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Electronic Properties

of Inorganic and
Organic
Semiconductors and
Their Application to
National Security
Needs

national security needs—including devices
such as infrared detectors and sources,
gamma-ray detectors, and chemical/
biological sensors—will also be discussed.

Inorganic Semiconductors
To date, inorganic materials have been
used in most semiconductor applications.
The most studied and technologically important inorganic semiconductors have the
diamond (e.g., Si) or zinc-blende (e.g., GaAs)
crystal structure. Figure 1 shows the zincblende crystal structure and the corresponding Brillouin zone. (The symbols
label special symmetry points in the zone.)
The structure is based on an fcc lattice
with two atoms per unit cell. The diamond
crystal structure is the same as the zincblende structure, except that the two atoms
in the unit cell are the same for diamond,
whereas they are different for zinc blende.
The Brillouin zones are the same for the
two structures, but for the diamond structure, there is an additional inversion symmetry operator.
To understand why these inorganic semiconductors are insufficient for the range of
detection methods needed for national se-
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Introduction
One of the major issues in national security is the detection of potentially hazardous materials before they do harm to
people or property. Thus, the sensing of
chemical, biological, and nuclear agents
quickly, specifically, and at a distance is of
primary importance. Currently available
detectors based on semiconductors have a
wide range of applicability; high-energy
and low-energy ends of the spectrum are
especially important.
This presentation describes how combinations of inorganic and organic semiconductors might increase our remote sensing
ability in these critical energy regions. We
contrast the electronic structures of inor-
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ganic semiconductors, such as silicon and
gallium arsenide, with organic semiconductors, such as the polymer poly(pphenylene vinylene) (PPV) and the small
molecule pentacene.
While neither organic nor inorganic
semiconductors by themselves have the
necessary electronic structure, the differences in that structure between the two
classes of materials lead to useful complementary physical properties. Heterostructures containing these materials could
provide the critical low-energy bandgap
needed for infrared detection, and the
high-energy bandgap needed for gamma
rays. Applications of these materials to

Figure 1. (a) Crystal structure and
(b) corresponding Brillouin zone for
zinc-blende semiconductors.
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curity interests, it is necessary to understand
their bandgap structures. The electronic
structure for diamond and zinc-blende
semiconductors is dominated by bonding
and antibonding states made up from sand p-type atomic orbitals.1
Figure 2 shows the band structure of Ge
on a large energy scale. (The symbols L, ,
and X label the symmetry points of the
zone.) There are four main groups of
states at the zone center. The lowest energy state, at about 12 eV, is formed by a
bonding configuration of s-type (4s states for
Ge) atomic orbitals. The bonding combination of orbitals is phased so that the amplitudes add in the spatial region between
the two atoms making up the unit cell.
The second group of states, at about
0 eV, are formed by a bonding configuration
of p-type (4p for Ge) atomic orbitals. There
are three bonding p-bands because of the
threefold degeneracy of the p orbitals. The
bonding s band and three bonding p bands
are occupied by electrons in the electronic
ground state of pure Ge and make up the
valence bands of the material.
The third group of states, at about
0.8 eV, is formed by an antibonding configuration of s-type atomic orbitals. The antibonding combination of orbitals is phased
so that the amplitudes subtract in the spatial region between the two atoms making
up the unit cell.
The fourth group of states, at about
4 eV, is formed by an antibonding configuration of p-type atomic orbitals. The antibonding s band and three antibonding p
bands are empty of electrons in the
ground state of pure Ge and make up the
conduction bands of the material. The
spin–orbit interaction splits the degeneracy of both bonding and antibonding p orbitals. The spin–orbit interaction does not
affect the states made from s-type orbitals
to the same extent as those made from ptype orbitals.

