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Grover, Sachit (Ph.D., Electrical Engineering) 

 

Diodes for Optical Rectennas 

Thesis directed by Prof. Garret Moddel 

 

Two types of ultra-fast diode are fabricated, characterized, and simulated for 

use in optical rectennas. A rectenna consists of an antenna connected to a diode in 

which the electromagnetic radiation received by the antenna is rectified in the 

diode. I have investigated metal/insulator/metal (MIM) tunnel diodes and a new, 

geometric diode for use in rectenna-based infrared detectors and solar cells. Factors 

influencing the performance of a rectenna are analyzed. These include DC and 

optical-frequency diode-characteristics, circuit parameters, signal amplitude, and 

coherence of incoming radiation. 

To understand and increase the rectification response of MIM-based rectennas, 

I carry out an in-depth, simulation-based analysis of MIM diodes and design 

improved multi-insulator tunnel barriers. MIM diodes are fundamentally fast. 

However, from a small-signal circuit model the operating frequency of a rectenna is 

found to be limited by the diode’s RC time constant. To overcome this limitation, I 

have designed and simulated a distributed rectifier that uses the MIM diode in a 

traveling-wave configuration. High-frequency characteristics of MIM diodes are 

obtained from a semiclassical theory for photon-assisted tunneling. Using this 

theory, the dependence of rectenna efficiency on diode characteristics and signal 

amplitude is evaluated along with the maximum achievable efficiency. A 

correspondence is established between the first-order semiclassical theory and the 

small-signal circuit model. 
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The RC time constant of MIM diodes is too large for efficient operation at near-

infrared-to-visible frequencies. To this end, a new, planar rectifier that consists of 

an asymmetrically-patterned thin-film, is developed. The diode behavior in this 

device is attributed to the geometric asymmetry of the conductor. Geometric diodes 

are fabricated using graphene and measured for response to infrared illumination. 

To model the I(V) curve of geometric diodes, I have implemented a quantum 

mechanical simulation based on the tight-binding Hamiltonian. The simulated and 

the measured current-voltage characteristics are consistent with each other. I have 

also derived a semiclassical theory, analogous to the one for MIM diodes, for 

analyzing the optical response of geometric diodes. 
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CHAPTER I  

INTRODUCTION 

A. Rectennas 

Extensive research is being conducted on new materials and concepts for the 

next generation of energy conversion and sensing devices (Luryi, 2010). In order to 

make solar energy as cost effective as coal, the requirements for a third generation 

solar cell are low-cost and high power conversion efficiency (Green, 2001). Similar 

cost and efficiency requirements are imposed on infrared detector technologies for 

applications like automotive night vision. The rectenna is a device that has the 

potential to deliver the desired performance at low-cost for both photovoltaics and 

detection. It is essentially an antenna plus rectifier, which in-principle can operate 

at any frequency.  

The basic rectenna circuit comprises an antenna connected to a diode in which 

the electromagnetic radiation received by the antenna is converted to a DC signal 

by the diode. The radiation induces an AC signal on the antenna arms, which gets 

channeled into a region, called the antenna feedpoint, where the diode is connected. 

Such an arrangement is shown in Figure  I-1. The conversion from AC to DC occurs 

due to the difference in resistance of the diode for the positive and the negative 

cycles of the oscillating current induced on the antenna. Depending on whether the 

DC signal is sensed by an amplifier or applied across a load resistance, the rectenna 

can be configured as a detector or as a photovoltaic rectifier. 
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Despite the decades of work done in this field, infrared and visible applications 

of the rectenna are still in the research phase. On the antenna side, historically, 

planar metal antennas have been used in infrared detectors (Fumeaux, 1998) and 

work is underway for their large scale integration into flexible substrates for 

thermal photovoltaics (Kotter, 2008).  However, even at 10.6 µm wavelength, the 

resistive losses in the antenna-metal limit the antenna efficiency to below 50% 

(González, 2005). A proposed alternative is dielectric antennas that collect and 

channel radiation by means of a dielectric rod (Sarehraz, 2005). Such antennas can 

potentially achieve higher efficiencies at visible wavelengths. However, considerable 

research and innovation is required to efficiently interface them with diodes.  

The choice of a suitable diode for a rectenna is based on its operating frequency. 

The transit time of charges in semiconductor p-n junction diodes limits their 

frequency of operation to the gigahertz range (Sedra, 1997). At 35 GHz, rectennas 

using GaAs Schottky diodes have been designed (Yoo, 1992). Schottky diodes are 

also used at terahertz and far-infrared frequencies (Brown, 2004), (Kazemi, 2007). 

However, beyond 12 THz the metal/insulator/metal (MIM) tunnel diode is deemed 

more suitable for rectennas (Hübers, 1994).  

In this thesis, I investigate two diode technologies for rectennas operating at 

optical frequencies. These include the MIM diode and a new diode, referred to as 

geometric diode. In conjunction with my work on the diodes, I lay emphasis on the 

analysis of the diode properties, leading to the projected performance of a detector 

or a solar cell. In the next section, I provide a background on MIM diodes, which 

have been extensively used in optical rectennas. I also explain the operation of 

geometric diodes (Moddel, 2009), which are currently under investigation as 

potential rectifiers for optical rectennas. 
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B. High-speed diodes 

1. MIM diode 

A metal/insulator/metal tunnel diode is made of two metallic electrodes spaced 

apart by an extremely thin (few nanometers) insulator. In the MIM diode, the 

metals have a higher work function than the electron-affinity of the insulator 

producing a barrier at the metal-insulator interfaces as shown in the energy-band 

profile in Figure  I-2.  

 
Figure  I-2 Energy-band profile of an MIM diode. 

Charge transport across the insulator occurs due to the quantum-mechanical 

tunneling (Kroemer, 1994, p.148) of electrons. A transmission probability is 

associated with the likelihood of an electron tunneling through the classically 

forbidden region of an insulator bandgap. This probability depends exponentially on 

the thickness and height of the barrier (Stratton, 1962), which changes with the 

voltage across the diode. This gives rise to the nonlinear dependence of the tunnel 

current on the applied voltage and hence the diode characteristics.  
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Electron tunneling in MIM junctions occurs on a femtosecond timescale (Nagae, 

1972). This inherently fast charge transport across the tunnel barrier allows MIM 

diodes to operate at optical frequencies.  To ensure that tunneling is the dominant 

conduction mechanism, the thickness of the insulating layer should not be more 

than a few nanometers (Simmons, 1971). 

Early MIM point-contact diodes were made by pressing a thin metal-wire 

against an oxidized sheet of metal (Riccius, 1978). They are also called cat's-whisker 

diodes, and achieve small junction areas without requiring fine lithography. Point-

contact diodes use a simple fabrication technique that can test several metal wires 

for the same oxidized metal sheet at a high throughput (Periasamy, 2010).  

However, such diodes are unreliable due to the mechanically unstable nature of the 

junction and it is difficult to reproduce their characteristics. Moreover, an 

unintended native oxide layer or impurities can significantly alter the diode 

characteristics. Nevertheless, point-contact MIM diodes have been successfully used 

in experiments on the detection and mixing of infrared radiation (Riccius, 1984) and 

in the frequency characterization of laser lines in the infrared (Evenson, 1970).  

Significant progress in lithography has allowed small area MIM diodes to be 

made more reliably. Moreover, the diodes can be made using thin-film materials. 

The insulator can be a grown oxide obtained by oxidizing a metal film to the desired 

thickness, followed by the deposition of a second metal. Alternatively, depositing a 

stack of metals and insulators provides the freedom to choose the barrier materials 

independent of the metals. These techniques allow the MIM tunnel barrier to be 

formed without breaking vacuum, preventing contamination at the metal-insulator 

interfaces.  

 Despite the progress in the fabrication methods, rectennas based on MIM diode 

lack the efficiency required for successful application in detectors or solar cells. A 

major factor for the inefficiency is the large RC time constant of the rectenna circuit 
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that uses MIM diodes (Sanchez, 1978). A proposed solution for reducing the RC 

value is to reduce the junction capacitance by making smaller diodes. However, this 

increases the diode resistance leading to an impedance mismatch between the 

antenna and the diode.    

An alternative, approach is to use a diode that minimizes the capacitance due to 

the absence of a parallel-plate structure. Such a diode is discussed in the next 

section.  

2. Geometric diode 

A mesoscopic junction is categorized as having length-scales comparable to the 

electron phase coherence length (lc) (Fal'ko, 1989). An asymmetric mesoscopic 

junction can show rectification due to interaction of carriers with the conductor 

boundaries. Rectification in such junctions was predicted to occur due to an 

asymmetric conductor or an asymmetric illumination in a symmetric conductor 

(Datta, 1992). At least one of these two conditions is necessary.  A photovoltaic 

effect has been observed in small conductors having geometric asymmetry due to 

disorder (Liu, 1990).  

A previously reported device based on the concept of geometric rectification in 

asymmetric junctions imposes the requirement of ballistic transport of charges 

through the device (Song, 1998). Song’s device uses a four terminal configuration, 

similar to a bridge rectifier, in which the AC signal is applied across two opposite 

terminals and the DC voltage is tapped from an orthogonal pair of terminals. The 

geometric diode reported here is a two terminal device and does not require ballistic 

transport.  

The geometric diode consists of a patterned thin-film that allows a preferential 

motion of charge carriers in a direction defined by its geometry (Moddel, 2009). As 
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explained later, the relevant size requirement for an asymmetric-hourglass-shaped 

geometric diode shown in Figure  I-3 is that the neck-size should be smaller than lc.  

  
Figure  I-3 Top view of a geometric diode. The constriction 
labelled as the neck is comparable to or smaller than the 
electron mean-free-path. The geometry channels charges 
towards the right and blocks their flow towards the left. 

A classical explanation for the rectification property of the geometric diode is 

based on the Drude model (Ashcroft, 1976, p.1). Free charge carriers in a conductor 

move randomly at a velocity equal to the Fermi velocity. Assuming the conductor to 

have perfect edges from which the charges can reflect specularly, on striking an 

edge, the direction of motion for the charge is changed while maintaining the speed. 

In the region to the right of the neck charges moving leftwards are deflected in the 

opposite direction due to the vertical edge, while charges in the left region moving 

rightwards collide with the slanting edge, and funnel through to the right of the 

neck.  

Inelastic scattering resets the state-of-motion of the charges, thereby reducing 

the effect of the geometry. Therefore, only on length-scale smaller than the inelastic 

collision length (lin), a charge near the neck senses the geometric asymmetry 

leading to the net flow in one direction.   

In the absence of an external bias, the net flow is compensated by a self-bias 

that occurs due to the local redistribution of the charge. However, on applying a 

Channeled

Blocked

Neck < lc

Shoulder
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voltage, the magnitude of current varies depending on the direction of bias due to 

the influence of the edges. 

Consistent with the classical description, the assumption of specular reflection 

from the edges, and the motion of charges through the neck without losing 

directionality, can be expressed in terms of the wave nature of the charge particles 

(Thouless, 1980). The quantum equivalent of the specular reflections is that the 

edges define the shape of an electronic wavepacket and influence its diffusion. The 

distance over which the wavepacket is able to diffuse elastically before undergoing 

an inelastic collision is controlled by lin and the elastic diffusion length le. This 

distance is the electron phase-coherence length (lc). Under the condition that the 

charges have more wave-character than corpuscular lin >> le, the lc is obtained as 

(Nimtz, 1988) 

3c e inl l l=  

Eq.  I-1 

To observe the effect of geometry on charge transport, the critical dimensions of 

the conductor must be smaller than lc. As explained in chapter VI, it is difficult to 

meet this requirement using metal thin-films due to a small lin and thereby small lc. 

Asymmetric characteristics of geometric diodes have been demonstrated using 

graphene as the conductor (Zhu, 2011). Graphene is a 2D sheet of carbon atoms 

arranged in a hexagonal lattice. It has the advantage of having an lc of the order of 

100 nm even at room temperature (Berger, 2006).  

I analyze the characteristics of graphene-based geometric diodes and examine 

their applicability for rectenna-based optical detectors and solar cells. For high-

frequency applications, a geometric diode offers two distinct advantages. First, 

unlike the parallel plate structure of the MIM diode, the geometric diode being 

planar does not have a large capacitance. Second, the absence of a tunnel junction 
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results in a lower resistance than MIM diodes. These factors facilitate a lower RC 

time constant for the rectenna circuit and a better impedance matching between the 

antenna and the diode (Zhu, 2011). 

C. Thesis outline 

In chapter II, I develop a basic understanding for the properties of MIM diodes 

and explain the limitations of single-insulator diodes.  

MIM diodes are characterized by their resistance and the nonlinearity in their 

current-voltage I(V) curve. In chapter III, I present a detailed analysis of two 

mechanisms that facilitate increased nonlinearity through the design of multi-

insulator tunnel barriers. 

In chapter IV, I analyze the efficiency of the rectenna based on a classical 

(circuit) model. An in-depth investigation of several issues that influence the 

efficiency is carried out. These include the RC time constant for the rectenna, the 

impedance match between the antenna and the diode, and the area of spatially 

coherent radiation that gets collected by one rectenna element. I estimate the 

performance of rectenna-based detectors and solar cells using MIM and geometric 

diodes. Design guidelines and the ultimate (thermodynamically limited) conversion 

efficiency for rectenna solar cells are also examined. 

At optical frequencies, diodes are no longer classical rectifiers. The interaction 

of the electron with the electromagnetic-wave is quantized at the energy of the 

photons forming the wave. As presented in chapter V, this requires a modified 

(semiclassical) theory for investigating the properties of MIM diodes in an optical 

rectenna. Based on the semiclassical theory, an operating-point analysis of rectenna 

solar cell is developed and correspondence between the semiclassical and classical 

theories is established. 
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In chapter VI, I analyze a technique for improving the infrared bandwidth and 

efficiency of detectors based on MIM rectennas. This is achieved through an MIM 

diode-cum-waveguide structure which operates as a distributed rectifier, removing 

the RC bandwidth limitation. 

Fabrication and characterization of graphene geometric diodes is given in 

chapter VII. Experimentally-measured infrared-characteristics of graphene based 

antenna-coupled geometric diodes are also presented. 

In chapter VIII, I develop a quantum simulation to model the geometric 

rectifiers made from graphene. The simulations are based on the non-equilibrium 

Green’s function technique (Datta, 2005).  

In chapter IX, I carry out a derivation that extends the semiclassical theory 

presented in chapter V to the domain of non-tunneling based diodes. 

Conclusions and directions for future work are discussed in chapter X. 

 In appendix A, I describe my work on the development of a field effect 

transistor based on the MIM diode. 

  



11 
 

CHAPTER II  

METAL-INSULATOR TUNNEL DIODES 

Metal-insulator-metal (MIM) diodes have shown promise in a variety of high 

frequency applications, such as frequency measurement in the infrared (Daneu, 

1969), as infrared detectors (Grover, 2010), and in the emerging field of terahertz 

electronics (Estes, 2005). MIM diodes are also used for detection and mixing of 

radiation in millimeter wave and sub-millimeter wave bands (Fumeaux, 1998), 

(Abdel-Rahman, 2004), (Rockwell, 2007). These fast advancing technologies require 

a precise understanding of the operating principles of MIM diodes to accurately 

predict and improve their characteristics. 

The operation of the MIM diode is based on the quantum tunneling of electrons 

between two metal electrodes that are spaced apart by several nanometers of 

insulator or a stack of insulators. Tunneling leads to nonlinear current-voltage I(V) 

characteristics that depend on the shape of the barrier. To estimate this nonlinear 

I(V), several analyses of MIM diodes have been carried out. To simplify analysis, 

most of these calculate the tunnel probability using the WKB approximation 

(Simmons, 1963), (Chapline, 2007) and/or assume the temperature to be 0 K to 

simplify the Fermi distribution of electrons in the metals (Chapline, 2007), (Guo, 

1998), (Hegyi, 2007). These simplifications allow a straightforward and intuitive 

evaluation of the I(V)  characteristics.  

As explained in chapter IV, rectennas for high frequency applications require 

low-resistance diodes. This is achieved by having low barrier-height and thin 

insulators that allow high-currents to flow through. The approximate methods 

mentioned above lead to a significant deviation in the predicted characteristics of 
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low-barrier diodes as compared to a more rigorous solution. Here, I use the transfer-

matrix method (TMM) to model the MIM diode and explain the barrier height- and 

temperature- dependence of tunnel current.  

A. MIM diode simulations 

1. Methodology 

I assume a charge-free oxide region to determine the shape of the tunnel barrier 

and modify it by image-force barrier lowering. The validity of the image-force 

lowering is outlined later. The resulting barrier shape is used to calculate the 

tunnel probability, which along with the Fermi distribution of electrons provides 

the tunnel current. Consider the barrier shown in Figure  II-1 with an arbitrary 

potential profile. 
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Eq.  II-2 

 

Eq.  II-3 

In Eq.  II-1 the inner integral is over all possible total energies E with incident 

energy Ex for which there are filled states on the left and empty states on the right. 

The outer integral then multiplies this total number of electrons with the 

transmission probability T(Ex) and sums the product over all Ex. The net tunnel 

current is the difference between the currents from the left to the right electrode 

(JL→R) and from the right to the left electrode (JR→L), where JR→L can be written in a 

form similar to that of Eq.  II-1. Assuming effective masses in each metal region, mL 

= mR = m0, where m0 is the electron rest mass, the net current is given by  

 

Eq.  II-4 

To calculate the transmission probability I find a plane-wave solution for the 

Schrödinger equation using the transfer-matrix method (Jonsson, 1990). I divide 

the tunnel barrier into N steps where N~dV/dx and the continuity condition for the 

wavefunction and its first derivative is applied at each interface. Unlike the basic 

version of a transfer-matrix method (Eliasson, 2001, p.63), where a large number of 

2x2 matrices need to be multiplied, the approach I use combines all the continuity 

equations into a (2N+2) by (2N+2) near-diagonal square matrix (Probst, 2002). This 

method prevents round-off errors and provides numerical stability.  

L
FL

1
f =

E
(

- E
1+exp

kT

E)
 
 
 

R D
FL D

1
f E+eV =

E - (E - eV )
1+exp

k

( )

T
 
 
 

0

) )
x

0
D L R R Rx D3 xL

E

L

4πm e
J(V = J - J = T(E dE {f (E) - f (E +eV )}dE

h

∞∞

→ → 



15 
 

Applying the conditions that the amplitude of the incoming wave is unity (

) and that there is no reflected component in the N+1th region ( ), 

gives the following relation for the tunnel probability 

 

Eq.  II-5 

where,  and .  

For calculating T(Ex), I use an adaptive step size for Ex based on the slope of 

T(Ex). This helps preserve accuracy when required without having a very fine grid 

throughout. Resonance peaks are accurately tracked with this implementation. 

The effective mass of the electron in the insulator (me) is assumed to be equal to 

the rest mass (m0). This assumption is made in the absence of a more accurate 

estimate. For crystalline semiconductors, the me can be obtained from the band 

structure (Kittel, 1996, p.209). However, for the grown or deposited amorphous 

insulators under consideration, a direct experimental measurement is required to 

determine the effective mass (Solymar, 2010, p.143).  

The shape of the potential barrier is determined by the work function of the 

metals, the electron affinity of the insulators, and the applied voltage. In addition, 

an electron in the vicinity of a metal experiences an image potential that causes 

barrier lowering, as given by Eq.  II-6 (Sze, 2006, p.146).  

