
Solid-State Electronics 67 (2012) 94–99
Contents lists available at SciVerse ScienceDirect

Solid-State Electronics

journal homepage: www.elsevier .com/locate /sse
Engineering the current–voltage characteristics of metal–insulator–metal
diodes using double-insulator tunnel barriers

Sachit Grover ⇑, Garret Moddel
Department of Electrical, Computer, and Energy Engineering, University of Colorado, Boulder, CO 80309-0425, United States

a r t i c l e i n f o
Article history:
Received 20 May 2011
Accepted 17 September 2011
Available online 10 October 2011

The review of this paper was arranged by
Dr. Y. Kuk

Keywords:
MIM diode
Electron tunneling
Transfer-matrix method
MOM diode
0038-1101/$ - see front matter Published by Elsevier
doi:10.1016/j.sse.2011.09.004

⇑ Corresponding author. Present address: Silicon M
Renewable Energy Laboratory, Golden, CO 80401, Un

E-mail address: sachitgrover@ieee.org (S. Grover).
a b s t r a c t

The femtosecond-fast transport in metal–insulator–metal (MIM) tunnel diodes makes them attractive
for applications such as ultra-high frequency rectenna detectors and solar cells, and mixers. These
applications impose severe requirements on the diode current–voltage I(V) characteristics. For exam-
ple, rectennas operating at terahertz or higher frequencies require diodes to have low resistance and
adequate nonlinearity. To analyze and design MIM diodes with the desired characteristics, we devel-
oped a simulator based on the transfer-matrix method, and verified its accuracy by comparing simu-
lated I(V) characteristics with those measured in MIM diodes that we fabricated by sputtering, and
also with simulations based on the quantum transmitting boundary method. Single-insulator low-
resistance diodes are not sufficiently nonlinear for efficient rectennas. Multi-insulator diodes can be
engineered to provide both low resistance and substantial nonlinearity. The improved performance
of multi-insulator diodes can result from either resonant tunneling or a step change in tunneling dis-
tance with voltage, either of which can be made to dominate by the appropriate choice of insulators
and barrier thicknesses. The stability of the interfaces in the MIIM diodes is confirmed through a ther-
modynamic analysis.

Published by Elsevier Ltd.
1. Introduction

Metal–insulator electronics [1,2] include not just diodes [3] but
a whole suite of components including varactors [4], bipolar [5]
and field-effect [6] transistors, and plasmonic waveguides [7,8].
At the core of each device is a metal/insulator/metal (MIM) tunnel
diode. A key application for these diodes is in the detection and
mixing of radiation in millimeter wave [9] and sub-millimeter
wave bands [10,11]. Active research on MIM diodes is directed to-
wards their use in rectifying antenna-coupled diodes (rectennas)
for infrared detection [7,12,13] and photovoltaic energy conversion
[14–16]. These high-frequency applications require diodes with
low resistance and capacitance to facilitate efficient coupling to
antennas [17]. Even though MIM diodes have been around for
more than five decades, their applicability in rectennas at
near-infrared to visible wavelengths is still a challenge [18].

An MIM diode consists of two metal electrodes that are
spaced apart by several nanometers of insulator or a stack of
insulators. Conduction of charge carriers through the insulator
occurs via the femtosecond-fast mechanism of quantum tunnel-
ing [19,20]. Tunneling leads to nonlinear current–voltage I(V)
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characteristics that depend on the shape of the barrier [21].
Based on the application, a diode with a high forward-to-reverse
current ratio (asymmetry) or a sharp turn-on (nonlinearity) may
be required. Low-resistance single-insulator MIM diodes fail to
achieve these characteristics, but they can be improved upon
with the incorporation of multi-insulator barriers [3,22,23]. He-
gyi et al. [24] have conducted a simulation based investigation
of parameters for an optimized double-insulator (MIIM) diode.
However, their implementation fails to capture the effect of res-
onant tunneling [3], which can significantly alter the diode
behavior. In another MIIM configuration [25], an abrupt change
in tunnel distance with increasing bias voltage leads to a high
forward-to-reverse current ratio. We develop an in-depth under-
standing of these effects and use them to design experimentally-
feasible MIIM diodes with improved characteristics for high fre-
quency rectennas.