The band structure of other diamond (Si)
and zinc-blende (GeAs) semiconductors is
qualitatively similar to that of Ge on a large
energy scale like that of Figure 2. The same
four groups of states, that is, bonding and
antibonding s and p states, occur at the zone
center for these other materials. The energy
ordering is sometimes different from that
of Ge; for example, in Si the antibonding
p levels are lower in energy than the antibonding s levels at the zone center. This
obviously changes the bandgap energy.
The lowest-energy electron and hole
states at the bottom of the conduction band
and the top of the valence band, respectively, are especially important. For most
semiconductors with the diamond or zincblende structure, the top of the valence band
occurs at the zone center and consists of the
bonding p levels (as for Ge). The bottom of
the conduction band for Ge occurs at the
edge of the Brillouin zone in the 111 directions. For many of the zinc-blendestructure III–V (e.g., GaAs) and II–VI (e.g.,
CdTe) semiconductors, the conduction-band
minimum occurs at the zone center and
consists of the antibonding s levels. For Si,
the conduction-band minima occur along
the 100 directions, approximately 0.85 of
the way to the zone edge. Because electrons
typically occupy states near the conductionband minimum, the point in the zone at
which this energy minimum occurs is important, even if the energy splitting between
the various local minima is small.
Moving around the periodic table, there
are systematic variations in the diamond and
zinc-blende semiconductor electronic structures. Examples of these systematic variations are shown in Table I. For light-element
materials, like diamond, in which the distance between atoms is small, the splitting
between the bonding and antibonding
states is at a maximum. Going down the
periodic table, such as for the series C, Si,
Ge, and Sn, the elements have a larger lattice

constant, and the splitting between the
bonding and antibonding states is reduced.
For more ionic materials, moving across
the periodic table—such as for the series
Ge (IV), GaAs (III–V), and ZnSe (II–VI)—
the splitting between the bonding p orbitals
and the antibonding s orbitals increases.
Thus, going down the periodic table, the
energy gaps decrease; going across the periodic table, the energy gaps increase.
In terms of applications, infrared detectors
require a material with a very small energy
gap, so that low-energy infrared photons
are absorbed. Thus, for infrared detectors,
heavy-element materials such as (Hd,Cd)Te
are used. Gamma-ray detectors require a
heavy-element material in order to have
good gamma-ray stopping power, but we
also want a large energy gap so that they
can be operated at room temperature. These
two constraints tend to be in conflict. Ge has
excellent material properties, but its energy
gap is too small for room-temperature operation, and it is not heavy enough to provide as much gamma stopping power as one
would like. Going to heavier, ionic materials like (Cd,Zn)Te improves the gammaray stopping and gives the larger bandgap
required for room-temperature operation,
but because of the ionicity, they do not have
as high a material quality as Ge.
Electron-spin-based phenomena are attracting attention for the possibility of logic
devices based on spin rather than on the
flow of charge for possible quantum information applications.2,3 Retention of a spin
lifetime in the material is important for these
considerations. The conduction-band states
at the zone center are approximately spin
eigenstates, and therefore, they have relatively long spin lifetimes because they are
made up of s-type orbitals. This is in contrast
to valence-band states that are made up of
p-type orbitals for which the spin–orbit interaction mixes the orbital part of the p state
with the spin part of the electron wave

Table I: Period Trends in Energy Splitting for Diamond/Zinc-Blende Structure
Semiconductors.

Figure 2. Band structure for Ge. The
illustrations to the right schematically
show the bonding and antibonding
orbitals from which the zone center
states are made.
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Down column of periodic table:
splitting between bonding p and antibonding s orbitals
decreases

C
Si
Ge
Sn

13 eV
4.0 eV
1.1 eV
0.41 eV

Across row of periodic table:
splitting between bonding p and antibonding s orbitals
increases

Ge
GaAs
ZnSe

1.1 eV
1.5 eV
2.8 eV

Down column of periodic table:
spin-orbit splitting of bonding p orbitals increases

