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Correction
 Due to a problem in production, the second page of the 
invited feature article by Jason R. Saberin and Cynthia Furse, 
“Challenges with Optically Transparent Patch Antennas,” IEEE 
Antennas and Propagation Magazine, 54, 3, June 2012, pp. 
10-16, was omitted from the June issue of the Magazine. The 
missing page appears on the following page. The Maga zine 
regrets the omission.

2. Transparent Conductors

 Transparent conductors such as indium tin oxide belong to 
the family of oxides ( 2 3In O :Sn ) that posses high optical 
transparency ( 80%>  at 550 nm wavelength) and good electri-
cal conductivity ( 510≈ S/m) [7]. These seemingly opposing 
characteristics of transparent and conducting oxides are possi-
ble through some of the governing laws of modern physics. 
Before we are able to understand the science behind transpar ent 
conductors, it is necessary to simplify the electron-con duction 
model using the Drude model and the assumption of transparent 
conducting oxides as linear, isotropic, and homo geneous (LIH) 
materials. The Drude model [8] is a physics model that attempts 
to explain the electron-transport properties with the application 
of kinetic theory. This model can be applied under three major 
assumptions: 

1. Electrons are treated as classical particles within 
a free-electron approximation. In the absence of 
an external electromagnetic fi eld, each electron is 
assumed to move in a straight line. In the presence 
of a fi eld, each electron is assumed to obey Newton’s 
laws of motion. 

2. Electrons move freely only between collisions. 
These collisions are instantaneous events that 
abruptly alter the velocity of an electron, much like 
colliding balls on a pool table. 

3. An electron experiences a collision, resulting in an 
abrupt change in its velocity, with a probability per 
unit time of 1 τ . The time between these two colli-
sions is known as the relaxation time, τ . 

 In order to accept these Drude-model assumptions, the 
quantum interactions of electrons in energy bands warrant the 
adjustment of the electron rest mass, em , to a new adjusted 

value, m∗ . This m∗  provides an approximation of the effec tive 
electron mass, and allows the calculations to use the acceleration 
and force of a mass-spring system m∗=F a . In other words, 
when applying the usual equations of electrody namics to charge 
carriers in a solid, we must use altered values of particle mass. 
This accounts for most of the infl uences of the crystal lattice, so 
that electrons can be treated as nearly free carriers (Drude 
model) [9] in our future calculations. 

 The effective mass of an electron in a band with a given (

,E k ) relationship is 
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 . This electron mass is 

inversely related to the second derivative of the energy-band 
curve ( ,E k ), shown in Figure 1b, and proportional to  , the 
reduced form of Plank’s constant. In the case of Figure 1, the 
electron energy, E, is parabolic with the wave vector k. This 
parabolic relationship is what determines the effective mass, 
m∗ , of the transparent conducting oxide. The literature [7] has 
suggested that 0.35 em m∗ ≅  for a transparent conducting oxide 
such as indium tin oxide. In an effort to understand the duality 

of optical transparency and microwave conductivity of 
transparent conducting oxides, a deeper understanding of 
transparent-conducting-oxide doping is required. In the case of 
indium tin oxide, simultaneous transparency and conductivity 
is possible due to the chemical doping of tin for indium, or by 
the presence of oxygen impurities in indium oxides. With 
enough doping, it is possible to create a degenerate gas of free-
carrier absorption at far-infrared frequencies where the material 
is transparent at visible wavelengths. These free car riers 
produce high electronic conductivity at microwave fre quencies 
[7]. Under this free-electron model created by con duction-band 

Figure 1a. A simplifi ed band diagram for a transparent 
conductor oxide with conduction-band doping.

Figure 1b. The ( ),E k  energy-band structure of a doped 
transparent conducting oxide
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