 

Eq.  II-6 

where x0 is defined in Figure  II-1. The magnitude of lowering is inversely 

proportional to the distance from the metal surfaces and the insulator dielectric 

constant εi. Eq.  II-6 represents a classical concept that is correct for electrons 
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moving near a metal plane but its application to tunneling, which is a quantum 

mechanical phenomenon, has been questioned (Hartstein, 1978). For the quantum 

treatment of image potential, a number of theories have been proposed (Puri, 1983), 

(Šunjić, 1991). Due to the lack of consensus in what has been proposed in these 

models, I chose to use the classical result of Eq.  II-6. From the results reported by 

Šunjić it can be seen that the barrier lowering obtained from the quantum 

mechanical image potential is smaller than that from the classical image potential. 

For tunnel barriers with a high dielectric constant (εi), Vimage is small, which means 

that the difference between classical and quantum barrier lowering is minor. Hence 

the choice of using the classical result for the image force is reasonable.  

In the simulations I assume a perfect insulator for a solely tunneling-based 

analysis of the I(V) characteristics. In an experimental diode, there also can be 

conduction through defects, surface states and charge build-up at the interfaces 

that can affect the current. Scattering of the electrons in the insulator also needs to 

be considered for the thicker diodes. 

2. Comparison with other simulation techniques 

I now compare the transmission probability calculated by the transfer matrix 

method (TMM), with those obtained from the WKB approximation, which is dated 

but has been used recently (Chapline, 2007), and the more current quantum 

transmitting boundary method (QTBM) (Lent, 1990). Consider a symmetric tunnel 

barrier with insulator thickness x0 = 2 nm, ΦL = ΦR = 0.5 eV and EFL=10 eV, where 

EFL is the Fermi level referenced to the bottom of the conduction band in the left 

metal. The electron wavefunction for Ex < Φmax, where Φmax is the highest potential 

on the modified barrier as shown in Figure  II-1, decays with increasing x inside the 

barrier. The T(Ex) rises sharply with increasing energy, as seen in the plot of Figure 

 II-2(a). When the electron energy (Ex) rises above the barrier (Φmax), the 
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B. Single-insulator (MIM) diodes  

Using the simulation methodology described above, I now analyze the properties 

of a single-insulator diode in more detail. A closer look at how the barrier-height 

affects the tunnel current is facilitated by comparing two diodes with different 

barrier-heights. An understanding for the temperature dependence of tunnel 

current that arises due to the Fermi distribution is also developed. I extend this 

analysis to show how the variation of current with temperature decreases for large 

barrier-heights.  

1. Barrier-height dependence of tunnel current 

As given by Eq.  II-4, the Fermi distribution and the transmission probability of 

electrons tunneling across the barrier together determine the tunnel current. For 

two diodes that differ only in their barrier heights, the Fermi distribution is 

identical but the transmission probability is different. To explain the dependence of 

tunnel current on the barrier-height, consider a low-barrier (0.5 eV) and a high-

barrier (1 eV) diode. Referring to Figure  II-1, Φmax is closer to EFL in the low-barrier 

case. Therefore, as seen in Figure  II-2(a), the sharp peak in T(Ex) near  Ex = Φmax, 

adds significantly to the tunnel current only in the low-barrier diode. In the high-

barrier diode, this rise in T(Ex) is insignificant, as the Fermi distribution results in 

a concentration of tunneling electrons that is several orders of magnitude smaller 

than for the low-barrier. This leads to a smaller tunnel current in the high-barrier 

diode. 

To show that the contribution of electrons near Φmax is dominant only in the 

low-barrier case, I compare the tunnel currents calculated using the T(Ex) obtained 

from the plane-wave solution and the WKB approximation. This comparison 

provides physical insights regarding the sensitivity of the tunnel current to an 
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The above results show that in the high-barrier case, the electrons near Φmax 

have a smaller contribution to the total current. They also show the limited validity 

of the WKB method, which is accurate only for high-barrier diodes. 

2. Temperature dependence of tunnel current 

In addition to determining the energy range of electrons that contribute to the 

tunnel current, the Fermi distribution also determines the temperature dependence 

of the tunnel current. To explain the variation in tunnel current with temperature, I 

analyze the 0.5 eV symmetric tunnel barrier of Figure  II-4, biased at 0.3 V. The 

tunnel current at any Ex is the product of the transmission probability and the 

integral of the difference in Fermi distributions in the two metal electrodes. In 

Figure  II-5, I plot the transmission probability T(Ex), the Fermi distribution fL(Ex)  

and the argument of the outer integral in Eq.  II-4, J(Ex), calculated using TMM for 

77 and 300 K.  
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distribution causes a larger contribution from the high (above EFL) energy electrons. 

Electrons at higher energies have a greater probability of tunneling across the 

barrier. Therefore, at higher temperature, the increased concentration of high 

energy electrons and their greater probability of tunneling result in a larger tunnel 

current.  

As the barrier-height of the diode is increased, the peak of the barrier (Φmax) 

shifts away from EFL. This reduces the Fermi distribution near Φmax, which 

decreases the contribution of the second peak in J(Ex). Hence the temperature 

dependence of tunnel current is expected to be smaller for high as opposed to low 

barrier diodes. To demonstrate this trend, I calculate the tunnel current at various 

temperatures, and for a range of barrier-heights.  

Consider symmetric tunnel junctions (ΦL = ΦR = Φ) of barrier heights varying 

from 0.2 to 2 eV. The insulators are 2 nm thick and the temperature is varied from 

50 K to 400 K. To compare all barriers on a common scale, the current density is 

normalized by its value at 50 K for each barrier height and is plotted in Figure  II-6. 

The variation with temperature is larger for smaller barriers. As shown in Figure 

 II-5, this happens because the tail of the Fermi distribution is significant near the 

top of the barrier, where the transmission probability is also high.  
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be optimized are the differential resistance and responsivity of the diode. The 

current responsivity is a measure of the diode nonlinearity and is defined at the 

operating voltage of interest as ( )'' 2 'i I Iβ = (Sanchez, 1978). It signifies the DC 

current generated in the diode per unit of AC power incident. 

A low resistance is necessary to ensure efficient coupling of the diode to the 

antenna, and is achieved by keeping the barrier heights low (Eliasson, 2001). A high 

responsivity is required for efficient square-law (small signal) rectification (Sanchez, 

1978). Here I analyze these characteristics at zero bias, which reduces the 

complexity of comparing the resistance and responsivity of several diodes. At zero 

bias, the responsivity is determined by the degree of asymmetry in the shape of the 

tunnel barrier, which causes the asymmetry in the I(V) curve. In Figure  II-8(a)&(b), 

I plot the responsivity and resistance vs. the difference in barrier height on the left 

(ΦL)and the right (ΦR). Experimentally, this can be achieved by varying the metal 

on the left while keeping the insulator and the metal on the right fixed.  
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The above characteristics are not representative of trends at a non-zero bias. 

The non-zero bias responsivity of the diodes described above may be sufficient for 

the operation of a biased detector. Another possibility is that the asymmetry in the 

I(V) may occur at higher bias voltages instead of zero-bias.  

Characteristics of MIM diodes can be improved through the design of multi-

insulator tunnel diodes, as discussed in the next chapter.  
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CHAPTER III  

DOUBLE-INSULATOR (MIIM) TUNNEL DIODES 

Based on the application, a diode with a high forward-to-reverse current ratio 

(asymmetry) or a sharp turn-on (nonlinearity) may be required. As analyzed in the 

previous chapter, low-resistance metal-insulator-metal (MIM) tunnel diodes fail to 

achieve these requirements. Well engineered multi-insulator diodes can have 

improved current-voltage I(V) characteristics satisfying both these requirements. In 

this chapter, I analyze two mechanisms that can improve the performance of multi-

insulator diodes. Either of these mechanisms can be made to dominate by the 

appropriate choice of insulators and variation of barrier thicknesses. Two double-

insulator (MIIM) diodes based on these mechanisms are simulated and their 

characteristics are compared with MIM diodes.  

Hegyi et. al. (Hegyi, 2007) conducted a simulation based investigation of 

parameters for an optimized double-insulator (MIIM) diode. However, their 

implementation fails to capture the effect of resonant tunneling (Eliasson, 2001), 

which may significantly alter the diode behavior. In another MIIM configuration 

(Matsumoto, 1996), an abrupt change in tunnel distance with increasing bias 

voltage leads to a high forward-to-reverse current ratio. I develop an in-depth 

understanding of these effects and use them to design MIIM diodes with improved 

characteristics for high frequency rectennas. 

A. Simulation methodology 

In chapter II, I gave the framework for simulating MIM diodes using the 

transfer-matrix method. The same methodology is applicable to a multi-insulator 
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barrier profile. However, in a multi-insulator diode, the dielectric constants of the 

insulators play an important role in determining the voltage drop across each 

insulator layer. To determine the energy-band profile at a certain bias (VD), I apply 

the condition for continuity of the electric displacement vector at each insulator 

interface and obtain the voltage drop across each layer 

( ) j j
j D bi

j j

x
ΔV V V

x

ε
ε

= −


 

Eq.  III-1 

where, xj and εj represent the thickness and dielectric constant, respectively, of the 

jth layer, and ( )bi L ReV ψ ψ= −  is the built-in potential. 

In a multi-insulator diode, the effect of the image force is calculated as 
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Eq.  III-2 

where, 
1

K

jL x=
 
with K being the number of insulator layers. The integrals in the 

denominator represent the effective distance of an electron from the left or the right 

metal electrode, while accounting for the changing dielectric constant.  

A key effect of interest in multi-insulator diodes is that of resonant tunneling of 

electrons through a quantum well. The transmission probability calculated here 

accounts for the resonant tunneling but assumes an empty well. However the 

resonant level has a certain probability of being filled and is likely to be occupied if 

its energy is close to or less than the higher metal-Fermi level. This correction is not 

included in the simulation. 
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B. Double-insulator configurations 

To obtain a high responsivity and low resistance diode, one can design an MIIM 

barrier with resonant tunneling (Eliasson, 2001), (Moddel, 2004). Alternatively, an 

MIIM configuration can be designed to have a step-change in tunnel distance (with 

increasing voltage) for electrons tunneling from the higher Fermi level (Matsumoto, 

1996). Both these mechanisms can occur in the same diode and the overall 

asymmetry of the I(V) curve is regulated by the one that dominates. I examine these 

effects through the simulation of two double-insulator tunnel diodes.  

Consider two MIIM diodes that have the same material configuration but 

different insulator thicknesses. Diode MIIM1 consists of W-Nb2O5(3 nm)-Ta2O5(1 

nm)-W, and MIIM2 consists of W-Nb2O5(1 nm)-Ta2O5(1 nm)-W. The material 

parameters for the oxide were listed in chapter II. The work function of tungsten is 

4.55 eV (Camp, 1965). This choice of materials and dimensions is not optimized for 

maximum nonlinearity or current but rather is chosen to demonstrate the difference 

between the resonant tunneling dominant in MIIM1 and the step change dominant 

in MIIM2.  

For the two diodes, the conduction band profiles under positive and negative 

bias are shown in Figure  III-1. A quantum well is formed in both the MIIM diodes 

under positive bias (a) & (b). However, only in the MIIM1, the quantum well is wide 

enough to have a resonant energy level. On the other hand, under negative bias (c) 

& (d), the step barrier-profile leads to an abrupt change in the tunneling distance 

for the electrons near the Fermi level on the right metal-electrode. The Fermi level 

on the left metal electrode is fixed at 10 eV. 
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tunnel barrier causing the oscillations in T(Ex). These oscillations modify the 

probability of tunneling through the higher barrier to give the net T(Ex). 

The above trends in T(Ex) influence the current density J(Ex). The area under 

the resonant diode J(Ex) at positive bias (a) is greater than at negative bias (c). 

Therefore the current in the resonant diode is greater at positive bias as shown in 

the I(V) curve of Figure  III-3 (a). For the step diode, the area under the J(Ex) curve 

at negative bias (d) is greater than under positive bias (b). This asymmetry is also 

seen in the I(V) curve shown in Figure  III-3(a). Comparing the resonant and the 

step diode J(Ex) curves, the narrow resonance peak in (a) is large enough to give a 

current greater than that in the step diode under positive bias (b) but not enough to 

exceed the current in the step diode under negative bias (d).  
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left and the Ta2O5-W interface on the right and an insulator thickness of 2 nm. The 

asymmetric-MIM diode is essentially the MIIM2 diode without the abrupt step in 

the conduction band profile. This is confirmed by their similar current densities 

under positive bias. However, under negative bias, the step change in tunnel 

distance in MIIM2 causes a sharp increase in tunnel current. This difference is also 

evident in the resistance and responsivity curves in Figure  III-3(b) and (c) where, 

under negative bias, the sharp increase in current for MIIM2 leads to a lower 

resistance and a higher responsivity. The resistance of the resonant diode is 

significantly higher at zero bias but becomes comparable to the thinner diodes near 

VD = 0.4 V. The large change in resistance also accounts for the higher magnitude of 

responsivity. Thus, the nonlinearity improving mechanisms enable MIIM diodes 

with higher responsivity and lower differential resistance than an equivalent MIM 

diode of comparable current density.  

C. Comparison of MIM and MIIM diodes 

The above example shows that just changing the thickness of an insulator in an 

MIIM diode made with the same pair of materials, can lead to different asymmetry 

and nonlinearity. It does not suggest which of the mechanisms for achieving larger 

nonlinearity is preferable. I have analyzed several MIIM diodes designed for 

implementing these mechanisms and the performance improvement over MIM 

diodes is observed consistently. The mechanisms exemplified in MIIM diodes can 

also be applied to barriers with more than two insulators (Korotkov, 1999). 

The comparison of thick and thin double-insulator diodes shows that the bias 

direction causing higher current depends on the electron-transmission-limiting 

mechanism. Defining positive bias as that which produces or augments a quantum 

well at the interface between the insulators, if a resonant energy-level is achievable, 
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D. Interface stability 

Sub-micron scale lithography and advanced deposition techniques have enabled 

the fabrication of metal-insulator diodes with a variety of materials and precise 

control over layer thicknesses. However, every combination of metals and insulators 

may not be stable. A thermodynamic analysis of the interface stability is required to 

ensure that the intended barriers are obtained in an experimental device. For the 

MIIM diodes discussed in Section III-B, I have carried out a Gibb’s free energy 

analysis (Silberberg, 2007, p.666) for reaction between all interfacial pairs of 

materials using the FACTsage web software (Bale, 2011). I analyzed each of the 

pairs at room temperature and at 1000 K and confirmed that no unintended 

interfacial compounds are formed. 

The stability analysis for the Ta2O5-Nb interface that occurs in diodes 5 and 6 of 

Figure  III-4 is reproduced here. Using the FACTsage web software (Equilib-web), 

the equation obtained for the reaction between Nb and Ta2O5 at 300 K and 1 atm is 

5Nb + 1Ta2O5 → 5NbO + 2Ta 
Eq.  III-3 

Nb also forms several other sub-oxides that were not considered. To confirm 

that the above reaction occurs, a Gibb’s free energy calculation can also be made 

using the formula (Silberberg, 2007, p.666) 

sys sys sysG H T SΔ = Δ − Δ  

Eq.  III-4 

where sys denotes the system represented by Eq.  III-3 and the Δ denotes change in 

quantities as reactant-values subtracted from product-values. The enthalpy of 

formation (ΔH) and the entropy (ΔS) data for the materials is obtained from the 

CRC handbook. The calculation for ΔGsys is given in the table below.   
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Material ΔH 

(kJ/mol) 

ΔS

(kJ/mol/K)

T*ΔS 

(kJ/mol) 

ΔG

(kJ/mol) 

multiplier

Nb 0 0.036 10.8 -10.8 -5 

Ta2O5 -2046 0.143 42.9 -2088.9 -1 

NbO -405.8 0.048 14.4 -420.2 5 

Ta 0 0.042 12.6 -12.6 2 

On multiplying ΔG by the multiplier and adding the values for all materials, 

ΔGsys = 16.7 kJ/mol. For a spontaneous reaction to occur, the ΔGsys should be 

negative. The calculation implies that no reaction occurs whereas FACTsage 

indicates that a reaction does occur. One reason for this discrepancy can be the 

difference in values of parameters used.  

The value of ΔGsys obtained here is relatively small compared to enthalpies of 

individual reactants and products. Even if a spontaneous reaction were to occur, the 

small ΔGsys implies that it would be slow. This is understandable from the fact that 

in the solid-state the reactants are not mobile enough. 
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CHAPTER IV  

RECTENNA CIRCUIT & EFFICIENCY 

As described in Chapter I, the rectenna consists of an antenna that converts 

radiation to AC and a diode that rectifies AC to DC. The transport mechanism of 

the MIM diode is intrinsically fast and allows rectification at optical frequencies. In 

this chapter, I estimate the performance of a high-frequency rectenna using circuit 

analysis applicable to both MIM and geometric diodes. In the next chapter, I model 

the rectenna using a semiclassical quantum-mechanical approach that accounts for 

the interaction between an electromagnetic field and electrons in an MIM diode. 

Other than the signal strength, the semiclassical analysis shows that for large 

photon energies, the photon-assisted transport is dependent on the energy of the 

photons or the frequency of the incoming wave. The results for the semiclassical 

resistance and responsivity, from chapter V, are used here.  

The performance of a rectifier can be modeled by a linear or a square-law 

rectification theory (Torrey, 1964). The choice of the relevant model depends on the 

diode I(V) curve and the magnitude of the AC signal applied across the diode 

(Eliasson, 2001, p.10). For an AC voltage smaller than the voltage scale on which 

the diode nonlinearity is evident, the square-law analysis is applicable. For larger 

AC voltages the linear model is used, where the diode switches between high- and 

low-resistance states for negative- and positive-voltage cycles respectively.  

In optical-rectenna applications, including detection and solar-energy 

harvesting, a small AC voltage is applied across the diode. This is due to the low 

intensity of the incoming radiation and the small receiving area of the antenna. 
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Therefore, the analysis presented in this chapter is based on the square-law 

rectification theory.  

The derivation of the square-law rectification theory leading to the formula for 

the efficiency of a rectenna is available in several references (Sanchez, 1978), 

(Eliasson, 2001). Here I develop a deeper insight into the derivation and investigate 

the factors that contribute to the rectenna efficiency. The requirements for 

rectennas to operate as efficient detectors and photovoltaic (PV) rectifiers are 

discussed and calculations for efficiency based on MIM and geometric diodes are 

presented. Although these diodes are used as examples, the concepts given are more 

generally applicable. I also provide design guidelines for rectenna solar cells and 

discuss the thermodynamic limit on their efficiency. 

An outline of the circuit analyses presented in this chapter and their key 

features are given in the list below. 