C
Si
Ge
Sn

0 eV
0.044 eV
0.29 eV
0.77 eV
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function. Each time a scattering event occurs, spin coherence of the valence-band
hole is lost. This is why spin dynamics in
inorganic semiconductors is based on electrons and not on holes.
One can make heterostructures from combinations of inorganic semiconductors, a design option that allows many possibilities
for the manipulation of material properties.4
Heterostructures consist of multiple layers
of two different materials that have almost
the same lattice constant and can be grown
epitaxially. The alignment of energy bands
at the interface between the constituent
materials in a heterostructure is an important design consideration. In a Type I band
alignment superlattice, the conduction band
of one constituent material is lower than the
conduction band of the other and the valence band is higher, so that both electrons
and holes are trapped in the lower-energygap material. Because of quantum confinement energy for electrons and holes, the
energy gap of the superlattice is between
the energy gaps of the two constituent materials. In a Type II band alignment superlattice, the conduction band is lower, so
electrons are trapped in one constituent
material, but the valence band is higher, so
holes can be trapped in the other constituent
material. As a result, the energy gap of the
superlattice can be smaller than that of either constituent material. Type II band
alignment superlattices represent a strategy
for getting the small-energy-gap materials
required for infrared detector applications.
Three important elements of inorganic
semiconductor device structures5 are shown
in Figure 3. A Schottky contact between a
metal and a semiconductor, to inject or collect electrons (or holes) in a semiconductor,
is shown in Figure 3a. In this diagram, the
Schottky contact is in forward bias, Vf ; it is
easier for electrons to flow from the semiconductor into the metal than vice versa
because of the smaller energy barrier that
must be surmounted when electrons move
in the semiconductor-to-metal direction. In

inorganic semiconductors, the Fermi level
of the metal is pinned (relative to the conduction band of the semiconductor) by interface states. The Schottky energy barrier
between the metal Fermi level and the bottom of the semiconductor conduction band
is almost independent of the type of metal
used. Another important inorganic semiconductor device element, a p–n junction,
is shown in Figure 3b. In inorganic semiconductors, one can manipulate the electrostatic potential and conductivity by doping
the material. Doping profiles can be used
to control current flow and carrier densities.
A third important inorganic semiconductor
structure, the insulated gate capacitor, is
shown in Figure 3c. It consists of a conducting gate electrode and a gate insulator on a
semiconductor. By putting a bias between
the gate electrode and the semiconductor,
one can adjust the electron (or hole) density
at the interface between the semiconductor
and the gate insulator. By controlling the
electron density near the surface, one can
turn on and off a field-effect transistor, for
example. Control of the interfacial carrier
density requires that there is no chargepinning at the semiconductor/gate insulator interface.

Organic Semiconductors
Organic semiconductors are a new class of
electronic materials based on -conjugated
molecules that might be used with inorganic
semiconductors to tailor the bandgap energies needed for national security applications.6,7 They can be either small molecules
processed by vacuum deposition or polymers processed from solution. They have
energy gaps ranging from about 1.5 eV to
3.5 eV, are typically undoped, and therefore
have essentially no free carriers at room
temperature. Figure 4a shows the chemical
structure of two representative -conjugated
materials: the small molecule pentacene
and the polymer methoxy-ethyl-hexyloxy
poly(phenylene vinylene) (MEH-PPV). The
essential feature of -conjugated molecules

Figure 3. Schematic illustrations of three important elements of inorganic semiconductor
device structures: (a) the Schottky contact, (b) the p–n junction, and (c) the insulated gate
capacitor. Ec , Ev , and Ef are the conduction band, valence band, and Fermi energies,
respectively.
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is that they have double or triple carbon–
carbon bonds. The double bonds are sp2–p
hybridized, and the triple bonds are sp–p2
hybridized. The electronic structure of a
-conjugated material is schematically illustrated in Figure 4b. For electronic device
purposes, the important part of the electronic
structure of these materials comes from
the bonding and antibonding  orbitals.
The splitting between bonding and antibonding  orbitals is typically about 2 eV.
The conduction states originate from the
bonding  orbitals and the valence states
originate from the antibonding  orbitals.
The splitting between bonding and antibonding  orbitals, resulting from the single
carbon–carbon bonds, is much larger than
that of the  orbitals, typically about 10 eV.
These  orbital states are too high in energy
(antibonding  orbitals) or too low in energy
(bonding  orbitals) to be used in electronic devices. A major advantage of organic
materials is that defects that lead to states
made up of nonbonding orbitals usually end
up being in the  manifold rather than in
the  manifold of states. As a result, the defect states typically occur in the energy
gap of the  manifold, as opposed to in the
energy gap of the  manifold, which is the
real energy gap of the material. Thus, organic semiconductors are relatively insensitive to defects. Inorganic semiconductors
have to be extremely high in quality with
a very low defect concentration. Organic
semiconductors do not begin to approach
the purity or crystalline perfection of, say,
silicon or gallium arsenide. Yet, we can make
useful electrical devices out of them because
the defects do not have the same detrimental consequences on electronic properties as in the inorganic semiconductors.

