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ABSTRACT

In this paper we theoretically study the responsivity of Metal-Insulator-Metal nanostructures to light
illumination over a broad wavelength band (1 - 25 microns) and we examine the role of a local field enhancement
and electrostatic field on the responsivity.

1. INTRODUCTION

The combination of photonic interactions in nanoplasmonic and quantum tunneling is opening a new vista for
applications in energy harvesting and sensing. Exploiting the electron dynamics, whose response time is on a
femtosecond scale, device band widths can approach 100’s of THz and can provide a radical departure in
performance of photonic devices [1-3].

In this paper we consider two metal nanoparticles that are embedded in a dielectric insulator and in close
proximity to one another. The optical properties of dimers or (metal-insulator-metal (MIM) structures) have been
studied in many publications [4-18]. The quantum properties of MIM nanostructures where the electrons are
confined to the metals, but also are shared by tunneling through the insulator barrier, are to be examined here by
including the electromagnetic fields around the dimer. In homostructured dimers where both metals and particle
shapes are identical the symmetry of the potentials doesn’t favor charge build-up on the average on one side or the
other; however, in a heterostructured dimer the charge density can build up preferentially in one metal; the static
charge will block additional charges from tunneling through the barrier and the local fields in the small gap between
the metals will be reduced due to the electrostatic effect.

We illustrate our physical problem in Figure 1, which depicts a collection of MIM heterostructured nanorods
with a vertical attitude. The image on the right labels the constituents of the structure. Different geometries are
possible with the MIM nanorods at an oblique angle or even lying on the surface. The connections between the rod
segments are not shown, but a conductive substrate would provide a reservoir of electrons to enable current flow. A
top transparent and conductive layer (not shown) would be required to complete the circuit.
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Figure 1: Illustration of a MIM tunneling structure.

ICPS 2013: International Conference on Photonics Solutions, edited by Prathan Buranasiri, Sarun Sumriddetchkajorn,
Proc. of SPIE Vol. 8883, 888303 - © 2013 SPIE - CCC code: 0277-786X/13/$18 - doi: 10.1117/12.2022127

Proc. of SPIE Vol. 8883 888303-1



2. QUANTUM TUNNELING ANALYSIS
We are interested in the problem of a free electron wave driven by an applied voltage and traveling across a
region with a barrier potential. The current is a combination of the electron tunneling probability and the occupation
densities of the energy levels. In this section we simplify the form of Schrédinger’s equation to [19]

h2
Ey =——Vy+V(x,y,2)y (1)
2m

There are many methods that could be applied to solve Schrodinger’s equation; we used two methods to solve
for the wave function: the transfer matrix method and the shooting method applying a finite difference technique.
We tested both methods and applied the WKB method to validate our results as will be demonstrated below.

2.a. POTENTIAL FUNCTIONS

The potential in the Schrédinger equation incorporates the electronic material parameters. In the one electron
equation the potential function is determined by two experimentally available coefficients. One parameter is the
Work function, W, which is the minimum kinetic energy the electron requires to escape from the metal into the
vacuum. The other parameter is the electron affinity, @, for the insulator to capture an electron at rest from the
vacuum. These two parameters are listed for several metals and insulators in Table 1. The values are quoted in
electron volts. The barrier height at the interface between the metal and insulator is given by

(p:W—d). )

The potential barrier in the insulator region between two different metals is illustrated in Figure 2. The barrier height
is measured from the Fermi energy, which is equal in both metals for the equilibrium case.

10
g o ”
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Figure 2: Illustration of the potential barrier in the MIM structure.

Most metals in the Table have work functions in a range from 4 to 4.7 eV; gold and platinum are interesting
because their high work functions lead to correspondingly high potential barriers. The electron affinities in the Table
also have relatively large values in the 3 to 4 eV range, but here also there are outliers, such as silica, which is less
than 1 eV and as a result, the barrier heights are extremely large.
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Table 1: Material property values for metals and insulators [11, 16, 20].

Metal W (eV) Insulator @ (eV)
Ag 4.26 Ta,0Os 3.83
Al 4.28 ALOs 1.78
Au 5.1 Cr,0;5 3.76
Cu 4.4 TiO, 3.9
Ti 4.33 Nb,Os 4.23
W 4.55 SrTiO; 3.9
Nb 3.99 PbTiOs 3.1
Pt 5.65 BaZrO; 2.5
Sn 4.38 PbZrO, 32
Ta 4.25 710, 2.5

NbN 4.7 Si3Ny 2.1
Cr 4.5 SiO; 0.9

Figure 3 is an illustration of the current flow when a voltage bias is applied. The voltage induced a current to
flow in in one direction or the other by lowering the Fermi energy of one metal. The electrons tunnel through the
barrier in one direction inducing a current in the opposite one. 7(E.) is the quantum mechanical transmission
function for the potential barrier. The average current depends on the quantum mechanical current weighted by the
occupation of the electronic states on both side of the barrier.

']2—>1 Jl—>2 3
10 e {10
8 8
$e I(E) s T(E.)
y N M
> 4 = 4
o Metal 1 Insulator Metal 2| 2_Metal E ol e
0
c E— L
-1 0 1 2 3 -1 0 1 2 3
z(nm) eV, ev, . z(nm)
@) (b)

Figure 3: Energy band diagram of a MIM diode with different metal electrodes (Metal 1 and Metal 2). (a) Forward
bias: electron tunneling from metal 1 to metal 2 is dominant, (b) Backward bias: A bias voltage applied in metal 1 result
in electrons in metal 2 tunnels through the barrier into metal 1.