• Coupling efficiency between antenna and diode (section A & C) 

o RC bandwidth limitation 

o Impedance matching requirement 

o Semiclassical diode resistance 

• Infrared detector performance (section D.1) 

o Coupling efficiency  

o Semiclassical diode resistance and responsivity 

o Noise 

• Power conversion efficiency for rectenna solar cell (section D.2) 

o Single-frequency analysis for AC signal amplitude (section B) 

o Coupling efficiency assumed to be unity 

o Classical diode resistance and responsivity 
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A. Circuit analysis 

Under excitation from an AC voltage source, the instantaneous voltage across a 

diode is given by 

 { } ( )cosDV t V V tω ω= +  
Eq.  IV-1 

 and the corresponding current, to second order, is given by the Taylor expansion 

 { }{ } { }{ } { } ( ) { } ( )( )2
’ cos ” cos 2D DI V t I V t I V V t I V V tω ωω ω= + +  

Eq.  IV-2 

The time averaged DC current at the diode terminals is given by 

 
{ }{ } { } { }

{ } { } { } { } { }

2

2
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2

D
diode D

D D D DC D
D D

V I V
I I V t I V

V
I V V I V I V

R V

ω

ωωβ

= = +

= + = −
 

Eq.  IV-3 

in which the first component corresponds to the DC resistance of the diode Rdiode = 

VD/I{VD} while the second component is the DC current generated due to 

rectification. Without a DC load across the diode, the two currents are equal and 

opposite and the net DC power in the diode is zero. The time averaged total power 

in the diode is given by 

{ } { }{ } { } { } { }
2

2diode D D D DC D
D D

V
P V t I V t V I V V I V

R V
ω ω= = − +  

Eq.  IV-4 

where the first two terms correspond to the DC current while the third term gives 

the AC power dissipation. In the presence to an external DC load, the power 

available from rectification is dissipated in the Rdiode and Rload.  
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The efficiency (η) of a rectenna is determined by the combination of several 

factors (Kale, 1985) given by  

a s c jη η η η η=  

Eq.  IV-5 

where, ηa is the efficiency of coupling the incident EM radiation to the antenna; ηs is 

the efficiency of propagating the collected energy to the junction of the antenna and 

the diode; ηc is the coupling efficiency between the antenna and the diode; and ηj is 

the efficiency of rectifying the power received in the diode. The efficiency of the 

diode junction can be expressed in terms of its current responsivity ηj = βi, which 

was discussed in Chapter II. This sets the overall units of η to be A/W implying the 

DC current produced per watt of incident radiation.  I normalize the overall 

efficiency with respect to the antenna efficiencies (ηa and ηs).  

The antenna-to-diode power-coupling efficiency (ηc) is given by the ratio of the 

AC power delivered to the diode resistance to the power of the antenna voltage 

source. This ratio can be calculated from the analysis of the small-signal circuit of 

the rectenna shown in Figure  IV-1. The antenna is modeled by a Thévenin 

equivalent and the diode by the parallel combination of a capacitor and a voltage-

dependent resistor.  
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Figure  IV-1 Small signal circuit model of the rectenna for 
determining coupling efficiency. The antenna is modeled as a 
voltage source in series with a resistance and the MIM diode is 
modeled as a resistor in parallel with a capacitor. 

Assuming that the input power is delivered to the diode as AC power, the power 

coupling efficiency at a frequency ω is given by (Sanchez, 1978)  
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Eq.  IV-6 

where, 2 (8 )A A AP V R= . In the above equation, the numerator gives the impedance 

match between the antenna and the diode. 

In Figure  IV-1, if the capacitive branch is open-circuit due to a small 

capacitance or low frequency, the circuit is essentially a voltage divider between RA 

and RD. The denominator in Eq.  IV-6 determines the cutoff frequency of the 

rectenna, which is based on the RC time constant determined by the parallel 

combination of the antenna and the diode resistance and the diode capacitance. 

Above the cutoff frequency, the capacitive impedance of the diode is smaller than 

the parallel resistance leading to inefficient coupling of power from the antenna to 

the diode resistor. 

~

RA

VA
CDRD

DiodeAntenna
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The responsivity form of the overall efficiency, given by η = ηcβi, is a measure for 

the performance of a detector and indicates the current or voltage produced per 

watt of incident radiation.  

In a PV rectifier, the performance measure of interest is the power-conversion 

efficiency (ηload) which is given by the ratio of the DC power delivered to the load 

and the incident AC power (Eliasson, 2001) 

2
,DC load loadload

load
A A

I RP

P P
η = =  

Eq.  IV-7 

The IDC,load is calculated from the current division of IDCω between Rload and 

Rdiode, giving the expression for efficiency 

2 2
load i A cPη β η∝  

Eq.  IV-8 

From Eq.  IV-8, the power-conversion efficiency depends on four factors, namely, 

the diode responsivity, the strength of the AC signal that depends on the power 

received by the rectenna, the impedance match between the antenna and the diode, 

and the RC time constant of the circuit. Another component that decreases the 

efficiency of the rectenna is the series resistance of the leads from the antenna to 

the diode (Yoo, 1992). However, its effect is ignored here. 

B. Power received by a rectenna 

In the efficiency formulas derived above, it is assumed that the radiation is at a 

single frequency. To use this analysis for a broadband spectrum, I approximate it by 

a single-frequency source of equivalent strength. Under this assumption, I calculate 

the strength of the voltage source equivalent to the solar spectrum (100 mW/cm2) 

incident on an antenna of 1 µm2 area. The area over which an antenna receives 
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radiation is proportional to the wavelength squared. Using a nominal RA = 100 Ω, 

an order-of-magnitude calculation gives VA ≈ 1 mV. The low magnitude of the 

voltage source agrees with the choice of using a small-signal circuit analysis. 

The assumption regarding the equivalence of a spectrum to a single-frequency 

source is undone in Chapter V, where the current-voltage I(V) characteristics of the 

diodes illuminated at optical frequencies are modeled using a semiclassical 

approach that accounts for photon energy of the radiation. In the case of a PV 

rectenna, a higher VA leads to a greater power coupling efficiency, as given by Eq. 

 IV-8. Also, for a detector, even though the responsivity does not change with area, 

the noise performance or the detectivity improves on increasing the receiving area 

(Grover, 2010). Possible methods of increasing the area include using concentrators 

or feeding the signal from an array of antennas into a diode. The second 

arrangement is less practical as metals at optical frequency have significant 

resistive losses (González, 2005). The use of dielectric antennas is proposed to 

overcome this limitation (Sarehraz, 2005). 

However, the area from which radiation is fed into one diode cannot be made 

arbitrarily large. Spatial coherence of the incoming electromagnetic spectrum 

determines the maximum area that can be coupled to a diode. Sources of interest for 

rectennas are the sun for photovoltaics, recycled heat for thermo-photovoltaics, 

humans or animals for infrared (IR) detectors in automotive, to name a few. All 

these sources are approximated by a black body spectrum at the relevant 

temperature and the radiation emitted from different parts of the source is 

statistically independent implying spatial incoherence. However, radiation from an 

extended, incoherent source gains a certain degree of coherence as it propagates. I 

use the example of the sun and calculate the distance on earth over which the solar 

radiation is coherent.  
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The degree of coherence for a quasi-monochromatic source is given by the van 

Cittert-Zernike theorem (Born, 1999, p.572) that calculates the correlation in field 

oscillations (mutual intensity) at two spatially separated points illuminated by the 

extended source as shown in Figure  IV-1. I apply this theorem to a black body 

spectrum, which can be treated as quasi-monochromatic (Marchenko, 2007, p.321). 

 
Figure  IV-2 Radiation from an incoherent spherical source 
gains a certain degree of coherence as it propagates. This 
coherence is calculated from the mutual intensity of the field U 
at locations r1 and r2, separated by an angle θ subtended at the 
center of the source. 

The van Cittert-Zernike theorem is valid in the far-zone of a source, defined by 

2

1sunR

r

π
λ

  

Eq.  IV-9 

where λ is the wavelength of the source and r is the distance from it. The radius of 

the sun is approximately 7x105 km and at λ = 500 nm, the far zone of the sun is at a 

distance greater than 3x1021 km. The distance between the sun and the earth is 

only 1.5x108 km (ls-e), implying that the earth is in the near-zone of the sun. 

However, numerical calculation of the degree of coherence without using the van-

Rsun

θ
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From this the diameter of the circular area at earth over which sunlight is 

assumed coherent is calculated as 

0.16 s e
c

sun

l
d

R

λ−=  

Eq.  IV-12 

This gives dc = 19 µm and a spatially coherent area of 283 µm2. With the 

increased area, the strength of the antenna voltage source discussed earlier is 

increased to VA ≈ 16 mV, which is still within the assumption of a small signal 

analysis. 

For IR detection of a source 1 m across, emitting a peak wavelength of 10 µm, 

and located 50 m away, I apply Eq.  IV-12 to obtain an approximate value for the 

coherence distance on the detector plane. Substituting ls-e = 50 m and Rsun = 1 m, a 

dc = 90 µm is obtained. 

C. Impedance match and cutoff frequency 

Efficient coupling of power from the antenna to the diode requires impedance 

matching between them. Moreover, having a small RC time constant for the circuit 

implies that the product of the antenna resistance (RA) in parallel with the diode 

resistance (RD) and the diode capacitance (CD) must be smaller than the time period 

(2π/ω) of radiation incident on the rectenna. This ensures that the signal from the 

antenna drops across the diode resistor (RD) and is not shorted out by CD. This 

condition needs to be satisfied in conjunction with RD = RA to obtain ηc = 1. 

The parameters that can be varied to achieve these conditions are the diode 

area, the antenna resistance, and the composition of the diode. A less resistive diode 

will give a higher ηcoupling.  Therefore, for this analysis I choose the Ni/NiO(1.5 

nm)/Ni MIM diode, which has an extremely low resistance at zero bias and was 
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used in several high-frequency rectennas (Fumeaux, 1998), (Wilke, 1994), (Hobbs, 

2007). The ηcoupling analysis for any other practical diode is likely to be worse than 

the present case. Here I am disregarding the fact that low resistance and/or 

symmetric single-insulator diodes generally have a poor responsivity at zero bias, as 

was shown in Chapter II.  

The diode resistance is calculated classically and semiclassically, where the 

semiclassical resistance accounts for the energy of the optical photons. This concept 

is discussed in greater detail in Chapter V.  

I choose a nominal antenna impedance of 377 Ω and vary the diode area. In 

Figure  IV-4, the coupling efficiency ηc is plotted vs. the diode edge length for a 

classically and semiclassically calculated diode resistance.  

The semiclassical resistance is lower than the classical resistance and gives a 

higher ηc. The peak in both the curves occurs at the same edge length, and is an 

outcome of the balance between the needs for impedance matching and low cutoff 

frequency. In either case, the maximum efficiency is much smaller than unity. 
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curve shifts to the right and RD/RA curve shifts to the left. The condition under 

which the constraints simultaneously lead to a high coupling efficiency is obtained 

by combining 

( ) 2
|| 1 & 1D

A D D D D
A

R
R R C R C

R
ω

ω
<< =  <<  

Eq.  IV-13  

For the model Ni-NiO-Ni diode discussed above, this condition is not satisfied 

for near-IR-light frequencies (λ = 0.88 µm), where 2/ω=9.4x10-16 s is much smaller 

than RDCD=8.5x10-14 s.  It is satisfied for wavelengths greater than 80 μm.  

Due to the parallel-plate structure of the MIM diodes, the RDCD time constant is 

independent of the diode area and is determined solely by the composition of the 

MIM diode. As already noted, the Ni/NiO/Ni diode is an extremely low resistance 

diode and NiO has a small relative dielectric constant (εr) of 17 at 30 THz. Even if 

one could substitute the oxide with a material having comparable resistance and 

lower capacitance (best case of εr=1), the RDCD would still be off by an order of 

magnitude. Putting practicality aside completely, a near-ideal resistance would 

result from a breakdown-level current density of 107 A/cm2 at, say, 0.1 V, giving a 

resistance of 10–8 Ω-cm2. A near-ideal capacitance would result from a vacuum 

dielectric separated by a relatively large 10 nm, giving a capacitance of ~10–7 F/cm2. 

The resulting RDCD would be ~10-15 s, again too large for efficient coupling at visible 

wavelengths.  

On the other hand, the planar structure of the geometric diode results in a very 

low capacitance while maintaining a low resistance. The capacitance of the 

geometric diode can be calculated as the parallel combination of two capacitance 

elements: the capacitance between the arrow-shaped conductor on one side of the 

neck and the square area on the other side and the quantum capacitance of the neck 

region. The total capacitance is calculated to be 0.06 fF (Zhu, 2011). Since the 
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resistance of graphene can be adjusted by doping, the impedance of the diode can be 

tailored to match the antenna impedance, which is about 200 ohms. For these 

values the time constant for the geometric diode rectenna is RDCD=7x10-15 s. These 

calculations are based on an initial fabricated device and not for an optimized 

structure or the best graphene possible. Despite that, the RC time constant for the 

geometric diode is a factor of 10 lower than that of the Ni-NiO-Ni MIM diode, which 

implies that the geometric diode under consideration is not RC limited for infrared 

detection in the wavelength range of 8 to 14 µm. 

The coupling efficiency of MIM-diode rectennas can be improved under some 

circumstances. They become efficient at longer wavelengths, where the condition 

imposed by Eq.  IV-13 is easier to meet. The RDCD can also be artificially reduced by 

compensating the capacitance of the MIM diode with an inductive element, but this 

is difficult to achieve over a broad spectrum.  

In the next section, I analyze the performance of rectennas for infrared 

detection and photovoltaic rectification. 

D. Rectenna applications 

In this section, I use diode characteristics obtained from DC I(V) curves, and 

project the performance capability of rectenna-based IR detectors and solar cells. 

1. Infrared detector 

A major application for a low-cost IR detector technology is night vision systems 

for use in automobiles. Adequate performance and low cost has led bolometers (Yon, 

2003) to be popularly used in these systems. More recently, the suspended thermo-

diode technology (Reinhart, 2009) has shown promise in providing a low-cost FIR 

detector. Rectennas are an alternative technology whose straightforward fabrication 

and integrability with CMOS imply low-cost of manufacturing. Here, I compare 
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rectennas with the currently prevalent options, and examine the noise equivalent 

temperature difference (NETD) of some of these detectors. A basic requirement for 

automotive night vision is to have a 10 μm detector with an NETD of less than 300 

mK (ADOSE, 2008). 

The NETD is calculated as (Rogalski, 2000) 

 noiseI BW
NETD

dP
dTη

=  

Eq.  IV-14 

where, η is the detector responsivity, Inoise is the noise current assumed to be 4 

pA/√Hz arising due to the low-noise amplifier following the rectenna. A video 

bandwidth (BW) of 30 Hz is used in the calculations, and dP/dT refers to the 

thermal variation of the spectral emittance.  

The dP/dT is calculated by subtracting the integral of Planck’s law at two 

temperatures with ΔT = 1 K, in the bandwidth of interest. Here, the Rayleigh-Jeans 

limit of Planck’s law cannot be used to calculate dP/dT (Brown, 2004) as that 

requires ħω/kT<<1. Doing so would result in a dP/dT that is two orders of 

magnitude larger. For a background emissivity (σ) = 1, detector area = 35x35 μm2 

and in the spectral range of 8 to 14 μm, dP/dT = 3.185 nW/K. The effective area over 

which the antenna receives radiation is chosen to match the area of a bolometer 

element.  

The detector responsivity (η) accounts for the antenna efficiency assumed to be 

50% (ηaηs = 0.5) (González, 2005), the antenna to diode coupling efficiency (ηc), and 

the current responsivity of the diode (βi). I calculate the responsivity of the detectors 

based on an MIM diode and a geometric diode, at an operating wavelength of 10.6 

µm. To estimate the capacitance of the MIM diode, a relative dielectric constant of 

17 is used for NiO. The capacitance of the geometric diode is estimate from a strip-
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line and a quantum self-capacitance (Zhu, 2011). The resistance and responsivity 

values are calculated from the DC I(V) curves at zero bias. 

 
Table  IV-1: Estimated of detection responsivity for MIM and 
geometric diode. 

Diode type RD (Ω) CD (F) RA (Ω) ηc βi (A/W) η (A/W) 

MIM  
(Ni-NiO-Ni)* 

100 2.3x10-15 100 0.002 0.05 5x10-5 

Geometric 
diode^ 

200 3.4x10-17 200 0.71 0.3 0.2 

*(Fumeaux, 1998), ^ (Zhu, 2011) 

 

The responsivity of the geometric diode is higher due to a lower capacitance and 

a higher current responsivity (βi). 

Using the responsivity estimate from above, I compare the performance of 

rectennas based on the geometric and MIM diode with the suspended thermo-diode 

and bolometer.  
 

Table  IV-2: Comparison of NETD for zero-bias rectenna 
detectors with other technologies. 

 

Rectenna 
Geometric 

Rectenna 
MIM  

Suspended 
thermo-diode 

(Reinhart, 2009)
 
 

Bolometer 
(Yon, 2003)

NETD  34 mK  137 K  < 300 mK  56 mK  

Receiving 
area  35x35 μm2 35x35 μm2 225 μm (pitch)  35x35 μm2 

Detector 
responsivity 

0.2 A/W 5x10-5 A/W 150 V/W 
 

Noise 
current 4 pA/√Hz  4 pA/√Hz   

 

The above analysis for the rectennas is for zero-bias across the diode. This 

removes the diode shot noise and the noise due to the biasing power supply, thereby 
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minimizing noise current. In situations where the gain in responsivity on operating 

the detector at a non-zero voltage outweighs the increase in noise, a biased 

configuration can be advantageous. 

MIM traveling-wave detector 

Performance improvement of MIM based detectors is possible on using a 

traveling-wave structure (Estes, 2006), (Grover, 2010). This design circumvents the 

restrictions imposed on the MIM diode by the coupling efficiency. Akin to a 

transmission line where the geometry determines the impedance, the distributed 

RC enhances the coupling between the antenna and the traveling-wave structure. 

However, losses in the metallic regions of the waveguide limit its efficiency as the 

frequency approaches that of visible light. A detailed analysis for the traveling-wave 

IR detector along with a comparison to the lumped-element rectenna discussed 

above is given in chapter VI. 

2. Solar cell 

The efficiency of a rectenna solar cell given by Eq.  IV-7 assumes a bias across 

the diode. Another approach to get a better estimate for the efficiency is to consider 

a self-bias voltage developed by the rectifier. The diode parameters that are used in 

the efficiency calculation depend on this DC voltage (VDC). As with the efficiency, 

the DC voltage depends on the power incident on the rectenna (Pin).  

Here I ignore the frequency response and the impedance matching 

requirements of the rectenna and analyze the efficiency of a rectenna solar cell from 

the diode perspective. The Norton equivalent circuit for the solar cell at DC is 

shown in Figure  IV-6. Assuming that the rectenna responsivity in Eq.  IV-5 depends 

only on the diode responsivity ηj = β, the current source due to rectification, for a 

diode voltage VD, is given by 
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{ } { }
2

2DC D
D D

V
I V

R V
ω ωβ=  

Eq.  IV-15  

The operating voltage is obtained from the equivalent circuit as 

( ) { } { }
2

||
2D diode load D

D D

V
V R R V

R V
ωβ=  

Eq.  IV-16 

The operating point for the diode is determined by the load resistance (Rload). 

For maximum transfer of DC power to the load, Rdiode>>Rload, giving 

{ } { }
2

2D load D
D D

V
V R V

R V
ωβ=  

Eq.  IV-17 

The above equation is a transcendental equation that can be solved numerically 

to obtain the DC voltage for a given diode I(V) characteristics and incident power. 

 
Figure  IV-6 Norton equivalent of the rectenna solar cell. The 
diode (dark) resistance is not a part of the current source. 