In Section 2 we describe our simulation methodology and com-
pare the I(V) characteristics of MIM diodes obtained from simula-
tion and measurement. In Section 3, we explain the requirements
for an efficient rectifier and point out the limitations of single-insu-
lator diodes. In Section 4, we investigate the mechanisms by which
double-insulators diodes can achieve better characteristics than
single-insulator diodes. Based on these mechanisms, we design
experimentally feasible MIIM diodes and compare their simulated
characteristics with those of an MIM diode.
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mailto:sachitgrover@ieee.org
http://dx.doi.org/10.1016/j.sse.2011.09.004
http://www.sciencedirect.com/science/journal/00381101
http://www.elsevier.com/locate/sse


Fig. 2. Log-scale plot of the transmission probability T(Ex) vs. the x-directed energy
of the electron (Ex) obtained from the transfer matrix (TMM) (solid), the WKB
(dashes), and the quantum transmitting boundary (QTBM) (dots) methods. The
TMM and the QTBM give identical values for T(Ex), while the WKB approximation
overestimates the transmission probability.
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2. Tunnel current simulator

2.1. Simulation methodology

The shape of the tunnel barrier is determined by the work func-
tion 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 [2].
The resulting barrier shape is used to calculate the electron trans-
mission probability which, along with the Fermi distribution of
electrons in the metals, provides the tunnel current. Consider the
barrier shown in Fig. 1. An electron with total energy E, has an x-
directed component of energy Ex and a transmission probability
T(Ex). Assuming an isotropic distribution of electron velocities in
the metal electrodes, the formula for the tunnel current as a func-
tion of diode voltage (VD) is given by [26,27]

JðVDÞ ¼ JL!R � JR!L

¼ 4pm0e

h3

Z 1

0
TðExÞdEx

Z 1

Ex

ffLðEÞ � fRðEþ eVDÞgdE ð1Þ

where the Fermi–Dirac distribution functions in the left (fL) and the
right (fR) metal electrodes are

fLðEÞ ¼
1

1þ exp E�EFL
kT

� � ; f RðEþ eVDÞ ¼
1

1þ exp E�ðEFL�eVDÞ
kT

� � ð2Þ

The transmission probability is calculated from the plane-wave
solution for the Schrödinger equation obtained using the
transfer-matrix method (TMM) [28] and the quantum transmitting
boundary method (QTBM) [29]. Both methods give identical re-
sults, as shown in Fig. 2. In comparison, the WKB approximation
gives a much higher T(Ex) thereby overestimating the tunnel cur-
rent. Therefore, analytical I(V) formulae based on the WKB method
[2,26,30] are not suitable for calculating the tunnel current in low-
barrier diodes.

A more rigorous simulation technique is the Green’s function
method [31], which is computationally intensive. We use the
TMM for its ease of implementation. Also, the TMM uses a conduc-
tion band approximation to calculate the barrier for tunneling,
Fig. 1. Energy-band diagram for an asymmetric ð/L–/RÞ tunnel barrier. Here, ui is
the electron affinity of the insulator, w is the metal work function, and VD is the
voltage applied across the diode. The Fermi level of the left metal electrode (EFL) is
held fixed while that of the right electrode varies with the applied voltage. The
rectangular barrier is modified by the image-force barrier lowering to give the
effective barrier profile (dashed).
which provides a visual aid for the design of tunnel diodes. In
implementing the TMM we ensure its numerical stability and
avoid round-off errors by combining the wavefunction boundary
conditions for all the discrete element given by individual 2 � 2
matrices into a combined block-diagonal matrix [32].

We assume a perfect insulator for a solely tunneling-based anal-
ysis of the I(V) characteristics. In an experimental diode, conduction
through defects, surface states, and charge build-up at the inter-
faces can affect the current. Thicker diodes with bulk-limited
conduction [27] may have non-tunneling electron transport mech-
anisms that contribute to the total current, but for the thin diodes of
interest the pure tunneling analysis provides accurate simulations,
as verified below.

2.2. Comparison with experiment

Simulated and experimental characteristics of two asymmetric
MIM diodes are compared in Fig. 3. The diodes are made from sput-
tered insulator and metal layers and the dimensions shown are the
targeted thickness of the insulators based on the deposition
conditions and time. The parameters for the materials, used in
Fig. 3. Comparison of simulated and experimental I(V) characteristics for two MIM
diodes. The simulated curves obtained from the transfer matrix method are in close
agreement with experimental characteristics. The insulator widths used in the
diode simulations are as targeted during deposition.



Table 1
Material parameters for metals and insulators used in the simulations.

Metal Work function (eV) Insulator Electron affinity (eV) Dielectric constant

Nb [40] 4.33 Nb2O5 [40] 4.23 25
NbN [40] 4.7 Ta2O5 [40] 3.83 20
W [41] 4.55

Fig. 4. (a) Responsivity and (b) resistance vs. barrier asymmetry for single-insulator
diodes at zero bias. The diode thickness and the left barrier height (uL) are varied
while the right barrier height (uL) is kept fixed at 0.1 eV. The responsivity increases
with increase in asymmetry but saturates for high uL � uR. For the same
asymmetry, the responsivity is larger for thicker diodes. Increasing asymmetry
and increasing thickness both lead to larger resistance.
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the simulation, are given in Table 1. The simulated I(V) curves are
in good agreement with the measured characteristics.