Figure 4. (a) Chemical structures of two
representative -conjugated materials:
the small molecule pentacene and the
polymer methoxy-ethyl-hexyloxy
poly(phenylene vinylene) (MEH-PPV).
(b) Schematic diagram of the electronic
energy structure of -conjugated
materials.
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Two principal organic electronic devices
are light-emitting diodes and field-effect
transistors. Organic light-emitting diodes
(OLEDs) are vertical structures that utilize
electrical transport across a thin organic film.
In contrast, organic field-effect transistors
are lateral structures that utilize transport
in the plane of an organic thin film. This
distinction is significant because the distances through which current is driven in
the two types of structures differ by orders
of magnitude, and the electrical transport
properties of the organic thin films are often
anisotropic. Figure 5a shows the structure
of a typical OLED. The diode consists of a
transparent or semitransparent metal/
organic film/metal structure. The transparent metal contact is usually indium tin
oxide (ITO) or a thin metal (e.g., 10 nm of
Au). The organic film, either a small molecule or a polymer, is typically about 100 nm
thick. The top metal contact is a low-workfunction metal or metal alloy such as Ca or
Mg:Ag. The diode structure is typically
fabricated as follows: a transparent substrate is sputter-coated with ITO; the organic
film is then either evaporated or spin-cast
onto the ITO contact, and finally, the top
contact is evaporated onto the organic film.
The bottom and top contacts are patterned
so that their spatial overlap defines the active area of the OLED.
Many variations of the basic OLED
device structure have been investigated.
The basic OLED structure can also be used
for organic photodetectors and photovoltaic cells.
Figure 5b shows the structure of an organic thin-film transistor. The transistor
consists of an organic thin film on top of a
gate insulator contacted by metal source and
drain electrodes. The gate insulator could be

Figure 5. Device structure of (a) an
organic light-emitting diode and (b) an
organic field-effect transistor.
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silicon dioxide grown on a doped silicon
wafer that serves as the gate contact. The
organic film is usually made from small
molecules, which typically have a higher
carrier mobility than polymers. Current is
carried in a thin (5 nm) region of the organic thin film next to the gate insulator.
The properties of the first few layers of the
organic film are thus critical in determining
the transistor performance. Organic transistors have been fabricated on plastic substrates using both sputter-deposited oxides
and spin-cast polymers as the gate insulator.
In some cases, the fabrication sequence is
changed so that the organic thin film is deposited prior to the source and drain contacts. The source and drain contacts are then
evaporated onto the organic film using
shadow masks to define their structure.
It is interesting to contrast the operation of
an organic LED with that of an inorganic
LED. In an inorganic LED, there is a p–n
junction, and electrons originate from the
n-doped region and holes from the p-doped
region. A voltage bias drives them together and they recombine, emitting light.
The operating principles of an organic lightemitting diode (LED) are illustrated in
Figure 6. In the schematics, the upper line
indicates the conduction states, and the
lower line the valence states, of the organic
material. Metallic contacts are indicated
by shaded blocks. The organic semiconductor is undoped. Holes are injected from
the contact with the high work function
(gold, for example) and electrons are injected from the contact with the low work
function (calcium, for example). At zero
bias, there is an electric field in the organic
semiconductor because of the difference
in the injection barriers of the two contacts.
The reason for the asymmetry in current–
voltage characteristics that yield diode behavior is this difference in the injection
barriers of the two contacts. The behavior
of injection barriers in organic semiconductors is completely different from that
of inorganic semiconductors, where the
barrier energy is largely independent of
the contact metal. There are no interface
states pinning the interfacial Fermi level in
organic semiconductors, as there are in inorganic semiconductors. At forward bias,
the calcium contact is biased negative relative to the gold contact, and electrons are
injected from the calcium contact and holes
from the gold contact. They recombine in
the organic semiconductor and emit light.
The color of the light can be adjusted by
choosing the energy gap of the organic
semiconductor, and it can span the visible
spectrum. This is useful for display applications, for example.
Sometimes it is useful to use multiplelayer devices. For example, consider a struc-