For the set of constraints outlined above, the power conversion efficiency for the 

solar cell ηload is given by 

IωDC

Rdiode

+

Vload

-

Iload
+

VD

-

Rload

↑
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Eq.  IV-18 

The above equation for efficiency is not independent of incident power, as there 

is an indirect dependence through VD. The efficiency is limited by the maximum 

value of |VDβ| which is smaller than unity as discussed from a quantum efficiency 

perspective in the next chapter. Therefore, the maximum efficiency for a small-

signal classical rectifier is 50%. 

The results presented here are obtained from a circuit analysis that uses 

classical diode parameters. For an exponential I(V), the responsivity (β) is 

approximately e/kT. The maximum responsivity corresponding to unity quantum 

efficiency is an electron per photon, which imples that βmax=e/ħω. Therefore, for at 

high frequencies, a more accurate model for the rectenna solar cell is given by the 

semiclassically derived diode parameters and I(V) curve under illumination. This is 

presented in the next chapter. 

E. Rectenna design for solar energy harvesting 

The above calculation for the solar cell efficiency assumed rectification of the 

total power available in the solar spectrum. An actual rectenna would be limited by 

the bandwidth received by the antenna and the central frequency it is designed to 

operate at. The spectral irradiance of the sun received on the earth can be written 

for a fractional bandwidth as (Moddel, 2001) 

( )( )
24

2

2
'

exp / 1
sun

s e

R
J

lc h kT

πυ
υ −

 
=  −  

 

Eq.  IV-19 
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researchers who propose to harvest the energy radiated out by the earth at night 

(Midrio, 2010). Energy can be harvested by a solar cell only at a temperature lower 

than that of the source. Again, the efficiency depends on the temperature ratio of 

the cell and the source as given by Landsberg. 
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CHAPTER V  

SEMICLASSICAL THEORY OF RECTENNAS 

In the circuit analysis presented in the previous chapter, the resistance and 

responsivity of the diode were used to calculate the efficiency of the rectenna. 

Classically, differential (or small signal) resistance is the inverse of the first 

derivative of current with respect to voltage and the responsivity is proportional to 

the ratio of the second to the first derivative. These calculations are based on the 

DC I(V) characteristics of the diode. However, only at a relatively low frequency can 

a tunnel diode be considered as a classical rectifier (Eliasson, 2001). When the 

energy of the incident photons (Eph = ħω) exceeds the voltage scale times e of the 

nonlinearity of the diode, a semiclassical analysis for the photon-assisted tunneling 

is required (Tien, 1963). At high frequencies, the quanta of energy of the incident 

photons is manifested in the illuminated I(V) characteristics of the nonlinear device 

(Dayem, 1962).       

The qualification of high frequency is relative to the voltage scale on which the 

nonlinearity in the diode appears. For the superconducting diodes investigated by 

Dayem, the voltage scale on which the diode nonlinearity is apparent corresponds to 

the the superconducting bandgap of the metal films ~ 0.1 meV. Photons in this 

energy range fall under microwave frequencies. For optical frequencies, the relevant 

energy scale is greater than 100 meV, which is also the voltage scale for the 

nonlinearity in low-barrier MIM diodes. This scale corresponds to the metal-

insulator barrier height (Tucker, 1978). 

The modification of the electronic properties of a device due to the interaction of 

the photon with the electron is termed as photon-assisted transport, which can be 
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analyzed using several approaches (Platero, 2004). Here, I follow the derivation 

given by Tien and Gordon (Tien, 1963) for a superconducting junction and 

generalized for tunnel devices by Tucker (Tucker, 1978). I examine the properties of 

an MIM diode in light of the semiclassical analysis. I also establish a 

correspondence between the classical and the first-order approximation of the 

semiclassical rectification theories. In Chapter VIII and IX, I present a generalized 

approach for examining the photon-assisted transport properties of diodes, 

applicable to non-tunneling devices as well. 

The analyses presented in this chapter assume perfect impedance matching 

between the antenna and the diode. Also, the bandwidth limitation due to the 

circuit RC time constant is ignored. In the previous chapter, I ascertained that a 

small-signal rectification theory is sufficient for light intensities of interest. This 

calculation assumed a nominal antenna impedance of 100 Ω to which the diode 

should be matched. However, on having a higher resistance diode and therefore 

antenna, for a constant incident power the amplitude of the AC signal may no 

longer be smaller than the voltage scale over which the diode nonlinearity becomes 

apparent. In the semiclassical theory presented here, I assume that eVω<<ħω so 

that a 1st order approximation can be applied to the results derived.  A summary of 

models discussed in this chapter are listed below.  

• First-order semiclassical model 

o Resistance and responsivity (section A) 

o Illuminated diode I(V) characteristics (section B) 

• Semiclassical load-line analysis (solar cell efficiency calculation) using a 

piece-wise linear diode 

o Derivation and results for first-order model 

o Discussion regarding higher-order model 



66 
 

• Correspondence and comparison of circuit model and semiclassical 

rectification theory 

o Efficiency for a classical small-signal circuit model 

o Efficiency for a classical large-signal circuit model 

Both the first-order and higher-order semiclassical models are obtained from 

the theory presented in the next section.  

A. Semiclassical theory 

Consider an MIM tunnel diode that is biased at a DC voltage of VD and excited 

by an AC signal of amplitude Vω at a frequency ω. The overall voltage across the 

diode is 

( )cosdiode DV V V tω ω= +  
Eq.  V-1 

In a classical theory, the effect of the AC signal is modeled by modulating the 

Fermi level on one side of the tunnel junction while holding the other side at a fixed 

potential, as shown in Figure  V-1. Effectively, the low frequency AC signal results 

in an excursion along the DC I(V) curve around a bias point given by VD. 
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Figure  V-1 Conduction band profile of an MIM diode modulated 
by an AC voltage. Classical model to account for the applied AC 
signal that modulates the Fermi level on one side of the tunnel 
junction. 

For a high frequency signal, the effect of Vω is accounted through a time 

dependent term in the Hamiltonian H for the contact (Tien, 1963), written as 

( )0 cosH H eV tω ω= +  

Eq.  V-2 

where, H0 is the unperturbed Hamiltonian in the contact for which the 

corresponding wavefunction is of the form 

( ) ( ) /, , , , , iEtx y z t f x y z eψ −=   

Eq.  V-3 

The harmonic perturbation in Eq.  V-2 leads to an additional phase term whose 

effect can be included in the wavefunction as  

( ) ( ) ( )/, , , , , exp ( / ) ' cos 'iEt

t

x y z t f x y z e i dt eV tωψ ω−  
= − 

  
   

Eq.  V-4 

Integrating over time and using the Jacobi-Anger expansion, the wavefunction 

can be written as 

VD
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weighting factor Jn2(α) where α=eVω/Eph. The DC current under illumination is then 

given by 

( ) ( )2,illum D n dark D
n

I V V J I V n
eω
ωα

∞

=−∞

 = + 
 

 
 

Eq.  V-6 

where Idark(V) is the tunnel current in the un-illuminated diode. 

A similar derivation exists for the current in a diode illuminated by several 

frequencies (Tucker, 1985, p.1077). Here I restrict the analysis to a single 

frequency.  

Apart from the DC component of the tunnel current given by Eq.  V-6, there is a 

time dependent current which consists of the harmonics of ω. From a time 

dependent formulation for the illuminated tunnel current (Tucker, 1979), the first 

harmonic is given by 

( ) ( ) ( )1 1n n n dark D
n

I J J J I V n
eω
ωα α α

∞

+ −
=−∞

 = + +      
 

 

Eq.  V-7 

From Eq.  V-6 and Eq.  V-7 one can calculate the resistance and responsivity 

under illumination using the equations 

;
1
2

SC SC illum
D i

V I
R

I V I

ω

ω
ω ω

β Δ= =  

Eq.  V-8 

where the superscript SC denotes the semiclassical formulation for calculating 

the photon-assisted transport. RDSC is the AC resistance for a signal at frequency ω 

and ΔIillum is the incremental DC current due to the illumination. The ΔIillum = 

Iillum(Vω)-Iillum(0) and the approximation used for Bessel functions are J0(x) ≈ 1-x2/4, 

and J±n(x) ≈ (±x/2)n/(n!).   
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From here on up to the end of section V.B, a small-signal AC voltage is assumed 

such that Bessel function terms only up to first order in n are needed. From Eq.  V-7, 

to first order in n(=-1, 0, 1), RDSC is given by (Tucker, 1979)
 

2 1

( ) ( )
ph classicalSC

D
dark D ph dark D ph

E e
R

I V E e I V E e I
= ⎯⎯⎯⎯→

′+ − −
 

Eq.  V-9 

which, in the classical limit (Eph→0) leads to the differential resistance. 

The semiclassical responsivity is similarly found out from the first order 

approximation of Eq.  V-6 and Eq.  V-7, and is given by (Tucker, 1979) 

( ) 2 ( ) ( ) 1

( ) ( ) 2
dark D ph dark D dark D ph classicalSC

i ph dark D ph dark D ph

I V E e I V I V E ee I

E I V E e I V E e I
β

 + − + − ′′
= ⎯⎯⎯⎯→  ′+ − −  

 

Eq.  V-10 

Again, Eq.  V-10 in the limit of small photon energies leads to the classical 

formula for responsivity given by 1/2 the ratio of second derivative of current to the 

first derivative. I now use an experimentally measured DC I(V) for a Nb/Nb2O5(3 

nm)/Ta2O5(1.75 nm)/NbN double-insulator diode  and calculate the semiclassical 

quantities given by Eq.  V-9 and Eq.  V-10. As shown in Figure  V-3, the semiclassical 

resistance is the reciprocal of the slope of the secant between the currents at VD ± 

ħω/e, instead of the usual tangent at VD for the classical case. 
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and that the applied field does not influence the charge distribution in the junction 

(Pedersen, 1998). For tunnel diodes, these approximations are valid as there is a 

high concentration of electrons in the metals and a low concentration in the 

insulating tunnel barrier.   

B. Semiclassical rectifier-properties 

In response to an alternating voltage on top of a DC bias, an assumed zero-

frequency or DC current generated in the diode is given by the Iillum vs. voltage 

relation of Eq.  V-6.  In Figure  V-5, I show the procedure for calculating the 

illuminated I(V) for a diode with step characteristics (Eliasson, 2001, p.142), 

(Eliasson, 2005). In the next section, I will argue that the step diode is not realistic 

and the efficiency calculated from it is misleading. Throughout this section, I 

assume that the strength of the AC signal (Vω) is constant. This implies that for 

different bias points along the illuminated I(V) curve the power delivered by the 

source varies. If Vω is applied using a function generator, this would indeed be the 

case, but for a rectenna illuminated with a constant intensity signal, the Vω varies 

with the bias voltage. This case is discussed in Section IV.C. 
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Figure  V-5 Obtaining Iillum vs. voltage curve starting with a 
step Idark, and applying a first order approximation of Eq.  V-6.  

In the case of a detector, the DC voltage is fixed and the additional current 

generated due to the AC signal is given by Iillum(V) –Idark(V). The Iillum for the ideal 

case gives an open-circuit voltage of Eph/e and a short circuit current ISC that 

depends on the strength of the AC signal Vω via the argument of the Bessel 

function. Eliasson (Eliasson, 2001, p.143) shows that in the ideal diode, the DC 

power given by the product of ISC*Eph/e implies a conversion efficiency of 100%. As 

explained in the next section, the maximum conversion efficiency of a realistic diode 

achievable under the first order semiclassical region of operation is 50%. 
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nm window around each discrete step in photon energy, and counting the number of 

photons incident in a time period of oscillation (Eliasson, 2001, p.136). These 

assumptions lead to the number of photons being fractional, which he considered 

unnatural and arbitrarily set it to 1 for all frequencies. This causes a significant 

change in the spectral distribution of energy. 

To remove these errors, I propose the following changes in the calculation of Vω. 

First, as the perturbation is applied as a classical field or voltage, it is unnecessary 

to find the number of photons corresponding to the field. This is reflected in the 

description of the semiclassical model given by Eq.  V-2, where the electromagnetic 

field is included classically (Vωcos(ωt)) but its effect on the electrons is modeled 

quantum mechanically (H). In the case of a detector, where the input power is 

dissipated only as AC power in the diode, the voltage can be found out directly from 

the field strength or the power at a frequency as   

2 SC
DV P Rω ω=  

Eq.  V-11 

where Pω is the incident power at the frequency of interest. 

The second change is required in selecting the interval over which the spectrum 

should be integrated to find the power around a particular frequency. For this, I 

propose that the window of integration be such that the frequencies within it 

exhibit a certain temporal coherence, which is denoted by a coherence time τc 

(Donges, 1998). This time-scale over which the radiation around a particular 

frequency remains coherent should be greater than the average time over which at 

least one electron flows across the barrier. This time is proportional to the inverse of 

the current (I) and is given by τ1e = e/I.  

Donges considers the coherence of the overall black body spectrum, which 

results in τc = 2 fs. Correspondingly, the current in the illuminated diode current 
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should be greater than 80 μA. If only a part of the spectrum is considered, the 

coherence time will be larger. For a minimum of one electron to flow during this 

time will result in a smaller current requirement. However, a weaker illumination 

will lead to lesser current generation. A numerical solution is required to determine 

the appropriate bandwidth around a central frequency, which satisfies the condition 

of the illuminated current equal to e/τc and determine the Pω and Vω.  

C. Load-line analysis 

1. First-order semiclassical model 

The step Idark used in Figure  V-5 is a misleading representation of a diode. Near 

VD=0+ there is essentially zero resistance to the flow of current. As the voltage 

increases, there is a corresponding increase in resistance that keeps the current 

constant. Such an increase in resistance may actually be due to the series resistance 

of the diode. However, this trend for resistance is opposite of that for a real diode in 

which the resistance is higher at zero voltage and decreases with increasing voltage. 

A more realistic model for the ideal diode is one with no current for V<0 and a 

linear I(V) for V>0. I modify this I(V) as having a higher resistance (RN) for V<0 and 

lower resistance (RP) for V>0. The forward bias resistance is kept fixed in the 

ensuing calculations at 100 Ω. I also define a current asymmetry ratio A = RN/RP. 

The Idark for such a diode is shown in Figure  V-8. 
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Figure  V-8 Idark for a piecewise linear diode with a higher 
resistance in reverse than in forward bias. 

If a low-frequency small-signal voltage is applied to the above diode, it will 

rectify only around VD=0 V. However, at high frequencies, the semiclassical analysis 

implies that the MIM I(V) curve is sampled in steps of Eph/e even if the amplitude of 

the AC signal is small. Therefore, there is non-zero responsivity even for VD≠0 V. 

Following Figure  V-6, a diagrammatic calculation of the illuminated I(V) is 

shown in Figure  V-9, with a fixed Vω. The Iillum corresponds to the current that can 

be extracted out of a diode and the operating point depends on the load resistance. 

V

I

I=V/RP

I=V/RN
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Figure  V-9 Iillum vs. voltage for a piecewise linear I(V) with a 
high forward-to-reverse current ratio. 

As mentioned earlier, a rectenna is likely to develop a Vω that varies with VD in 

order to keep the input power constant. Under this condition, I  now derive the 

modified load-line curve and find out the operating point corresponding to the 

maximum obtainable power from a solar cell based on this diode. The rectified 

power given by Prect=VD*Iillum can be expressed in terms of Idark using Eq.  V-6 as 

( ) ( ) ( )( )
22 2

1
4 4rect D dark D dark D ph dark D phP V I V I V E e I V E e

α α  
 = − + + + − 
   

 

Eq.  V-12 

V

I

V

I

Eph/e

Eph/e

I

Eph/e Eph/e V

Idark(VD)

J02Idark(V)

J-12Idark(VD-Eph/e)J12Idark(VD+Eph/e)

Iillum(VD)
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where Iillum can be separated into Idark and the remaining terms that depend on the 

strength of the signal making up IωDC. Therefore IωDC gets divided into the load 

current and the dark current in the diode, as shown in Figure  IV-6. The total power 

received by the rectenna is equal to the sum of AC power dissipated in the diode 

and the rectified DC power, which is equal to VD*IωDC. When the DC resistance of 

the diode at the bias point is much larger than the load resistance, the DC power is 

most efficiently delivered to the load. For power generation, the diode has to operate 

in the second quadrant implying that –Eph/e<VD<0. The total power equal to the 

input power is given by 

( )
2

1 1 1

2 2 2

1
2

SC
in AC DC D DC D i

SC
D iSC

D

P P P V I V I V I V V I

V
V

R

ω
ω ω ω ω ω ω

ω

β

β

= + = + = +

= +
 

Eq.  V-13 

The DC voltage dependent Vω can be determined from the above equation.  

Under the assumption that little or no power is lost to the diode dark current at 

reverse bias, the efficiency of the rectenna solar cell at a bias point is given by  

( )1

SC
D i

load SC
D i

V

V

β
η

β
=

+
 

Eq.  V-14 

According to the Iillum in Figure  V-9, the largest absolute operating voltage of 

the rectenna for power generation in the second quadrant is ħω/e, while the 

maximum responsivity of the diode from Eq.  V-10 is e/ħω. Therefore the maximum 

value of ηload is 1/2 implying that under the first-order semiclassical regime, the 

maximum efficiency of operation for the rectenna is 50%. The remaining 50% or 

more of the power is dissipated in the diode as AC power.  
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I now apply the above analysis to a piecewise linear and an exponential dark 

I(V) curve. The forward bias resistance of the piecewise linear I(V) is 100 Ω and the 

forward to reverse current ratio is 108. The reverse saturation current of the 

exponential characteristics is 10-10 A and the coefficient in the exponential is 100 V-

1. An input power of 10-8 W is assumed, at a photon energy of 1.5 eV. The power 

corresponds to the solar intensity of 100 W/cm2 received over an area of 10 μm2.  

The basic assumption in the above analysis is that the first order theory is 

applicable requiring α = eVω/ħω to be much smaller than 1. In Figure  V-10, I plot 

the illuminated I(V), the variation of α, and the load efficiency as a function of the 

DC bias voltage. 
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Figure  V-10 Illuminated characteristics for a piecewise linear, 
and an exponential dark I(V) curve. 

As expected, at VD = VOC = -ħω/e, Iillum is zero, also, the product of VOCISC is 

equal to the input power of 10-8 W. The assumption of α<<1 is satisfied for majority 

of the illuminated characteristics and is violated only near VD=VOC. The effect of a 

varying Vω is evident in the illuminated I(V) curve leading to the trapezoidal shape 

that results in a peak efficiency close to 50%. This is to be contrasted with Figure 

-1.5 -1 -0.5 0
0

1

2

3

4

5

6

x 10
-9

I ill
um

 (
A

)

-1.5 -1 -0.5 0
10

-10

10
-5

10
0

α
: 

V
ω/V

p
h

-1.5 -1 -0.5 0
0

0.2

0.4

0.6

0.8

1

V
D

 (V)

E
ff

ic
ie

n
cy

: η
L

oa
d

 

Piecewise linear
Exponential



84 
 

 V-9, where the triangular illuminated I(V), under the assumption of constant Vω, 

incorrectly suggests a peak efficiency of only 25%.  

As Vω increases at large negative VD, the efficiency rises. This suggests that 

enhancement of the field by confining a fixed power in a smaller diode region leads 

to higher efficiency (Dagenais, 2010). However, this requires high impedance 

antennas to match to the high impedance of extremely confined diode structures 

and the low RC requirement discussed in Chapter IV. 