In the absence of an experimental estimate, the effective mass
of the electron in the insulator (me) is assumed to be equal to the
rest mass (m0) [33]. Unlike crystalline semiconductors, for which
me can be obtained from the band structure [34], the amorphous
insulators under consideration require a direct experimental mea-
surement to determine the effective mass [35].

2.3. Simulating multi-insulator diodes

In a multi-insulator diode, the dielectric constants of the insula-
tors play an important role in determining the voltage drop across
each insulator layer. To determine the energy-band profile at a cer-
tain bias (Vbias), we apply the condition for continuity of the electric
displacement vector at each insulator interface and obtain the volt-
age drop across each layer

DVj ¼ ðVbias � VbiÞ
xj=ejP

xj=ej
ð3Þ

where xj and ej represent the thickness and dielectric constant,
respectively, of the jth layer, and Vbi( = wL � wR) is the built-in
potential.

In a multi-insulator diode, the effect of the image force is calcu-
lated as

VimageðxÞ ¼ �
e2

16pe0

1R x
0 eðx0Þdx0

þ 1R L
x eðx0Þdx0

 !
ð4Þ

where L ¼
PK

1 xj 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.

3. Shortcomings of single-insulator (MIM) diode

Eliasson [3] has extensively analyzed the possible variations of a
single-insulator MIM diode. In a rectenna, a low resistance diode is
necessary for efficient coupling to the antenna [18], and is achieved
by keeping the barrier heights low. A high responsivity is required
for efficient square-law (small-signal) rectification [17]. The
responsivity is a measure of the diode nonlinearity and is defined
at the operating voltage of interest as b = I00/(2I0) [17]. It is the DC
current generated in the diode per unit of incident AC power.
The I(V) characteristics of the diode depend on the shape of the
tunnel barrier, which is determined by the metals and insulators
used to form the diode. To optimize the diode resistance and
responsivity, the variable parameters are the barrier heights uL,
uR and the insulator thickness.

Here we analyze these characteristics of several diodes. To
make the comparison of multiple diode having different variation
of resistance and responsivity with voltage tractable, we carry
out the analysis at zero bias. In the comparison of MIM and MIIM
diodes given in the next section it will become evident that MIIM
diodes are superior even at a non-zero bias. At zero bias, the
responsivity is determined by the degree of asymmetry in the tun-
nel barrier heights, which results in the asymmetry in the I(V)
curves. In Fig. 4a and b, we plot the responsivity and resistance
vs. the difference in barrier height on the left (uL) and the right
(uR). Experimentally, this can be achieved by changing the metal
on the left while keeping the insulator and the metal on the right
fixed. As seen in Fig. 4a, only a small improvement in responsivity
is obtained by increasing the barrier asymmetry for thin barriers
but a substantial change for thicker barriers. However, the respon-
sivity saturates at large asymmetry. For a fixed asymmetry, the
responsivity is higher for thicker barriers, as shown in Fig. 4b. As
the responsivity increases with increasing asymmetry or increas-
ing thickness, so does the resistance. In a rectenna, this negates
the improvement in responsivity as the impedance match between
the antenna and the diode becomes worse [18].
4. Double-insulator (MIIM) configurations

To obtain a high responsivity and low resistance diode, one can
design an MIIM barrier with resonant tunneling [3,36]. Alterna-
tively, an MIIM configuration can be designed to have a step-change
in tunneling distance with voltage [25]. Both these mechanisms can
occur in the same diode, with the overall asymmetry of the I(V)
curve regulated by the one that dominates. We examine these ef-
fects through the simulation of two double-insulator tunnel diodes.

Consider two MIIM diodes that have the same materials but dif-
ferent 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 are listed in Table 1. This
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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 Fig. 5. A quantum well is formed in
both MIIM diodes under positive bias (a) and (b). However, only in
the MIIM1 is the quantum well wide enough to have a resonant en-
ergy level. On the other hand, under negative bias (c) and (d), only
the step barrier-profile in MIIM2 leads to an abrupt change in the
tunneling distance for the electrons near the Fermi level on the
right metal-electrode.

