenon is termed a two-dimensional electron gas (2DEG)
layer. It forms a high carrier concentration, high mobility channel at the surface
that is used for high-frequency, high-power devices, often termed high electron
mobility transistors (HEMTs). Again, imperfections at the semiconductor interface
can produce local electric fields that scatter charges, reduce mobility, and alter or
even remove the 2DEG region.

Figure 1.6c illustrates a structure consisting of alternating high- and low-bandgap
semiconductors characteristic of a cascade laser or of a very high frequency
transistor. In either case, charge must tunnel through the ultrathin (monolay-
ers) ‘‘barrier’’ layers into quantized energy levels. Once again, the perfection of
these interfaces is crucial for the charge to tunnel efficiently between layers.
Finally, Figure 1.6d represents a real-space pair of quantum dots encapsulated
by other media. Such quantum dots with sizes of only a few nanometers also
have quantized energy levels that yield efficient laser emission. Again, optical
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emission is impacted if imperfections and recombination are present at their
interfaces.

The materials that comprise all electronics consist of metals, semiconductors,
and/or insulators. It is instructive to realize that these three materials differ
primarily in terms of the energy separation between their filled and empty electronic
states. For metals, this bandgap is 0. For insulators, it can be quite large, typically
5 eV or more. Semiconductors lie between these two regimes with intermediate
bandgaps ranging from a few hundred meV or milli-electron volts to several
electron volts.

These bandgaps and Fermi levels in the energy band diagrams of Figures 1.5
and 1.6 point to another key aspect of interfaces – the alignment of energy levels
between the constituents. This chapter emphasizes that contacts and charge trans-
port between metals, semiconductor, and insulators are essential to all electronic
applications. How their energy levels align is a fundamental issue that is still not
well understood. The question is, does this matter? The interface band structure
determines how much energy difference exists between materials and thereby what
barriers exist to charge movement between them. The question is, what affects this
phenomenon? There are three primary factors: (i) the constituents of the junctions,
(ii) the conditions under which they form the interface, and (iii) any subsequent
thermal or chemical processing. Therefore, to understand how surfaces and inter-
faces impact electronics, it is important to know their properties at the microscopic
level and how these factors shape these properties.

Surface and interface science continues to have enormous practical value
for electronics. It has helped develop the semiconductor industry into the
high-performance, high-value-added industry that it is today. Surface and interface
tools are essential for monitoring, controlling, and ultimately designing micro- and
optoelectronic clean room processes. They are also central to controlling properties
of contacts. As such, they are integral to designing the next generation of electronic
device materials and fabrication processes.

Problems

1. As electronics shrinks into the nanoscale regime, the actual numbers of
atoms become significant in determining the semiconductor’s physical
properties. Consider a 0.1-µm Si field effect transistor with a 0.1 µm ×
0.1 µm cross section and a doping concentration of 1017 cm−3. How many
dopant atoms are there in the channel region? How many dopant atoms
are there altogether?

2. Assume the top channel surface has 0.01 trapped electron per unit cell. How
many surface charges are present? How much do they affect the channel’s
bulk charge density?

3. What fraction of atoms is within one lattice constant of the channel
surfaces?
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4. Figure 1.4 illustrates the complexity of the transistor chip structure.
Describe three interface effects that could occur in these structures that
could degrade electrical properties during microfabrication.

5. Name three desirable solar cell properties that could be affected by
interface effects.

6. Name three interface effects that could degrade quantum well operation.
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