2. Higher-order semiclassical model 

When α = eVω/ħω is on the order of one or larger, the first-order approximation 

is no longer applicable. Under this condition, the semiclassical formulae for 

resistance, responsivity, illuminated I(V) and power need to be derived with higher-

order Bessel terms included in Eq.  V-6 and Eq.  V-7. Another consideration at large 

AC voltage is higher-order harmonics which haven’t been considered in the first-

order analysis. These factors may modify the illuminated characteristics and 

efficiency of the rectenna. 

D. Correspondence between circuit model and semiclassical 
rectification theory 

In the limit of photon energy smaller than the voltage scale of nonlinearity in 

the diode, the semiclassical formulas for resistance and responsivity reduce to their 

classical analogues. In a similar manner, there needs to be a correspondence 

between the classical and semiclassical theories for rectification. Here, I analyze 

this correspondence and also explain why a small-signal classical rectifier and even 

the first-order semiclassical one are only able to operate at 50% efficiency. 
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Both the classical small-signal and the semiclassical first-order models, under 

the condition of large reverse-bias DC resistance lead to the efficiency formula of η = 

|βVD|/(1+|βVD|). Maximum quantum efficiency limits the value of |βVD|=1 

leading to η = 1/2. With half the power delivered to the load at DC, the other half is 

dissipated as AC power in the diode. At any η < 1/2, the AC power dissipation is 

correspondingly increased.  

In the classical rectifier, the AC signal from the antenna feeds into an AC diode 

resistance RD, causing dissipation in the diode. Under the first-order semiclassical 

operating regime, a similar AC resistance is applicable. This resistance is 

influenced by the large photon energy, suggesting that the dissipation occurs due to 

photon-assisted tunneling. 

I have emphasized the fact that the diode is always dissipating in order to point 

out the difference between the classical small-signal and large-signal (linear) 

rectifier. In the large-signal circuit model, the diode turns ON only for a short 

duration of the cycle as shown in Figure  V-11. 
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Figure  V-11 Representation of a classical large-signal model 
superimposed on a diode I(V) with a sharp turn on for V>0 and 
zero current for V<0. 

In this case, the best case self-bias DC voltage that can develop across the diode 

is VD=-Vω. In doing so, the rectenna essentially becomes a level shifter (Sedra, 2004, 

p.194). If the level shift is such that the diode never turns on, there is no DC current 

generated. For supplying power to a load, the diode must turn on for a part of the 

AC voltage cycle. This happens for Vω(t)+VD > 0 allowing the rectenna to draw 

charge at a very low resistance and therefore low loss. In the remaining cycle, the 

diode is turn off, and the charge that was pulled up is supplied to the load. The AC-

to-DC conversion efficiency now depends on the power that is dissipated in the 
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diode when it turns ON. Depending on the diode asymmetry, conversion efficiency 

close to 100% is achievable. 

There is no evident correspondence between the large-signal circuit model 

described above and the higher-order semiclassical model considered in the previous 

section. Such a correspondence should exist to make the semiclassical theory 

consistent with the circuit model in the limit of small photon energies. This is 

crucial for understanding whether efficiencies higher than 50% are achievable in 

rectennas receiving large photon energies at large AC amplitudes. 

 

 
  



88 
 

CHAPTER VI  

MIM TRAVELING-WAVE DETECTOR 

In this chapter, I evaluate a technique to improve the performance of antenna-

coupled diode rectifiers working in the infrared. Efficient operation of conventional, 

lumped-element MIM rectifiers as described in Chapter IV is limited to the low 

terahertz due to a large RC time constant. By using the femtosecond fast 

metal/insulator/metal (MIM) diodes in a traveling-wave (TW) configuration, a 

distributed rectifier with improved bandwidth and efficiency is possible (Estes, 

2006).  I develop a method for calculating the responsivity of the antenna-coupled 

TW detector. Three TW devices, made from different materials, are simulated to 

obtain their impedance and responsivity at 1.5, 3, 5, and 10 μm wavelengths. I 

compare the responsivity of a TW device with the lumped-element device. To gauge 

the performance of the TW detector with respect to non-rectenna based detectors 

from literature, I calculate its normalized detectivity for comparison with several IR 

detectors. I also identify ways for improving the detectivity of the TW device.  

A. Theory of operation 

As introduced in Chapter I, a rectenna coverts the incident electromagnetic 

wave to an AC signal using a micro-antenna , which then gets rectified to a DC 

signal in the diode. The difference between rectennas using a lumped-element diode 

and the TW diode is twofold. First, they differ in the manner in which the signal is 

transferred from the antenna to the diode. Second, as the names suggest, the 

traveling-wave rectifies a wave while the lumped-element has the same signal 

appearing across the whole diode.  
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In Chapter IV, I have already discussed the requirements of impedance 

matching and RC time constant for a lumped-element model. Here I describe the 

concept of a TW device and explain how it can achieve the above mentioned 

requirements. 

The MIM traveling-wave detector was proposed as a method for improving the 

efficiency of antenna coupled MIM rectifiers operating in the infrared (Estes, 2006). 

A 3D view of this device is shown in Figure  VI-1(a). It consists of an antenna 

connected to two metals M1 and M2, with a thin insulator between them. The 

metal/insulator/metal sandwich forms an extended MIM tunnel diode, which has 

the characteristics of a plasmonic waveguide (Zia, 2004). The radiation received by 

the antenna excites a surface-plasmon in the TW section, which propagates in the z-

direction. The plasmon develops a voltage between the two metal electrodes causing 

tunneling of electrons in the y-direction. The resulting current is rectified due to an 

asymmetry in the I(V) curve about the bias point, as characterized by the 

semiclassical diode responsivity discussed in Chapter V. Due to losses, the high 

frequency components of the rectified signal do not travel over a large distance. 

Thus the output at the contacts is a net DC current.  
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A variation of the traveling-wave has been implemented (Hobbs, 2007) by 

coupling the antenna-coupled traveling-wave to a silicon waveguide.  

B. TW concept and modeling 

Similar to the lumped-element detector responsivity calculated in chapter IV, 

here I give a formulation for the responsivity of the traveling-wave detector. To 

model the responsivity of the distributed rectifier, the MIM waveguide is divided 

into N parts of width Δz as shown in Figure  VI-1(c). The antenna excites a surface-

plasmon wave in the MIM waveguide. Assuming that a power of 1 W is incident on 

the waveguide cross-section (x-y), this wave develops a certain voltage distribution 

(V1W(z)) between the two metal plates. The 1 W of power is chosen for normalization. 

In an actual device, the incident power would be several orders-of-magnitude 

smaller. Resistive losses in the metal cause the plasmon-wave amplitude to decay 

exponentially along-z. The resulting voltage distribution is given by  

1 0( ) z
WV z V e α−=  

Eq.  VI-1  

where α is the decay constant or the inverse of the decay length of the plasmon, and 

V0 is the voltage at z = 0. Here I have ignored the decay of the plasmon wave due to 

rectification. As calculated later, the rectified energy is a small fraction of the total. 

To simplify the derivation, I assume a constant voltage distribution along the x-axis. 

The net AC power across the diode is given by the following sum 

2
1

1 /

( )

2 ( )

N
W

AC
D A

V z
P

R w z

 
=  Δ 
  

Eq.  VI-2 

where RD/A is the resistance per unit area of the diode, and w is the width along the 

x-axis. The DC current that results from PAC is given by 
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dc i ACi Pβ=  
Eq.  VI-3 

Combining Eq.  VI-2 and Eq.  VI-3, and applying the limit of N→∞ (Δz→0) gives 

2 2
0

/

1

2 2

L
i

dc
D A

V w e
i

R

αβ
α

− −=  
 

 

Eq.  VI-4 

where L is the length of the waveguide. Since the incident power was normalized to 

1 W, the DC current in Eq.  VI-4 also gives the responsivity. Choosing the length of 

the waveguide to be larger than the decay length of the surface-plasmon , the 

responsivity is approximated as 

 
2

0

/4
i

TW
D A

V w

R

β
α

ℜ =  

Eq.  VI-5 

Eq.  VI-5 provides an estimate for the efficiency of the traveling-wave detector 

and helps to identify ways for improving the device, which are discussed later.  

I now describe how to obtain the parameters required for computing the 

responsivity using Eq.  VI-5. The semiclassical diode-properties (βi and RD/A) have 

already been discussed in chapter V. Next, I describe the procedure for calculating 

the V0, α, and the characteristic impedance (ZC) of the TW device. These quantities 

are then used to estimate the responsivity and noise performance of the TW 

detector. 

To find the parameters for the traveling-wave section, I first calculate the 

transverse magnetic (TM) modes of an MIM waveguide. To simplify the analysis, it 

is assumed that the waveguide is infinite in the x-direction, ensuring that only TM 

modes exist. These modes can have an even- or an odd-symmetric field distribution 

(Raether, 1988). The incoming radiation induces an odd-symmetric current 

1Lα >
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variation on the antenna arms, which matches with the odd TM mode of the MIM 

waveguide. By designing the TW diode to have characteristic impedance equal to 

the antenna impedance, the impedance matching and the mode matching allow 

efficient coupling between the antenna and the rectifier.  

I calculate the complex propagation constant (γ=α+ik), of the infinite waveguide 

by using a matrix method (Davis, 2009) to obtain the dispersion relation for the TM 

mode. With the estimate for γ and fixing the width of the waveguide to 100 nm I 

solve for the corresponding hybrid mode (TE + TM) using a commercial finite 

element solver (COMSOL, 2004). This provides an accurate propagation constant (γ) 

from which the plasmon wavelength and the distance over which it propagates can 

be calculated.  

The solver also provides the field distribution in the 2D cross-section of the 

waveguide. In Figure  VI-2, I plot these results for a Ni-NiO-Ni (MIM) TW structure 

simulated at 100 THz. As seen in Figure  VI-2(a), the wave is confined mainly to the 

2-nm thick insulator region. 
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Figure  VI-2(c), the magnetic field falls rapidly outside the waveguide. Thus at an 

infinite distance, it is negligible and the current can be approximated by an integral 

along x from -∞ to +∞. For the validity of the above formula, the metal needs to be a 

perfect electric conductor or have its magnitude of dielectric constant much larger 

than the insulator |εmetal|>>εinsulator. At infrared wavelengths, the latter is the case 

for the materials that are considered here. 

Next, I calculate the V0, which is proportional to the voltage given by the 

numerator of Eq.  VI-6. Since V0 corresponds to an incident power of 1 W, I apply a 

normalization factor given by the integration of the z-directed power density in the 

TW cross-section. This leads to 

2

1
0

M

y

M

Z

area

E dy

V
P dA

=



 

Eq.  VI-7 

Using the above results, the performance of the traveling-wave detector is 

calculated in the next section. 

C. Performance calculation 

As explained earlier, the TW diode is expected to facilitate a good impedance 

match between the antenna and the diode, and overcome the RC bandwidth 

limitation, allowing efficient operation in the IR. I quantify these attributes by 

calculating the characteristic impedance and the responsivity of the TW detector at 

several IR wavelengths of interest. I choose to analyze these properties for three 

MIM material combinations that provide a small resistance (RD/A) for the tunnel 

barrier. As given by Eq.  VI-5, a small resistance is required to obtain a high 

responsivity for the TW detector. The MIM diodes compared are Ni/NiO/Ni (0.2 eV) 
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in the MWIR and the LWIR ranges. The spectral response of the TW detector can be 

tuned with an appropriate design for the antenna (Fumeaux, 1998). 

D. Comparison with IR detectors 

In order to compare the TW detector with other detector technologies used for 

infrared imaging, its normalized detectivity (D*) (Rogalski, 2003) needs to be 

calculated. The D* is a measure of the noise-performance of the detector and is 

defined as  

1
2* ( ) TW

d
n

D A f
I

ℜ= Δ  

Eq.  VI-8 

where Ad is the detector area over which the radiation is received, Δf is the 

bandwidth of the readout circuitry, and In is the noise current in the diode. 

The In is taken to be a combination of Johnson and shot noise (Spieler, 2005). In 

Figure  VI-6, I compare the calculated D* of the traveling-wave detector with some 

of the existing technologies. The initial calculation corresponds to the Nb/Nb2O5/Nb 

traveling-wave detector responsivity shown in Figure  VI-4. The D* for the 

experimental TW detector (Phiar, 2002) is close to the predicted performance. The 

curve for the projected improvement in performance is based on several factors 

explained later in this section. If implemented, the improved noise performance will 

place the traveling-wave detector at par with thermal detectors (Rogalski, 2003).  
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1. Scope for improvement 

Three criteria for improving the performance of the traveling-wave detector can 

be identified from Eq.  VI-8. Since the detector is not limited by background 

radiation noise, i.e., it is not a background limited infrared photodetector (BLIP) 

(Rogalski, 2000, p.16), the receiving area can be increased without affecting the 

noise performance. Also, the responsivity of the TW diode, given in Eq.  VI-5, can be 

improved. This can be done by improving the design of the traveling-wave structure 

and/or by using a diode with low resistance and high responsivity. These diode 

characteristics can be achieved by appropriately designing a multi-insulator diode 

as discussed in Chapter III. Finally, reducing the current noise In can also improve 

the D*. This can be done by eliminating the shot noise, which is proportional to the 

DC current of the diode by operating at zero bias. For a rectenna to work at zero 

bias, diodes with asymmetric I(V) characteristics having a large zero-bias 

responsivity are required. 
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CHAPTER VII  

FABRICATION & CHARACTERIZATION OF GEOMETRIC DIODES 

The concept of a geometric diode was introduced in Chapter I and the efficiency 

of rectennas based on it was analyzed in Chapter IV. Conductors with extremely 

small critical dimensions on the scale of the mean-free path length for charge 

carriers are required for geometric rectification. Successful fabrication at such 

dimensions demands extremely high resolution lithography. Low cost is a key 

criterion for the use of geometric diodes in optical-frequency detectors and 

photovoltaic rectifiers. Due to the planar structure and essentially a single 

lithography step process, a technique like nano-imprint lithography (Schift, 2008) 

can be used for low-cost-production. A glancing-angle deposition technique (Moddel, 

2009) can also be used as a non-lithographic approach for making asymmetric 

conductors.  

For the initial development of geometric diodes, I have focused on using 

electron-beam (e-beam) lithography. Here I give the fabrication details for the e-

beam process carried out at the University of California, Santa Barbara. Antenna-

coupled geometric diodes made from both metal and graphene thin-films were 

fabricated. 

The I(V) characteristics of the fabricated diodes were measured at DC. 

Rectifying behavior was also measured by illuminating the antenna-coupled diodes 

with infrared radiation. 
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random locations and orientations, they were separated by cleaving the wafer and 

processed individually. While cleaving the wafer, precautions were taken to prevent 

silicon dust from falling on the graphene. This was achieved by shielding the 

graphene using a glass slide that also serves as a line to scribe along. 

Cr/Au (5/45 nm) contacts for four-point probe measurement were placed using 

lift-off. The contacts also helped to keep the graphene clamped to the substrate 

during the subsequent processing steps. Negative resist NR9-1000PY was used for 

patterning the contacts. The resist was spun at 3000 rpm for 40 s and prebaked for 

1 min at 150 °C. Alignment between the contact patterns on the mask and the 

graphene on the wafer was guided with scratch marks that were made while 

locating the graphene. The grayscale images displayed on the screen of the MJB4 

mask-aligner made it easier to locate and align the graphene. Once aligned, the 

NR9 resist required a 3 s exposure on the MJB4. The resist was post-baked at 100 

°C for 1 min followed by a 7 s dip (agitated) in the resist developer RD6. The usual 

step after developing a resist is to remove residual-resist layers using oxygen 

plasma. As graphene is sensitive to oxygen plasma this step was not performed. To 

compensate for the lack of a plasma-clean, I overdeveloped the resist by 3 s, without 

a noticeable change on the shape of the patterns. This was followed by a 20 s dip in 

DI water and N2 blow-dry. The metals for the contacts were evaporated using a 

thermal evaporator. The lift-off was done in acetone (without ultrasonic) followed by 

an IPA rinse and N2 blow-dry. 

To pattern the graphene, e-beam lithography had to be done with a negative e-

beam resist (hardens where exposed) so that the unprotected areas of graphene 

could be removed by etching in oxygen plasma. Negative e-beam resist maN-2403, 

which has a resolution of about 50 nm, was used with HMDS as an adhesion layer. 

A 300 nm thick resist layer was obtained by coating the wafer at 3000 rpm for 30 s. 

The exposure dose for e-beam lithography done at UCSB was between 1000-1400 
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μC/cm2. The resist was developed for 45 secs in AZ 300MIF developer followed by a 

60 s rinse in DI water. The exposed graphene was etched using oxygen plasma (100 

W, 30 mTorr, 5 s) in the (Technics PEII-A) reactive ion-etch (RIE) at UCSB. Finally 

the resist was stripped by soaking the wafer in Shipley 1165 at 80 °C for 15 min. 

Several precautions had to be observed during the fabrication of the graphene 

devices. After imaging the patterns generated on the resist with an SEM, stripping 

the resist became difficult. It was concluded that the SEM beam was depositing a 

thin carbonaceous coating on the imaged area (e-beam induced decomposition of 

background CO, CO2, or hydrocarbons) that prevented the stripper from accessing 

the resist (Mitchell, 2010). Furthermore, ultrasonic could not be used to speed-up 

the lift-off or the resist removal as the contacts and graphene were prone to 

developing cracks. 

An atomic force microscope (AFM) image of a graphene device is shown in 

Figure  VII-5 (a). The diode is connected to a graphene antenna as shown in Figure 

 VII-5 (b). 
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C. Infrared characterization of antenna-coupled diodes 

To verify the rectifying behavior of a geometric diode at optical frequency, I 

measured the response of antenna-coupled geometric diodes under illumination 

from a CO2 laser (λ=10.6 μm). Performing this measurement at far-infrared instead 

of visible or near-infrared is preferred as the resistive losses, both in metals (Fox, 

2001, p.146) and graphene (Jablan, 2009), are lower. 

A Synrad CO2 laser (Synrad, 2010), model number 48-1 SWJ, is used in the 

experiment. The laser is powered by a 30 V power supply and requires cooling. 

Using a function generator, a tickle (5 V) pulse with an on-time of 1 μs at a 

frequency of 5 kHz is applied to keep the gas ionized without lasing. The laser needs 

to be warmed-up in this state for more than 15 min to obtain a stable output.  The 

high-time of the pulse is increased to enable lasing. The output of the laser is pulsed 

according to the applied signal. Therefore, the output power of the laser is 

controlled by varying the duty-cycle. 

The response to illumination is measured by the DC short-circuit current (ISC) 

or open-circuit voltage (VOC) generated by rectification. Due to the small 

nonlinearity of the diode, VOC and ISC are expected to be extremely low. This 

necessitates the use of a lock-in detection technique with the setup shown in Figure 

 VII-8.  
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As the complete device is made out of graphene, the sheet resistance is constant 

throughout the antenna and the diode. The rectified current generated in the 

geometric diode flows through the antenna and the leads before being detected, 

which weakens the current signal measured by the lock-in detector. This is avoided 

by measuring the open-circuit voltage. In Figure  VII-10, I plot the VOC vs. θ for 

varying power of the laser.  

 
Figure  VII-10 Open-circuit voltage vs. angle between the 
polarization of antenna and radiation for varying power of the 
laser source. As with ISC, peak response occurs at θ=0º. 