The transmission probability for the four barrier profiles of
Fig. 5 is shown in Fig. 6. The Fermi level at the left metal electrode
is fixed at 10 eV. For low electron energies, the transmission prob-
ability T(Ex) for the step (MIIM2) diode, represented by curves (b)
and (d), is higher than for the resonant (MIIM1) diode, represented
by (a) and (c). With increasing Ex, the transmission probability for
Fig. 5. Energy-band profiles for the resonant and step MIIM diodes. Forward and
reverse bias profiles are shown respectively in (a) and (c) for the resonant, and in (b)
and (d) for the step diode. The dotted lines show the profiles with barrier lowering.
The diode parameters are given in Table 1. The thickness of the Nb2O5 layer is the
only difference between the two diodes.

Fig. 6. Electron transmission probabilities for the resonant and step MIIM diodes of
Fig. 5. The diode parameters are given in Table 1. A sharp resonance peak is
observed in the resonant diode under forward bias due to the formation of a
quantum well.
the resonant diode at positive bias rises sharply near the resonant
tunneling peak. Despite the barrier’s larger thickness, the reso-
nance peak rises higher than (b). The negative bias transmission
probability in the resonant diode, (c), remains lower than in the
step diode, (d), for most of the energy range that contributes to
the net electron current (10 < Ex < 10.4 eV). As Ex rises above the
highest potential on the low-barrier insulator, the transmission
probability exhibits oscillatory behavior for all four cases. In this
energy range, the electrons tunnel through the high-barrier while
the interference of the wavefunction in the low-barrier causes
oscillations. These oscillations modify the probability of tunneling
through the higher barrier to give the net transmission probability.

The I(V) characteristics for the resonant and step diodes are
shown in Fig. 7a. In the step diode, the tunneling distance for an
electron under negative bias is small and hence the direct tunnel-
ing gives a large current. For the resonant diode, the resonant
tunneling results in a larger current under positive bias, where
the Fermi level for the metal at the left approximately matches
Fig. 7. (a) Current density vs. voltage for the MIIM diodes shown in Fig. 5, and a
comparable asymmetric-MIM diode. The step MIIM diode has higher current
magnitude under negative bias due to the direct tunneling of electrons across the
high-barrier. The resonant MIIM diode has the opposite asymmetry in its I(V)
characteristic, due to the formation of resonant quantum well under positive bias.
Comparing these with an asymmetric MIM diode we see that both the MIIM diodes
have a smaller resistance (b) and larger nonlinearity (c) in their preferred direction
of conduction.
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the energy of the resonant well, than the direct tunneling under
negative bias. Thus a sharper rise in current is seen under negative
bias in the step diode and under positive bias in the resonant diode.

In Fig. 7a, we also compare the MIIM diodes to an asymmetric-
MIM diode with barrier heights corresponding to a W–Nb2O5 inter-
face on the left and a Ta2O5–W interface on the right and an insulator
thickness of 2 nm. The asymmetric-MIM diode is effectively 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 Fig. 7b and c where, under negative bias, the sharp increase in cur-
rent 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 corresponds to the higher
magnitude of responsivity. Thus, the mechanisms that increase the
nonlinearity result in MIIM diodes with higher responsivity and
lower differential resistance than an equivalent MIM diode of
comparable current density.

The above example shows that just changing the thickness of an
insulator in an MIIM diode can lead to different asymmetry and
nonlinearity. It does not suggest which of the mechanisms for
achieving larger nonlinearity is preferable. We have analyzed sev-
eral 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 [37].
5. Thermodynamic stability

Sub-micron scale lithography and advanced deposition tech-
niques have enabled the fabrication of metal–insulator diodes with
a variety of materials and precise control over layer thicknesses.
However, an arbitrary combination of metals and insulators may
not be stable. A thermodynamic analysis of the interface stability
is required to determine whether the intended barriers may be ob-
tained in an experimental device. For the MIIM diodes discussed in
the previous section, we have carried out a Gibb’s free energy anal-
ysis [38] for reaction between all interfacial pairs of materials
using the FACTsage web software [39]. We analyze each of the
pairs at room temperature and at 1000 K and confirm that no unin-
tended interfacial compounds are formed.
6. Conclusions

We analyze the current–voltage characteristics of single
-insulator MIM diodes and two double-insulator configurations.
A comparison of thick and thin double-insulator diodes shows that
the bias direction causing higher current depends on the electron-
transmission-limiting mechanism. If a resonant energy-level is
achievable under a particular bias, the current for this polarity
can become larger than that under the opposite bias. In the ab-
sence of a resonant level, the step change in tunneling distance un-
der the opposite bias causes the larger current. Compared to
single-insulator diodes, both the resonance and the step-change
mechanisms in double-insulator diodes result in a larger respon-
sivity and a smaller resistance.
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