ture fabricated from a material in which
the electrons and holes have very different
mobilities. Injected holes traverse the structure rapidly, resulting in a large hole current.
The low mobility of the electrons results in
a small electron current, and most of the
holes do not recombine with electrons. The
result is a parasitic hole current that dissipates energy but does not produce light.
One way to overcome that problem is to include a heterostructure layer in the structure with an energy barrier to holes. Then,
holes accumulate at this energy barrier, as
indicated by the plus signs in the lower
panel of Figure 6, and the electrons and
holes recombine there, preventing the holes
from traversing the structure. Heterostructures between two different organic
semiconductors are an important device
design option in organic semiconductor
devices.

Applications
Now that these organic/inorganic heterostructure semiconductors can be made,
we can use them to increase the range of
potentially harmful materials that can be
detected in time to prevent a dangerous
incident. I’ll briefly discuss the applications
of these semiconductor materials to national
security needs, including devices such as
infrared (IR) detectors and sources, gammaray detectors, and chemical/biological
sensors.
Infrared detectors and sources are of interest for thermal imaging and remote
chemical sensing. Photodiodes and photoconductors are used as IR detectors, and injection lasers are used as IR sources. These
devices require semiconductors with very
small energy gaps to absorb or emit IR
photons.
One of the materials of great interest for
these applications is the alloy mercury