For θ=0º and 1 W power on the laser, the diode + series resistance is given by 

the ratio VOC/ISC (=RD+S). The measurements shown in Figure  VII-9 and Figure 

 VII-10 are on different devices, therefore the calculation of resistance gives at best 

an order of magnitude estimate. The RD+S = 0.5 μV/3 pA = 167 kΩ also includes the 

resistance at the contacts. 

The polarization (θ) sensitive infrared response of the antenna-coupled 

geometric diode indicates that the signal occurs due to the presence of the antenna 

and thereby a device a connected to the antenna. Ideally, the polarization sensitive 

-75 -30 0 30 75
0.1

0.2

0.3

0.4

0.5

V
ol

ta
ge

: V
O

C
 (

μV
)

Angle: θ (degree)

 

0.6 W
0.8 W
0.9 W
1 W



116 
 

response should be smallest at ±90°. As seen in Figure  VII-9, this may be true for 

the negative angles but is not the case for positive angles. Also, in Figure  VII-10, 

this is not the case for all power levels. As the response is extremely small, it is 

conceivable that this is due to measurement error. It could also be due to variation 

in the position of the device with respect to the IR beam in going from one rotation 

to the other. A possible way to eliminate the latter is to mount the device on a TO-8 

can, making sure that the position of the rectenna coincides with the rotation axis of 

the can.  

The response observed is not bolometric (Richards, 1994) as both VOC and ISC 

were measured in the absence of any external bias. Thermo-electric effect arising at 

the metal-graphene interface due to unequal heating of different regions can lead to 

a VOC and ISC. However, it does not explain the θ dependence. 
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CHAPTER VIII  

QUANTUM SIMULATION OF GEOMETRIC DIODE 

In Chapter I, I have described the operating principle of the geometric diode 

using the Drude model and also using a wavefunction approach. Characteristics of 

geometric diodes simulated using the Drude model (Zhu, 2011) are consistent with 

the expected direction of asymmetry in the I(V) curve. However, these simulations 

are based on a classical model and account for the shape of the conductor through 

the specular reflection of charges from the boundaries. Moreover, a constant field 

distribution across the patterned thin-film is assumed, without accounting for the 

effect of charge or shape on the potential. Material properties only enter through 

the mean-free-path length and Fermi velocity. Finally, it is not possible to model 

the effect of high-frequency excitation through this approach.  

Several formulations exist for modeling the transport properties in nanoscale 

systems (Ventra, 2008). A particularly interesting approach for modeling ballistic 

transport based on the transfer-matrix method was applied to an irregular 

graphene waveguide (Li, 2009). However, this approach assumed the wavefunction 

to be coherent across the device. Modeling the geometric diode accurately requires 

inclusion of phase-breaking mechanisms and determining the charge and potential 

self-consistently. Furthermore, simulating the response of a geometric diode to a 

high-frequency signal requires modeling the photon-assisted transport arising from 

the interaction of the charge-carriers with quanta of energy (=ħω) of the AC signal. 

A technique that allows such effects to be incorporated at the appropriate level of 

complexity is the non-equilibrium Green’s function (NEGF) method. Starting with 

the Hamiltonian that describes the material and the structure of the geometric 
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diode, the NEGF approach can be used to model geometry-dependent transport, 

effect of contacts, and interaction of electrons with photons and phonons.  

I model the characteristics of an asymmetrically-shaped graphene-film using 

the NEGF method. Development of the simulator is an ongoing project and in its 

current version, it can model ballistic transport through graphene while calculating 

the charge and potential self-consistently. The simulator can be further improved to 

include scattering and, as explained in Chapter IX, it can be used in conjunction 

with a semi-analytical perturbation approach for modeling photon-assisted 

transport.  

Though all the results in this chapter are specific to the 2D hexagonal lattice of 

graphene, the method can be extended to any lattice. A numerical solution is 

obtained by converting the physical problem defined by the NEGF formalism into a 

set of matrix equations that are solved to obtain the I(V) curve for the geometric 

diode.  

A. NEGF formalism 

The Green’s function is used to solve inhomogeneous differential equations in a 

manner similar to the use of Fourier series for solving partial differential equations 

(Weisstein, 2011). In quantum physics, the Green’s function provides information 

regarding experimental observables and allows the construction of a systematic 

perturbation theory (Haug, 2008, p.41). An added level of complexity is introduced if 

the system under consideration is open, i.e. it interacts with the surroundings. For 

the geometric diode, such an interaction occurs due to the flow of current to and 

from the contacts and can be simulated using the NEGF approach (Datta, 2002). 

Consider a central device region with contacts at two ends that act as charge 

reservoirs held at fixed potentials as shown in Figure  VIII-1. The transport 
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properties, shape, charge, and field in the device region are modeled by the 

Hamiltonian (H) and the potential (U). In the absence of contacts, the solution to (E 

- [H+U])Ψ=0 gives discrete eigenenergies for the device region. 

 
Figure  VIII-1  A central device region with two contacts that 
act as charge reservoirs that are held at fixed potentials (µ). 
The device is represented by a Hamiltonian H and potential U. 

The effect of the contacts on the central device region is three-fold (Datta, 2005, 

p.183). First, the contacts determine the potential boundary-conditions at the two 

ends of the device. Second, they act as charge reservoirs from which carriers are 

injected (or extracted) with an escape-rate (γ) describing the quality of the 

connection between the device and the reservoirs. Third, on connecting a set of 

discrete states (device) with a continuum of states (contact) there is a ‘spillover’ of 

states from the contact to the device. The last two effects are a consequence of the 

time*energy uncertainty relation between the lifetime of an interacting state and its 

spread in energy (Datta, 2005, p.11).  

Even though the reservoirs are significantly larger in size compared to the 

device, their effect on the device is modeled by a self-energy matrix (Σ) related to 

the escape rate, that has the same size as H (Datta, 2000). A detailed explanation of 

this is given in the next section. Unlike H, Σ is a function of energy (E). 

µ2µ1

Contacts

Device
[H+U]

Σ1 Σ2
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Scattering mechanisms can be modeled using NEGF through the appropriate 

choice of a self-energy matrix (ΣS) corresponding to a virtual scattering-contact 

(Golizadeh-Mojarad, 2007). Unlike the reservoir contacts, the scattering contact is 

not held at a fixed potential, and ΣS is determined differently than Σ. As it affects 

and gets affected by the charge distribution in the device region, ΣS has to be 

determined self-consistently with the charge. In the results presented in the later 

sections, I have not accounted for scattering. However, it can be added to the basic 

framework of the simulator that I have developed. 

The formulation of the simulator along with the explanation of the relevant 

quantities is given below. If the reader finds it difficult to follow the matrix-version 

of these equations, understanding the concepts for a single energy-level may be 

helpful (Datta, 2008). 

For an isolated system, the eigenenergies and the corresponding set of wave 

functions {Ψ} can be found out from the Schrödinger equation 

( ) { } 0EI H U ψ− + =    

Eq.  VIII-1 

where I is the identity matrix. In an open system, Eq.  VIII-1 is modified by a 

broadening matrix Γ which is the matrix version of the escape-rate γ. 

( ) { }1 2 0
2 2

i i
EI H U ψΓ Γ − + + + =  

 

Eq.  VIII-2 

By adding Γ, the wavefunction in the device gets modified such that it decays 

with time. The self-energy matrices are related to the broadening as 

2

iΓΣ = −  

Eq.  VIII-3 
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More generally, Σ can have a real part as well, which represents the effect of the 

contact on the device Hamiltonian. The outflow or the decay of electrons from the 

device is compensated by the reservoirs that act as a source. Therefore a source-

term {S} needs to be added to Eq.  VIII-2 as 

( ) { } { }1 2EI H U Sψ− + − Σ − Σ =    

Eq.  VIII-4 

The strength of the source, representative of the number of electrons coming 

into the device, is expressed as 

{ }{ } [ ]in S S f
+ Σ = = Γ   

Eq.  VIII-5 

Heuristically, Σin depends on the Fermi distribution (f) that determines the 

occupation of energy-levels in the reservoir, and the coupling between the device 

and the contact given by Γ.   

A solution to Eq.  VIII-4 is obtained as 

{ } { }[ ]rG Sψ =  

Eq.  VIII-6 

where Gr is the retarded Green’s function given by 

( ) ( ) 1

1 2
rG E i I H Uη −

= + − + − Σ − Σ    

Eq.  VIII-7 

in which η is an infinitesimal positive number added to make the Green’s function 

zero for t<0 (retarded). As seen in Eq.  VIII-5, the physical quantities in the system 

(e.g. the strength of the source) are given by the square of the wavefunction-like 

terms. This is analogous to measuring intensity instead of field. Similarly, Gr by 
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itself has no physical significance. However, two essential quantities that can be 

derived from it are the electron density and the density of states. 

Gn represents the correlation of the wavefunction, and its diagonal elements 

give the electron density for the corresponding location at a particular energy. 

{ }{ } { }{ }n r r r in rG G S S G G Gψ ψ + + + += = = Σ  

Eq.  VIII-8 

 Here, Σin includes the contribution from both contacts 

1 2 1 1 2 2
in in in f fΣ = Σ + Σ = Γ + Γ  

Eq.  VIII-9 

The density of states is given by the diagonal elements of the spectral function 

(A) defined as  

2 1

[ ]

r r r r

r r

A G G G G

or

A i G G

+ +

+

= Γ + Γ

= −

 

Eq.  VIII-10 

The expression for A is derived from the sum of Gn and a function similar to it 

with f replaced by (1-f) in Eq.  VIII-9, such that both filled and empty states are 

counted. 

Finally, the current in the device from both the contacts is calculated for a 

particular energy as 

( ) ( )1 2 1 1 2 2
in n in ne

I E I I Trace A G A G
h

   = + = Σ − Γ + Σ − Γ     

Eq.  VIII-11 

The ΣinA term represents the current flowing from the reservoir to the device 

and depends on the strength of the source and the density of states in the device. 
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The ΓGn term represents the current flowing out of the device, which is a function of 

the escape-rate and the electron density in the device. The total current is the 

integral of Eq.  VIII-11 over energy. For coherent transport, an alternative 

expression for current is written in terms of a transmission distribution T(E) as 

(Datta, 2000) 

( ) ( ) ( ) ( ) ( )1 2 2 1;
e

I E T E f f T E Trace G G
h

+= − = Γ Γ  

Eq.  VIII-12 

I will now describe the procedure for obtaining H and Σ.  

B. Tight-binding model (H) 

The graphene lattice consists of hexagonally arranged carbon atoms. Depending 

on the angle of the edges with respect to the lattice, two edge profiles can be 

obtained. Based on the type of edge, the graphene is referred to as zigzag and 

armchair. Although I use the example of an armchair graphene, zigzag graphene 

can be simulated by appropriately modifying the H (Datta, 2009). 

Using a nearest-neighbor tight-binding model (TBM) (Reich, 2002), the 

Hamiltonian (H) of the device region is given by a matrix whose diagonal elements 

give the Bloch energy (ε2p) at each atomic location and the off-diagonal elements (γ1) 

give the interaction energy with the first nearest-neighboring atoms. Interactions 

with second- and third-nearest neighboring atoms can also be taken into account. 

However, the change in characteristics is small (Wu, 2011). For graphene, ε2p ≈ 0 

eV, γ1 = -2.7 eV. In Section VIII-F, I will introduce the effect of a gate voltage on the 

Fermi level in graphene through a term Eoffset, which is accounted for as ε2p = Eoffset.  

The H-matrix is of the size NxN where N is the number of atoms in the device. 

The hexagonal structure of the graphene is translated into matrix form by 

appropriate assignment of the interaction energies. In Figure  VIII-2, an armchair 
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Figure  VIII-3 Programming a geometric-diode-shaped 
graphene sheet starting from a rectangular piece.  The 
patterned graphene has 5 nm shoulders, 1 nm neck and an 
angle of 60º. The neck size is greater than the programmed 1 
nm as the incomplete hexagons formed on the top and bottom 
of the neck having more than 5 atoms around the center are 
assumed complete. 

For the graphene geometric diode in Figure  VIII-3, the assignment of α and β 

are shown in Figure  VIII-4. 

 
Figure  VIII-4 Assignment of α and β matrices for the patterned 
graphene sheet of Figure  VIII-3. 

60º

α1 β1 α2 β2 α3 β3 α4 β4 α5 β5 α6 β6 α7
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C. Contact self-energy (Σ) 

In an experimental device, the electrical contact to graphene would be made 

using a metal. A tight-binding description of the graphene-metal interface is 

feasible (Blanter, 2007). However, such an interface may not have linear I(V) 

characteristics (Ran, 2009). In order to ensure that the contacts do not contribute to 

the nonlinearity or asymmetry in the simulated I(V) curve,  I choose to model the 

contacts as semi-infinite graphene leads stretched out to the left and the right 

instead of metal leads. 

A semi-infinite contact with a periodic structure can be modeled using a surface 

Green’s function (gR) (Datta, 2005, p.190). The gR is a subset of the overall Green’s 

function in the reservoir and accounts for the atoms in the reservoir closest to the 

device region. This simplification is based on the periodic lattice of the contact and 

accounts for the atoms in the first period. Due to the limited computational 

capability, I restrict the width of the contact to be equal to the shoulder-size of the 

diode. If α1 and α7 in Figure  VIII-4 extend indefinitely to the left and the right 

respectively, the contacts are represented by α (= α1 = α7) and β (=β1 = β6) matrices 

as shown in Figure  VIII-5. Condensing the vertical direction into matrix form allows 

a quasi-1D representation of the contacts. 

 
Figure  VIII-5 Representation of semi-infinite quasi-1D 
reservoirs connected to a device. 

To obtain gR, the following equation needs to be solved for g iteratively (Datta 

(a), 2009)  

( ) 1

1n ng E i I gη α β β
−+

+  = + − −   

Eq.  VIII-13 

--- α β α β α β α - β - {α1 β1 --- β6 α7} - β - α β α β α β α ---

Device Right-contactLeft-contact
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The self-energy matrix Σ is calculated from gR as 

Rgβ β +Σ =  
Eq.  VIII-14 

For a description of the iterative procedures for solving Eq.  VIII-13, see the 

work of Sancho and Rubio (Sancho, 1984) and references therein. To avoid an 

iterative solution that can be computationally intensive, a closed-form solution was 

proposed (Umerski, 1997). However, both the iterative and the closed-form methods 

are unstable due to the ill-conditioned β-matrices for graphene. The difficulty arises 

in calculating the inverse of matrices with determinant equal to zero.  

A two-step semi-analytical approach for finding the self-energy, even with ill-

conditioned matrices, is given by Rungger and Sanvito (Rungger, 2008). In the first 

step, the singular (non-invertible) matrix is rewritten in a form that separates the 

singularities. This is called singular value decomposition (SVD) (Weisstein (a), 

2011). Next, the singularities are removed by reducing the size of the matrix. The 

algebra for finding the self-energy is performed on a reduced set of matrices 

followed by the inverse process of SVD and singularity-elimination to get back to 

the original form. I have implemented this method in the simulator. 

D. Self-consistent NEGF-Poisson solver 

In the previous two sections, I have outlined the procedure for solving the 

quantum physics of the geometric diode. Another factor that needs to be accounted 

for in the overall simulation is the potential distribution across the device. The 

potential is calculated by solving the Poisson’s equation with appropriate boundary 

conditions. Since the potential affects the solution of the NEGF equations, which in 

turn modifies the Poisson’s equation via the charge distribution in the device, the 

two equations need to be solved self-consistently (Datta, 2005, p.163). 
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I use the partial differential equation (PDE) solver in MATLAB (MATLAB, 

2010) to solve the Poisson’s equation on a 2D region defined by the boundary of the 

patterned graphene region as shown in Figure  VIII-6. Dirichlet boundary conditions 

are applied on the left and the right ends as the voltage there is held fixed by the 

reservoirs, while the top and the bottom boundaries are floating with Neumann 

boundary conditions.  

 
Figure  VIII-6 Geometry for solving Poisson’s equation with 
appropriate boundary conditions and charge distribution. 

The solver is implemented by first calculating the potential distribution U0 

without any charge (ρ0=0). This is used as a starting value in the NEGF equations 

and the spatial distribution of the charge is obtained as 

( )1

2 .
ndE G E

Vol
ρ

π
=   

Eq.  VIII-15 

where Vol. is the volume associated with each atomic location. This is approximated 

as a2*tG where a (=2.46 Å) is the lattice constant and tG (=3.4 Å for monolayer) is the 

thickness of the graphene. 
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Using the charge ρ1 calculated from Eq.  VIII-15 as a starting point for the 

Poisson’s equation, an updated potential U1 is obtained. Convergence of the self-

consistent procedure implies that the difference between the updated (U1) and the 

previous (U0) potential should be less than a critical value (RelTol).  

1 0

1 0

x y

x y

U U

change RelTol
U U

−
= <

+




 

Eq.  VIII-16 

Until Eq.  VIII-16 is satisfied, the self-consistent NEGF-Poisson loop shown in 

Figure  VIII-7 is repeated with a new estimate for the potential (Unew) used for 

solving the NEGF equations.  

 
Figure  VIII-7 Self-consistent NEGF-Poisson solver. 

If Unew = Ui is used, the convergence is slow. A faster convergence is obtained by 

predicting Unew based on several previous U’s. The prediction technique that I have 

used is called Anderson mixing (Eyert, 1996) and is based on minimizing the 

residual vector. The residual vector is the difference in potential used in the NEGF 
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equations and the potential obtained from solving the Poisson equation. Anderson 

mixing calculates weights for the linear combination of previous U’s such that the 

residue is minimized. Here I choose to keep no more than 5 U’s in the memory. 

E. A simulation example 

I will now compute and explain the various quantities that are obtained from 

the simulation conducted on the geometry shown in Figure  VIII-3. Applying a bias 

of VD = 0.28 V across the graphene results in the potential distribution shown in 

Figure  VIII-8. This is the starting point of the iterative loop in Figure  VIII-7, 

obtained by solving the Poisson’s equation in a charge-free region. 

 

 
Figure  VIII-8 Potential distribution in a charge-free graphene 
at VD = 0.28 V. 
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On the termination of the self-consistent iterative procedure described in the 

previous section (with a RelTol of 10-4), the potential distribution takes the form 

shown in Figure  VIII-9. 

 

 
Figure  VIII-9 Self-consistent potential distribution after 
accounting for the charge in the graphene. 

Almost all the voltage drop in the potential distribution of Figure  VIII-9 occurs 

equally at the two contacts. This is due to the absence of scattering in the device 

region (Datta, 2000). The voltage drop also results in a higher charge density near 

the contacts with the electrons accumulated at the positive- and holes at the 

negative-voltage as shown in Figure  VIII-10. 
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At negative energies, the transmission is due to holes and at positive energies it 

is due to electrons. The confinement due to the neck introduces a bandgap (0.37 eV 

in this case) that prevents the transmission at energies close to zero. This bandgap 

is also observed in the plot of density of states vs. energy shown in Figure  VIII-12. 

 
Figure  VIII-12 Density of states vs. energy. The bandgap and 
step change with increasing energy are evident. 

The density of states has a step change with energy due to the abrupt addition 

of conduction channels with increasing energy. The rounding of the steps occurs due 

to the interaction with the contacts that leads to broadening of the channels in the 

device. 