Figure 6. Schematic illustration of
organic light-emitting diode (OLED)
operation: (upper left) a single-layer
OLED at zero bias, (upper right) a
single-layer OLED at forward bias,
and (bottom) a two-layer OLED at
forward bias.
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cadmium telluride.8 The conduction-band
minimum and valence-band maximum
occur at the zone center for CdTe, HgTe, and
their alloy (Hg,Cd)Te. The important states
are made up of antibonding s levels and
bonding p levels. There is a large spin–orbit
splitting of the bonding p levels. For CdTe,
the antibonding s level is higher in energy
than the bonding p levels. The antibonding
s levels form the conduction band, the
bonding p levels form the valence band,
and the material is a semiconductor with an
energy gap of about 1.6 eV, much too large
to be of interest for IR applications.
HgTe has an unusual band structure.
The antibonding s level lies between the
spin–orbit split bonding p levels. Both the
conduction and valence bands are formed
from the higher set of bonding p levels that
are degenerate at the zone center. Thus,
HgTe has a zero energy gap. When CdTe
and HgTe are alloyed together, you can
get an arbitrarily small energy gap. This
provides a powerful approach to making
small-energy-gap semiconductors. However, when the energy gap is very small,
the electron and hole effective masses also
get very small. This leads to some problems.
Because of the small electron and hole effective masses, there is strong tunneling in
a p–n junction, which leads to large leakage
currents in the infrared detector—which
means noise. These small masses also lead
to very fast Auger recombination rates,
which result in very short minority carrier
lifetimes. This effect limits the usefulness
of this material as an IR source and makes
long-wavelength IR detector applications
difficult. It can be used effectively as a
photodetector, down to about 10–12 m.
A potential fix for these problems is based
on the idea of manipulating material properties using heterostructures. In Type II
superlattices, the energy-band alignment
is such that the conduction band is lower,
so electrons are trapped in one constituent
material, but the valence band is higher, so
holes can be trapped in the other constituent material. With such materials it is
possible to design small-energy-gap semiconductors that do not have the problem
of very small electron and hole effective
masses. Superlattices made from InAs and
(Ga,In)Sb have this property, and structures
can be designed with optical and electrical
properties suitable for IR applications.9
Gamma-ray detectors10 play an essential
role in approaches to identifying special
nuclear materials and radiological sources
that could pose an unconventional nuclear
threat. Gammas are sufficiently penetrating
to allow detection of nuclear materials at
significant distances. The gamma-ray energy
range of interest is typically between
100 keV and a few MeV.
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It is often important to resolve the energy
of the incident gamma for isotope identification. Gammas are captured in matter by
one of three processes: photoelectric absorption, Compton scattering, or pair production
(for gammas with an energy greater than
twice the electron mass). After the gamma is
captured in a semiconductor, the energy is
converted into electron–hole pairs. The
gamma stopping power of a material depends strongly on the nuclear charge of the
atoms making up the material; high-nuclearcharge (Z) materials are required for good
stopping power.
Gamma detectors can be charge-collection
or scintillation devices. A charge-collection
structure uses a large depleted volume to
collect the gamma-generated electrons and
holes. The output of the detector is a current
pulse. For good energy resolution, it is
very important to collect all of the gammagenerated electrons and holes so that the
magnitude of the current pulse can be related to the gamma energy. Thus, the detector volume must be large enough and the
gamma stopping power high enough that
all of the gamma’s energy is converted into
electron–hole pairs in the detector. In a scintillator structure, the gamma-generated
electrons and holes recombine radiatively,
and the emitted light is detected with a
photomultiplier or a photodiode. For energy
resolution, it is necessary to be able to relate
the magnitude of the optical output pulse
to the gamma energy.
Germanium charge-collection detectors
provide excellent gamma energy resolution.
However, they are very expensive, and they
have to be run at low temperatures. It would
be very useful to make a gamma detector
with the energy resolution of a germanium
charge-collection detector that was also inexpensive and operated at room temperature. A material under consideration for
achieving this is (Zn,Cd)Te. It has higher Z
than Ge, so a smaller amount of material is
required to stop gammas, and its energy gap
is larger than Ge, so room-temperature operation is possible. But (Zn,Cd)Te is a ionic
material with a lot of point defects that trap
holes. As a result, its energy resolution is
not as good as that of germanium.
A new approach that may be of interest
consists of loading organic semiconductors with quantum dots made out of
heavy Z inorganic semiconductors. The
gamma’s energy is deposited primarily in
the quantum dots, making electron–hole
pairs that are subsequently transferred to
the organic semiconductor. The transfer of
electron–hole pairs from the quantum dot
to the organic semiconductor can occur
either by direct charge transfer or by Förster
transfer, depending on the composite
material design choices. Either charge-

collection or scintillation structures can be
designed.
Lastly, we consider organic semiconductor transistors for chemical or biological
sensing.11 The idea is to expose the organic
semiconductor to a substance that you want
to sense and have it change the transfer
characteristics of the transistor in a characteristic way so that the substance can be
identified. To illustrate this use of organic
transistors for sensor applications, we show
the current–voltage characteristics of organic
field-effect transistors at fixed gate bias7 in
Figure 7a. The organic transistors were fabricated on silicon substrates using Pt source
and drain contacts, pentacene films, and a
zirconia gate insulator. The I–V characteristics are shown for ambient conditions and
after exposure to vapors of methanol,
ethanol, p-xylene, o-xylene, and tetrahydrofuran (THF). The vapor exposure decreases
the drain–source current, and the changes
in the drain–source current are a function
of the drain–source voltage. The change in
shape of the I–V characteristic shows that

Figure 7. (a) Measured current–voltage
characteristics of organic field-effect
transistors under ambient conditions
and after exposure to vapors of various
organic solvents. (b) Measured
differential response of organic
field-effect transistors after exposure to
the same organic solvents. THF is
tetrahydrofuran. IDS is the drain–source
current, and VDS is the drain–source
voltage.
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