In Figure  VIII-13, I plot the energy dependent current calculated from the 

transmission T(E) and Fermi distribution according to Eq.  VIII-12. Even though the 

T(E) increases at higher |E|, the difference in Fermi distributions on the left- and 

right-contact only allows conduction in a narrow range of energies near the 

bandgap.  
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Figure  VIII-13 Current vs. energy calculated from T(E) and 
Fermi distribution.  

The integral of the above curve gives the total current at the DC bias of 0.28 V. 

F. Simulated geometric diode I(V) characteristics 

Electrons and holes move in opposite directions under a drift field. However, the 

geometric effect funnels both polarities of charges in the same direction. For an 

equal contribution from electrons and holes to the total current, the geometric effect 

gets canceled and reversing the voltage does not lead to a change in the magnitude 

of current. Hence, there is no asymmetry in the I(V) curve and thereby no geometric 

rectification under such a condition.  

As seen in Figure  VIII-13, electrons and holes have unequal contributions to the 

current. This unequal, net p-type conduction is attributed to the sharper rise in 

density of states for holes as compared to electrons near the bandgap as seen in 

Figure  VIII-12. Even though it is not visible in Figure  VIII-11, this difference also 

exists for T(E). The type of carriers that carry the larger current is determined by 
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applied bias, and also by the relative location of the Fermi-level with respect to the 

conduction and valence bands of graphene. 

The effect of asymmetry and bias on the contribution of n- and p-type carriers to 

the current is shown in Figure  VIII-14, where I plot the current vs. energy for a 

positive and a negative biased diode.  

 
Figure  VIII-14 Current vs. energy for opposite voltages across 
the diode.  

As seen before, for the positive bias, p-type carriers have a larger contribution 

as they flow in the direction favored by the geometry. However, for the same reason, 

at negative bias n-type carriers dominate. Overall, the current under negative bias 

is larger as seen in Figure  VIII-15. 
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Figure  VIII-15 Asymmetric I(V) characteristics of the geometric 
diode obtained from simulation. 

A possible technique for improving the asymmetry is by making the graphene 

strongly n- or p-type by changing the location of the Fermi level w.r.t. the 

bandstructure. This is achieved by doping the graphene or by applying a gate 

voltage. In the simulation, this effect is modeled by changing the Bloch energy (ε2p) 

at each graphene atom by an amount Eoffset as was introduced in section VII.B. This 

change is equivalent to changing the position of the Fermi level with respect to the 

bandstructure.  

To demonstrate the effect of Eoffset, in Figure  VIII-16, I plot the current vs. 

energy curves for two bias voltages with different offset energies chosen to have 

dominant hole (Eoffset, = 0.05 eV) or electron (Eoffset = -0.05 eV) transport for the same 

geometric diode shape as before. 
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Figure  VIII-17 Forward-to-reverse current asymmetry 
(A=|ID(+VD)/ID (-VD)|) vs. diode voltage with changing Eoffset.  

Transmission from contact 1 to 2 or vice-versa at a particular voltage is equal. 

The asymmetry in the I(V) curve occurs due to unequal transmission at different 

voltages. The effect of the potential on transmission increases with the magnitude 

of the applied voltage. Therefore, the asymmetry in Figure  VIII-17 is prominent at 

higher voltages. 

As a check, the asymmetric shape used for the above simulations was flipped 

along the vertical and simulated. The I(V) curve obtained was the same as the 

original one mirrored at the origin, indicating no geometry related simulation error. 

To further ensure that the asymmetry in I(V) occurs due to the geometry, I 

simulated two symmetric structures. The first one is a sheet of armchair graphene 

with 5 nm edge lengths. The I(V) curve for this conductor is shown in Figure 

 VIII-18. The magnitude of current flowing under forward and reverse bias is equal. 
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Figure  VIII-18 Symmetric I(V) curve for a symmetric sheet of 
graphene. 

The second shape is a symmetric hourglass shaped conductor that emulates the 

confinement that occurs in a geometric diode as shown in Figure  VIII-19. Again, no 

asymmetry is observed in the I(V) curve for this conductor. 

 
Figure  VIII-19 Symmetric I(V) curve for a symmetric conductor 
with confinement. 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

-6

-4

-2

0

2

4

6

x 10
-7

V
D

 (V)

I D
 (

A
)

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2
x 10

-10

V
D

 (V)

I D
 (

A
)



 

G.

The

smaller 

sub-ban

transpo

a larger

diode a

2011), a

factor g

partly d

curves a

The

of 1 nm 

for a de

. Compari

e simulatio

than the 

nds that ar

rt properti

r device. H

asymmetry 

and an exp

given in th

due to seri

at a larger 

Figur
model
measu

e NEGF sim

and a shou

evice with a

ison of sim

ons shown 

experimen

re farther 

ies, e.g., tr

However, a

is consist

erimental 

he legend. 

ies resista

voltage sca

re  VIII-20 C
l (Zhu, 201
urement. 

mulation in

ulder widt

a neck size

mulated a

above are

ntal devices

apart in 

ansmission

s seen in F

tent for th

diode. To p

The small

nce. Great

ale.  

Comparison 
1), self-cons

n Figure  V

h of 7 nm w

e of 50 nm

140 

and experi

e on a leng

s. The sma

energy tha

n, in a sma

Figure  VII

he quantum

plot them t

ler asymm

ter asymm

of I(V) curv
sistent NEG

III-20 corr

with an an

m, shoulder

imental c

gth scale t

aller dimen

an in an a

aller device

II-20, the e

m simulat

together, th

metry in th

metry is ob

ves obtained
GF + Poisso

responds to

ngle of 60°.

r size of 20

characteri

two orders

nsions lead

actual dev

e may diffe

effect of ge

tion, Drud

he curves 

he experim

served in 

 
d from Drud

on solver, an

o a diode w

 The Drud

000 nm, an

istics 

s of magni

d to conduc

vice. There

er greatly 

eometry on

de model (

are scaled 

ental devic

measured 

de 
nd 

with a neck

de simulatio

ngle of 45°,

itude 

ction 

efore, 

from 

n the 

(Zhu, 

by a 

ce is 

I(V) 

k size 

on is 

 and 



141 
 

mean-free path length of 200 nm. The measured I(V) curve is for the device reported 

in Figure  VII-7. 
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CHAPTER IX  

SEMICLASSICAL THEORY OF OPTICAL FREQUENCY RECTIFICATION IN 

MESOSCOPIC DIODES 

From the semiclassical analysis for the optical response of an MIM diode, 

presented in Chapter V, the characteristics under illumination are obtained from 

the DC I(V) curve of the diode. A theory similar to the Tien and Gordon approach 

(Tien, 1963), but applicable even to a non-tunneling based device, is required for the 

optical response of geometric diodes. 

Platero and Aguado (Platero, 2004) have reviewed several techniques that can 

be used to study photon-assisted transport in semiconductor nanostructures. Other 

than Tien and Gordon’s approach, all the analyses culminate in a form requiring 

numerical computation of the transport mechanism, and do not provide insights 

into the optical behavior through a simple extension of the DC characteristics.  

The simplicity of the Tien and Gordon formulation comes with the drawback 

that the theory is not gauge-invariant. Another limitation of this method is that it 

does not account for charge and current conservation. To ensure conservation, an 

AC transport theory such as the one that solves the non-equilibrium Green’s 

function (NEGF) and Poisson equations self-consistently (Kienle, 2010) is required. 

In a geometric diode, the dependence of the transport properties on the geometry 

adds to the complexity. 

Here I derive a formula analogous to the Tien and Gordon approach but also 

applicable to an illuminated mesoscopic junction. It is based on the NEGF, which 

was introduced in Chapter VII. Several approximations are made to enable an 
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analytical relation between the DC and illuminated characteristics. Even though 

these approximations limit the applicability of the result, it is nevertheless helpful 

in understanding the illuminated characteristics of mesoscopic junctions. 

A. Mesoscopic junction under illumination 

The starting point for the derivation is the NEGF theory for an illuminated 

junction given by Datta and Anantram (Datta, 1992). In this section I reproduce 

and explain some of their results. 

Consider a mesoscopic junction connected to two contacts as shown in Figure 

 IX-1. It is assumed that charge transport from one contact to the other occurs 

phase-coherently, and the coherence is broken only by scattering in the contacts. 

Here, the contacts refer to charge reservoirs, much larger than the device region, 

held at a fixed potential. Electrons gain or lose energy through scattering in the 

contacts. The interaction of charge carriers with photons occurs in the device region 

through a time-varying potential V(r,t). This interaction, even though inelastic 

(changes the energy of charge particles), does not cause phase incoherence.  

 
Figure  IX-1 A two terminal device with an arbitrary shape, 
subjected to an AC potential V(r,t).  

Contact 1: µ1 Contact 2: µ2Junction: V(r,t)
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The energy-domain version of Schrödinger’s equation for the device in the 

absence of illumination is (Datta, 1992) 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
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Eq.  IX-1 

where G0R is the retarded Green’s function that represents the impulse response of 

Schrödinger’s equation. The subscript ‘0’ refers to the Green’s function for the un-

illuminated case. The wavefunction at any energy E can be obtained from G0R. Vs is 

the static potential in the device. The τφ is the scattering (phase-breaking) time in 

the contacts. 

The current in the device is obtained as 

( ) ( ) ( ) ( )21 1 12 2' ' , ' ' ',I e dE dE dr dr t E E f E t E E f E= −     
 

  

Eq.  IX-2 

where f1 and f2 are the Fermi-Dirac distributions in contact 1 and 2 respectively. 

The t21(E,E’) is the transmission from an input energy mode E’ in contact 1 to an 

output energy mode E in contact 2, and is given by 
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   

Eq.  IX-3 

The τavg is the time over which the current or the transmission is averaged to 

find the DC component. The above equations are analogous to Eq. VIII-12 with 1/τφ 

representing the broadening (Γ) due to the contacts and |GR|2 representing GG+. 

The un-illuminated case is obtained by replacing GR by G0R in Eq.  IX-3. 
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Eq.  IX-2 is different from the usual form for the transport equation that takes 

into account the exclusion principle by counting the filled states on one contact and 

the empty states on the other. The applicability of this equation for phase-coherent 

transport is explained by Landauer (Landauer, 1989) and the equation is explicitly 

derived by Datta (Datta, 1992). 

Under illumination, the Schrödinger equation is modified as (Datta, 1992), 

(Ferry, 2009, p.624) 

( ) ( ) ( ) ( ) ( ) ( )0 , , ; ', ' ' ' , , ; ', 'R RH r E G r E r E r r E E V r G r E r E
ω

δ δ ω ω= − − + −       
 

 
Eq.  IX-4 

where V(r,t) is represented by its Fourier transform components ΣV(r, ħω). This 

perturbation term added to the RHS is the strength of the broadening due to 

interaction with the field (Datta, 2005, p.259). This effect is included via a self-

energy similar to the one used for the contacts (Kienle, 2010). Under a first order 

Born approximation, the solution to the equation of motion given by the modified 

Schrödinger equation in Eq.  IX-4, is 
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 

  

Eq.  IX-5 

In the presence of illumination, the current is obtained by substituting GR in 

Eq.  IX-3 by the above expression. The GR can be computed numerically using the 

technique described in Chapter VII. However in the next section, I simplify the 

above equation such that the illuminated characteristics can be predicted by an 

analytical extension of the DC I(V). 
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B. Projecting illuminated characteristics from DC I(V) 

I propose two simplifications to the expression for GR given in Eq.  IX-5. The first 

is a uniform strength of interaction with the field over the device area (V(r, ħω) = 

V(ħω)). This is achieved by coupling an AC scalar potential through a gate electrode 

(Pedersen, 1998) or by applying the dipole approximation for a vector potential 

gauge (Eliasson, 2001, p.127). The dipole approximation requires that the 

wavelength of the EM field be much larger than the size of the device. This 

condition is easily satisfied for an MIM diode, and for small geometric diodes. A 

further complication in geometric diodes is the field non-uniformity due to the shape 

of the conductor. For this, a field strength averaged over the geometry would serve 

as an initial correction.    

The second approximation relates to the transport properties of electrons at 

energies separated by ħω. Here, I claim that the transport properties defined by GR 

do not differ significantly for two energy levels spaced apart by ħω. The GR for the 

two energies are similar if the photon energy is small compared to the energy of 

electrons. As the majority of conduction occurs due to electrons at the Fermi 

surface, the relevant energy for comparison is the Fermi energy (ħω<<Ef) measured 

with respect to the band edge. This assumption is similar to the nearly elastic 

scattering case considered by Datta (Datta, 2005, p.274). The ramifications of this 

approximation are discussed at the end of the chapter. 

Under these assumptions, Eq.  IX-5 is simplified to 
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Eq.  IX-6 

where the Green’s function in the integral is simplified under the assumption E ≈ E’ 

as  
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( ) ( ) ( )0 0 0, '; , ''; '', '; 'R R RG r r E G r r E G r r E=     
 

Eq.  IX-7 

The spatial integral on the RHS of Eq.  IX-6 leads to the volume of the devices 

region (vol.) as the r’’ dependence in the integrand has been removed. The Green’s 

function under illumination then becomes 
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Eq.  IX-8 

Substituting the above expression in Eq.  IX-3 

( )

( ) ( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

21

2

0 0

2 2
0

0 0

2

0

, '

, '; ' . , '; '

, '; '

, '; ' . , '; '

. , '; '

R R

R

cc

R R

R

t E E

G r r E E E vol V G r r E E E

G r r E E E

G r r E E E vol V G r r E E E cc

vol V G r r E E E

ω

ω

ω

δ ω δ ω

δ

δ ω δ ω

ω δ ω

∝

− + − −

= −

  + − − − +  
   

+ − −







   
 

 

   
 

 
 

 

Eq.  IX-9 

where cc denotes complex conjugate. The term inside the square bracket has a 

product of two delta-functions δ(E-E’)*δ(E-ħω-E’), which is always zero. Also, in the 

third term, the square of the summation over delta functions is equal to the 

summation of the squares as all cross terms with different ω are always zero due to 

the product of delta-functions δ(E-ħω1-E’)* δ(E-ħω2-E’). Therefore Eq.  IX-9 reduces 

to  
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Eq.  IX-10 

The second term in the above equation represents a first-order, low-photon-

energy correction to the Green’s function for the un-illuminated case. This leads to 

the expression for the illuminated current given by 
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Eq.  IX-11 

I now perform the integral with respect to E’ in Eq.  IX-11 using the sifting 

property of the delta function. Under the condition ħω<<Ef, I also approximate that 

τφ does not vary significantly from E to E+ħω. The validity of this is in-line with the 

approximation made for GR in that the interaction of an electron with the reservoirs 

is similar at two closely spaced energies.  With this simplification, the illuminated 

current is given by  
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Eq.  IX-12 

which can be simplified to 
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Eq.  IX-13 

The second term in the above equation that represents the additional current 

due to illumination can be written in terms of the un-illuminated (dark) current 

given by the first term. This is done by combining the ħω with the DC voltage 

applied between the two contacts (VD). Assuming that contact 2 is the ground, Eq. 

 IX-13 can be written in terms of the Fermi distribution f(E)=[1+exp((E-Ef)/kT)]-1 as 
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Eq.  IX-14 

This can be interpreted as 
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Eq.  IX-15 

C. Discussion 

Eq.  IX-15 allows an analytical evaluation of the illuminated characteristics from 

a dark I(V) curve, similar to the first order version of Eq. V-6 depicted graphically 

using a piece-wise linear dark I(V) curve in Figure V-9. Although the equation for 

an MIM diode was derived for a single-frequency illumination, its multi-spectral 

extension (neglecting the mixing terms) also consists of an integral on the 

contribution from different frequencies (Tucker, 1985). 

In analogy with the high-frequency operating mechanism described for an MIM 

diode in Figure V-2, Eq.  IX-15 indicates that the interaction of the electrons in the 

device region is equivalent to the modulation of electron energies in the contact. 

This simplified picture for the interaction emerges because the electronic transport 

properties are assumed to be constant in a narrow range of energies given by the 

additional photon energy (ħω) acquired by the electrons in the device region. The 

derivation presented in the previous section essentially transferred the electron 

interaction with the photon from the device region to the contacts.  
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The assumption of ħω<<Ef is the most significant consideration of the 

derivation. Earlier, I stated this condition without analyzing its physical 

significance. Transport properties, e.g. tunneling probability in an MIM diode, can 

be a strong function of energy as seen in Figure II-2(a). However, in the case of MIM 

diodes the photon-electron interaction does occur only in the contacts due to the 

absence of electrons in the insulator. This is the basis for the semiclassical theory 

described in Chapter V. In a mesoscopic junction like the geometric diode, the 

transmission is a weaker function of energy than in MIM diodes. Therefore, in 

narrow energy ranges, the assumption of constant transport behavior has greater 

validity. Ultimately, the effect of the added photon energy is relative to the existing 

electron-energy. If this energy is large, such that the transmission is highly likely, 

the change in transmission with additional photon energy will be small. A measure 

of interest for the existing electron energy is the Fermi energy and hence the 

condition ħω<<Ef. 

A final point of discussion concerns the material for the thin-film used in the 

device region. Eq.  IX-15 is applicable under the assumption that the photon energy 

(Eph) is small compared to the Fermi energy (Ef) . This depends on the value of the 

Ef. For metals, Ef is on the order of a few electron-volts so that the result holds even 

at far-to-mid-infrared. However, for graphene, the Ef is closer to zero, but can be 

varied by applying a gate-voltage or by doping. 
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CHAPTER X  

CONCLUSIONS & FUTURE WORK 

I have analyzed the roadblocks in achieving practically useful efficiencies in 

optical rectennas with MIM and geometric diodes as potential rectifiers. Efficient 

optical rectennas require diodes that are inherently fast, highly nonlinear and/or 

asymmetric and have the product of resistance and capacitance (RC) smaller than 

the inverse of frequency to be rectified. 

Below, I have grouped my conclusions into four sections based upon metal-

insulator diodes, circuit model and design of rectennas, semiclassical analysis of 

MIM diodes, and geometric diodes. This is followed by suggestions for future work. 

A. Metal-insulator diodes 

The transport in MIM diodes is femtosecond-fast but the single-insulator low-

resistance diodes are not sufficiently nonlinear. Well engineered multi-insulator 

diodes can have improved current-voltage I(V) characteristics satisfying both these 

requirements. Two mechanisms for improved MIIM diodes, resonant tunneling and 

abrupt change in tunneling through a step barrier, are examined through 

simulation. Either of these mechanisms can be made to dominate by the 

appropriate choice of insulators and variation of barrier thicknesses.  

 

Single-insulator diodes were fabricated using sputter deposition and their 

characteristics were consistent with the simulated I(V) curves. Successful 

demonstration of simulated characteristics of metal-insulator diodes is dependent 

on the thermodynamic stability of the material interfaces. An initial attempt to 
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quantify the stability was carried out using a demonstrational web-software and 

also via book values for thermodynamic quantities used in a Gibb’s free energy 

analysis.  

B. Rectenna circuit and design 

I have analyzed the requirements imposed by the operating frequency on the 

circuit parameters of the rectenna. Independent of the antenna impedance, diodes 

with low resistance and capacitance are required for the RC time constant of the 

rectenna to be smaller than the reciprocal of the operating frequency. This ensures 

adequate bandwidth and efficient coupling between the antenna and the diode.  

Existing MIM diodes fail to meet these requirements for visible-to-near-infrared 

operation. Infrared detectors with reduced efficiency due to the high RC of MIM 

diodes may still be practical. However, the impact of RC on the power conversion 

efficiency of solar cells is less forgiving.  

I have considered two approaches for improving the efficiency of rectennas. The 

more radical approach is to use the planar geometric diode, which unlike MIM 

diodes does not have a parallel-plate structure and thereby has a smaller RC time 

constant. The less radical approach uses MIM diodes in a traveling-wave structure 

to obtain a distributed rectifier that removes the RC limitation on bandwidth. 

At infrared wavelengths, the traveling-wave detector was shown to have 

improved responsivity and bandwidth. I derived a formula for calculating the 

responsivity of the traveling-wave detector, which improves with increased diode 

responsivity and reduced resistance per unit area. A multi-insulator diode can be 

designed to meet these requirements. The responsivity of the traveling-wave 

detector is comparable to the lumped-element detector at 10 μm, but is much higher 

at shorter wavelengths with scope for further improvement. Both the impedance 
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and the responsivity of the traveling-wave detector allow the detection bandwidth to 

extend over several microns in the MWIR and the LWIR ranges. Its efficiency is 

limited by the resistive losses in the waveguide-metals. 

C. Semiclassical analysis of MIM diodes 

I have modeled the I(V) characteristics of MIM diodes illuminated at optical 

frequencies using a semiclassical approach that accounts for the photon energy of 

the radiation. Instead of classical small-signal rectification, in which a continuous 

span of the DC I(V) curve is sampled during rectification, at optical frequencies the 

radiation samples the DC I(V) curve at discrete voltage steps separated by the 

photon energy (divided by the electronic charge). As a result, the diode resistance 

and responsivity differ from their classical values. At optical frequencies, a diode 

even with a moderate forward-to-reverse current asymmetry exhibits high quantum 

efficiency. 

The power efficiency in an optical rectifier with a non-ideal diode improves with 

a stronger AC signal. For solar radiation, the maximum illumination area that can 

be tapped by one rectenna element corresponds to a coherence area of 283 μm2. This 

limits the strength of the AC voltage at the diode. The AC voltage can be increased 

by making the diode smaller, effectively, increasing the field strength for the same 

input power. With the AC signal signal strength larger than the photon energy 

divided by electron charge, the first-order assumption breaks down and higher 

order terms need to be considered. 

The maximum rectification efficiency allowed by the small-signal classical and 

the first-order semiclassical models is 50%. On the other hand, while the small-

signal circuit model gives 50% efficient rectennas, the large-signal classical circuit 

model allows efficiencies close to 100%.  
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D. Geometric diodes 

Asymmetrically patterned thin films were investigated with the objective of 

obtaining low capacitance and low resistance diodes for optical rectennas. As 

theorized, asymmetric constrictions on the length-scale of the mean free path length 

of charge carriers were found to have asymmetric I(V) characteristics. Geometric 

diodes fabricated using graphene yielded characteristics that are consistent with 

Drude-model and quantum simulations. Finer lithography is expected to further 

improve the device responsivity and provide reduced capacitance. 

Quantum simulations based on the non-equilibrium Green’s function and the 

Poisson equation were carried out. These simulations use a tight-binding 

Hamiltonian and solve for the charge and potential self-consistently. Although 

these simulations are performed device geometries that are much smaller than 

fabricated structures, the trends in simulated characteristics are consistent with 

the experimental curves. 

A generalized semiclassical analysis was carried out for predicting the optical 

response of geometric diodes. Several assumptions were made to simplify the 

intermediate equations to a meaningful expression. For photon energies low 

compared to the Fermi energy measured from the band edge, the response turns out 

to be similar to that for MIM diodes.  

E. Future work 

The double insulator tunnel diodes that I have simulated are only 

demonstrative and do not represent optimized diodes. Exploring the optimization 

space consisting of the barrier heights, insulator thicknesses, and dielectric 

constants may lead to diodes with higher nonlinearity and lower resistance. An 

unexplored possibility for achieving a lower RC is to modify the multi-insulator 
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tunnel diode with a low-barrier low-dielectric-constant insulator. Doing so may 

decrease the capacitance without affecting the resistance significantly. From a 

survey of different dielectrics, there appears to be an inverse relationship between 

the barrier height and dielectric constant. Therefore, implementing this approach 

requires a deeper study to find the appropriate combination of metals and 

insulators.  

The tunnel diode simulations were carried out using a transfer-matrix method 

to calculate the probability of electron tunneling. A possible improvement in 

simulating the MIIM diode is to consider the occupation of the resonant well. A 

better estimate for the effective mass, measured or extracted from curve-fitting, is 

also desirable. 

The assumption of single frequency illumination was implicit in the small-

signal circuit analysis as well as the semiclassical analysis for the MIM diode. In 

applications such as infrared detectors and solar cells, the radiation is expected to 

be broadband. For the rectenna, not only does this imply that the antenna should be 

broadband but also requires the diode to rectify each frequency optimally. If and 

how this is possible requires consideration both from the perspective of circuit 

analysis and photon-assisted transport. 

The correspondence between the large-signal circuit and semiclassical models 

needs to be analyzed in order to understand whether optical rectennas can operate 

at efficiencies higher than 50%. This may require including the higher-order terms 

in the semiclassical analysis. 

For the geometric diode, so far, only sub-10 nm geometries have been simulated 

quantum mechanically. This is largely due to the computationally intensive tight-

binding model that is used to define the device Hamiltonian. A simpler approach, 

e.g., an effective mass model, may allow larger geometries to be simulated quantum 

mechanically at reduced computational cost. Further, only charge and potential 
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have been accounted self-consistently in the simulations. Scattering phenomenon 

including interaction with photons and phonons can be added onto the basic 

framework of the simulator. 

In the theory developed for the semiclassical analysis of geometric diodes, a 

significant approximation was the unchanged transport properties of an electron 

before and after the absorption of an energy quantum equal to the photon energy. I 

have provided qualitative implications of this assumption. It would be worthwhile 

to quantify the error incurred and also to analyze the applicability of the derived 

expression outside the constraints of the assumption. 
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APPENDIX - A 

METAL/INSULATOR/METAL FIELD EFFECT TRANSISTOR 

A. Introduction 

As described in Chapter I, the metal/insulator/metal (MIM) diode consists of a 

nanometer-thin insulator sandwiched between two metal electrodes. Current flow 

between the two metal electrodes occurs via the tunneling of electrons across the 

insulator. The current depends exponentially on the distance of tunneling leading to 

the nonlinear dependence of current on diode voltage. Another method for changing 

the distance of tunneling, proposed by Fujimaru (Fujimaru, 1996), is via a gate 

voltage (VG) that modifies the band profile of the MIM diode as shown in Figure A-. 

 
Figure A-1 Energy band diagram of the tunnel diode influenced 
by a gate voltage. 

A positive gate bias causes the insulator band profile to bend downwards, which 

decreases the effective distance for Fowler Nordheim (FN) tunneling of electrons. A 

change in the band potential by fractions of a volt can result in a large change in the 

tunnel current. A structural schematic for such a device, referred to as the MIM 

field effect transistor (MIMFET), is shown in Figure A-2.  
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Figure A-2 Structural schematic for a metal-insulator-metal 
field effect transistor 

In this appendix, I give the first demonstration of consistent simulated and 

experimental characteristics of a MIMFET. I also verify the operation of the 

MIMFET upto 100 kHz. Finally, I estimate its performance capability related to the 

maximum frequency of operation and the transistor gain achievable.  

B. Background 

Fujimaru et al. (Fujimaru, 1996) suggested the modification of a Schottky 

barrier tunnel transistor (Jang, 2003) using an MIM diode. The basic requirement 

in such a transistor is to have a high-barrier gate insulator for negligible gate 

leakage, and a low-barrier tunnel insulator chosen to have an adequate drive 

current and a low thermionic-leakage. Effective coupling of the gate voltage into the 

tunnel insulator (Shaker, 2003) requires that the ratio of dielectric constants εg/εt be 

high and the thickness of the gate oxide be small.  

Previous attempts at fabricating the MIMFET were based on two approaches: 

(i) anodic oxidation of a metallic strip (titanium) using an AFM tip in the presence 

of moisture to produce the tunnel junction (Snow, 1998), and (ii) sidewall oxidation 

of a metal strip followed by a second metal deposition (Fukushima, 1999). The AFM 

method is limited in scalability by the size of the tip, yielding a 40 nm wide 

Ti/TiOx/Ti tunnel junction for which results were reported only at 77 K. The second 

fabrication method uses the same Ti-based barrier with a 30 nm wide tunnel 
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insulator. Even for relatively low current densities, both these devices required high 

VDS.  

Desirable performance of MIMFETs has not been achieved in any of the 

previously reported results. In some of these works (Snow, 1998), (Fujimaru, 1999), 

field effect measurements are only reported for low temperatures. Extremely low 

current and a large gate-voltage that causes only a small change in tunnel current 

also limit the applicability of these devices. Moreover, simulations (Snow, 1998) 

predict large source-drain currents, which are far from the measured values. Two 

possible explanations for the inconsistency between the simulated and experimental 

results are, (i) the simulations are on a structure largely different from the 

fabricated device, (ii) tunneling is not the dominant conduction mechanism due to 

the large (> 10 nm) thickness of the tunnel insulator.   

In lieu of these observations, I aim for a sub-10 nm thickness of the tunnel 

barrier expecting tunneling to be the dominant conduction mechanism. I also use 

Al2O3 as the gate oxide since it has a higher dielectric constant than SiO2, which 

leads to better coupling between the gate and the tunnel dielectric.  

C. Device design and fabrication 

As shown in Figure A-2, the targeted MIMFET geometry has the source, drain, 

and gate electrodes separated by the tunnel and gate insulators on a sub-10 nm 

scale. Previous fabrication methods are limited in the choice and design of the 

tunnel-insulator. Also, in both those methods, surface conduction paths can possibly 

connect the source and the drain. I describe two alternative techniques for 

fabricating the MIMFETs. These methods differ in the orientation of the MIM 

tunnel diode and the gate electrode. I classify them as having a horizontal or a 

vertical gate. As discussed later, the horizontal-gate MIMFET avoids surface 
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The device is fabricated on an oxidized silicon wafer using the following 

sequence of steps: 
i. Pattern and deposit contact pads (Cr/Au) using metal 

evaporation and lift-off. 

ii. Pattern and deposit gate metal electrode (Al) using evaporation 
and lift-off.  

iii. Oxidize the gate metal to produce the gate oxide (Al2O3) using 
plasma oxidation done in the sputter deposition chamber. 

iv. Conformally deposit source metal (NbN) by sputtering Nb in 
presence of nitrogen.  

v. Conformally deposit SiO2 using PECVD or sputtering. The SiO2 
serves as a spacer layer. 

vi. Pattern and deposit a Cr mask using lift-off. This serves as an 
etch mask for the source. 

vii. Etch the SiO2 using reactive ion etching (RIE) in CHF3+Ar 
plasma with endpoint detection. 

viii. Etch the source metal using RIE using a mixture of CF4 and O2. 

ix. Sputter deposit tunnel-insulator(s) and drain metal. 

x. Pattern and etch drain metal and tunnel-insulator(s) in CF4 
and O2 plasma, to obtain a narrow strip of materials 
overlapping with the patterned source metal.  

xi. Pattern and deposit metal (Cr/Au) to contact to the drain 
electrode. 

A TEM cross-section of the fabricated device, along with a schematic cross-

section and the top-view microscope image is shown in Figure A-5. The fabricated 

device resembles the intended structure, except for the undercut and the sloped 

sidewall of the SiO2 region. The undercut can be reduced by decreasing the height of 

the NbN source region. The sloped SiO2 sidewall does not affect the performance of 

the MIMFET.  
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due to the dielectric profile of the triple-insulator where the low-ε insulators 

sandwich a high-ε insulator. 
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Figure A-8 Absolute potential in single- and triple-insulator for 
comparing the change in potential on applying a gate voltage. 

With this arrangement, continuity of the electric displacement vector implies 

that most of the potential drop from the drain to the source occurs in the outer 

insulators. This causes a larger change in potential. The tunnel-current has a 

nonlinear dependence on the change in potential in the tunnel-insulator. Thus for 

the same change in gate voltage, a stronger gate effect is obtained by using a low-

high-low dielectric profile.  

Another design consideration is the barrier height of the insulators in the 

tunnel barrier. Here I again consider a single- and a triple-barrier as shown in 

Figure A-9.  
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insulators was attempted. However, as explained later, the process variability did 

not allow conclusive results. 

D. Electrical characterization  

A two step DC characterization of the MIMFET is carried out to ascertain if an 

MIM diode exists and to see if the gate has any effect on the diode current. The 

measurements are made using the HP4145B parameter analyzer. The devices that 

showed desirable behavior at DC were also tested with an AC gate voltage to ensure 

that the gate-effect was due to the modulation of the tunnel current and not due to 

slow moving interface charges. For the horizontal MIMFET, the results reported are 

for the triple-insulator device with the largest gate effect. All measurements are 

done at room temperature. 

1. Characteristics and failure mechanism for vertical gate 
MIMFET 

While describing the fabrication of the vertical MIMFET, I have alluded to the 

structural impossibility of a gate effect due to the undercut from the RIE. Despite 

this, a change in the drain-source current occurred on varying the gate voltage as 

shown in Figure A-20. 

As seen in the figure, the IDS vs. VG curves are sensitive to the direction in 

which the gate-voltage is scanned. Moreover, the current increases significantly 

above a threshold gate voltage, which is not expected from a MIMFET.  
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experimental device at VG = 0 V. As shown in Figure A-97(b), the shape of the 

simulated curve is similar to the experimental one. I also show one of the previously 

reported (Fukushima, 1999) result for comparison. 

This is the first demonstration of consistency between simulated and 

experimental characteristics of the MIMFET. Our simulated characteristics for the 

MIMFET are quite different from those simulated earlier (Shaker, 2003). Contrary 

to the previous report, the MIMFET does not show any saturation of IDS at large VG. 

2. Simulation of improved structures 

With experimental constraints in mind, I investigate possible improvements in 

the basic structure of the MIMFET. In Figure A-108, I compare three structures 

described below: 

i. The first one (original) is the same as Figure A-97(a) and is 

repeated here for reference.  

ii. The second structure is a modified version of the original one, 

obtained by removing the extra 5 nm insulator layer between the 

gate and the drain. This brings the tunnel junction closer to the 

gate electrode. It requires an extra RIE step to be performed before 

the deposition of the drain metal.  

iii. In the third device, the dielectric constant of the gate insulator is 

increased from 10 to 28. This is possible by using a high-K 

dielectric like HfO2.  

In the IDS-VG curve shown in Figure A-108, the structural improvements lead to 

a substantial increase in the transconductance of the device (from 1 nS to 0.63 μS). 

Also, a drive current of 1μA/μm is achieved at a low VDS. 
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Figure A-19 Circuit model used in the frequency response 
simulation. 

The diode is modeled by a gate controlled current source and a resistance in 

parallel. The parameters for these components are calculated from the measured 

characteristics. By simulating the frequency response of this circuit in SPICE, I 

determine the unity current-gain frequency (fc). At fc the modulated current in the 

drain-source diode becomes equal to the capacitive current flowing through the gate 

electrode. In Figure A-110, I show the results from three SPICE simulations with 

the parameters described below: 

i. The first curve, with the lowest falloff frequency corresponds to the 

experimental result shown in Figure A-53. Apart from the 

transconductance (gm = 1 nS/μm), a gate-source capacitance (CGS) 

value of 33 fF/μm is measured. 

ii. The second curve corresponds to the simulated device shown in 

Figure A-108 that has a modified structure and a high-K gate 

oxide. This device has an improved transconductance of 0.63 

μS/μm. The CGS in this simulation is reduced to 2.2 fF/μm, 

assuming that an extremely small gate width of 15 nm can be 

patterned using nanolithography. 
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iii. In the third simulation, I assume a transconductance of 1 mS/μm 

along with the reduced capacitance. The increased 

transconductance is achievable by designing a resonant tunnel 

diode as described in section C.3 or by applying a larger drain-

source voltage. However, at large VDS, the breakdown of the tunnel 

insulator may be problematic. 
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Figure A-110 Frequency response of gate modulated drain-
source current. The ordinate equal to 0.5 gives the unity 
current-gain frequency estimate around 10 kHz, 100 MHz, and 
100 GHz for the three curves. 

Even though our experimental device is limited in its frequency of operation, 

there is substantial room for improvement in performance as see in Figure A-110. A 

modified structure along with an increased dielectric constant and a reduced 

capacitance lead to a unity current-gain frequency approaching 100 MHz. With 

further improvements in the MIM diode, a 100 GHz transistor is possible. 

F. Conclusions and suggestions for future work 

I have made the first demonstration of a metal/insulator/metal field effect 

transistor that has characteristics consistent with simulations. The horizontal-gate 

MIMFET has diode-like characteristics with the differential resistance decreasing 
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as the gate voltage is increased. The transconductance of this device, at zero gate 

voltage, is higher than previously reported. The device has also been demonstrated 

to work when an AC signal is applied on the gate. This verifies that the gate is 

controlling the tunnel barrier, and confirms the absence of slow moving charges in 

the insulators or along surfaces. 

The fabrication method for the horizontal MIMFET is improved compared to the 

previous fabrication techniques as it allows significantly smaller tunnel-insulator 

widths. This allows the MIM diode to have high-current density at low voltages. The 

nanoscale junction in the MIM diode is made without using nanolithography. The 

key to this process is the deposition of the tunnel-insulator on the sidewall of the 

metal, where the width of the insulator is governed by the thickness of deposited 

material instead of lithography. 

A drawback of the sidewall deposition method is the non-uniformity in electrical 

characteristics across the wafer. Due to the limited size of the sputtering source, the 

thickness and the angle of deposition vary at different locations on the wafer. 

Electrical properties of the MIMFET are extremely sensitive to variations in 

thickness of the tunnel insulator, which may occur due to the insulator deposition 

step or the reactive ion etching. The variation makes it extremely difficult to 

compare devices on different wafers. It also led to a null result for a number of 

fabrication experiments, including the comparison of the triple-insulator MIMFET 

with the single-insulator device. 

The key requirement here is to develop a device that is less sensitive to 

unintended variations in fabrication, but allows the design to be reliably tweaked. 

Unlike MOSFETs, MIMFET fabrication is not based on a self-aligned process, 

which makes it difficult to align an extremely small gate with the sub-10 nm tunnel 

diode. Thus, a self-aligned approach is the key to have a narrow gate, which will 
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make the parasitic capacitance low. Finally, low barrier-height tunnel diodes need 

to be investigated for increasing the drive current of the MIMFET.  

Apart from verifying experimental results, the device simulations have served 

as a tool to evaluate improved designs for the MIMFET. Results for some of these 

projected improvements indicate that minor changes in structure can lead to a 

substantial improvement in performance. Based on these changes, a MIMFET with 

a transconductance of 0.63 μS is achievable. 

In light of the performance estimates, the MIMFET is a potential candidate for 

a thin-film transistor for analog signal processing. For digital applications, power 

dissipation may be a limiting factor as the Ion/Ioff ratio is only around 104 as seen in 

Figure A-108. Another consideration is to have a thin-film technology that can 

operate at high frequency. The cutoff for the experimental device is low. However, 

in light of the suggested improvements, cutoff frequency in gigahertz is feasible.  
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