The expression for the 3D current density [21] for one direction of the applied voltage is

JP = 26% j dv.v T(E)[[(f(E)~ f(E+eV,)dv,dv, 3)
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where v, and v, are the transverse electron velocities and v, is the longitudinal electron velocity, which is taken as
positive for the direction of the potential barrier. The Fermi distribution functions are defined as:

1

f(E)ZW

, 4
+1 @

where Er is the Fermi energy, T the lattice temperature and k5 is Boltzmann’s constant. Using the transformations

dv.dv, =détv,.dv, :ldéklE, and v_dv, =ldEZ
m m

; )

the total electron energy is defined as
E=E +E,. (6)

For constant values of E, the lateral energy differential can be written as: dE,=dE. The current density in 3D is
transformed to a simplified form

3D m T
S =4z s ! dE.T(E.) Ej (f(E)=f(E+eV,)dE -

2.b TRANSFER MATRIX TECHNIQUE

To solve for the current the first element to calculate the transmission function 7(E,) [19, 21]. The Transfer
Matrix technique (TMM) is easy to implement for any shape potential we solve Schrodinger’s equation by slicing
the potential into a set of slices, as in Figure 4. In each slice the potential is considered to be constant. The incident
wave has an amplitude A, while the outgoing wave has a complex amplitude C and the reflected wave has an
amplitude B.

10

8' Aeik;z
S |/ itz
2 6 . Ce™ |
~~ —-"Z
$ dBe

2

e 0 1 2 3
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Metal 1 Insulator Metal 2

Figure 4: A illustrative electronic Potential (blue) for NbN/ Nb,Os/ Nb with a barrier region that is characterized by a linear
slope. The Fermi energy is taken as 10 eV. The sub-regions of constant potential are indicated by boxes of small width and
heights that are adjusted to the potential height in the region.
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The transmission for a potential is plotted in Figure 5 for a number of energies on a logarithmic scale. The
transmission coefficient changes by more than 9 orders of magnitude. The TMM and shooting method are
compared as is the WKB result shown on the plot [19].

107 ¢ Diode: NbN-Nb,O (2nm)-Nb
V. = 037

9 95 10 105 11 15 12
E, (V)

Figure 5: The tunneling probability as a function of energy for the energy diagram of MIM diode: NbN/Nb,Os/Nb. The
solution is plotted for both TMM (blue) and shooting method (red). The WKB approximation [19] is shown for
comparison (green).

For completeness a wave function is plotted in Figure 6 below where we plot for an energy E, = 12 eV, which
lies above the potential barrier. In the barrier region (0,2nm) the amplitude and the spatial oscillation frequency
change. The reflected wave interferes with the incident wave leading to a doubling of the spatial oscillation
frequency.

N L L

E)1 0 1 2 3
Z (nm)

Figure 6: The wave function magnitude plotted versus position for the energy of 12 [eV] for NbN/Nb,Os/Nb.

3. TUNNELING CURRENT IN CONFINED GEOMETRIES
We derive a tunneling current with lateral confinement of the electrons in a nanowire (1D) or nanoslab (2D)
geometry. The confinement will have an effect on the current density and we wanted to quantify the effects of
lateral confinement. The nanowire is confined in both lateral dimensions and the nanoslab is confined in one lateral
dimension.

3.a CURRENT DENSITY 2D
Confine the x dimension to a width d,. The energy is quantized due to the confinement by the expression

h?(n ?
Ee=galad ] ®

X
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We posit that the corresponding 2D current density is

2

70 9, ’Zz !dv v.T(E. )—Z [(rE) = F(E+ev nav, o

xrl—l

The total energy is

h? o
E=E. +8—(d—j + 2"’ ) (10)
m

X

The expression for J°” is chosen because it yields the 3D result in the limit d; goes to infinity. To show this result
note that the differential of the wave vector x-component is

T
Ak =—, 11
vy )
and the velocity differential is
Av = LAk (12)
S 2mm

Extending the sum to include negative and positive momenta and making the above transformation to velocity space
we have the sum replaced by an integral

—Z - — Jdv

d, 5= (13)

Inspection will show that when this is inserted into J°° that it is precisely equal to J°°.

3.b CURRENT DENSITY 1D

Deriving the expression for the 1D current density is straightforward and can be done by extending the analysis
presented in the previous section. The 1D current density is

J'P —2e—J.dva(E )Tdy;(f(E) f(E+eVy) (14)
n,=l1
The total energy is
w(n Y #(n)
EE+—n—X +— = . (15)
8m\ d, 8m\ d,

These can be applied to determine the current density in a similar fashion to the 3D case.
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3.c RESULTS COMPARING CONFINED CURRENT DENSITIES

The 2D and 1D results are constructed to reduce to the 3D result in the limit of large dimensions. In the
figure below four cases are exhibited. The current densities are plotted on a logarithmic (base 10) scale in
Figures 7. The current density is lower for the confined electron cases. The 1D shows a trend toward lower
current density than the 2D case. This establishes a consistent result for the confined electron geometry. For
d=d,=100 nm the current densities for the 2D and 1D geometries are within 2% and 4%, resp. of the 3D

case.
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Figure 7: Applied voltage as a function of current density for the case of the MIM diode design NbN/ Nb,Os/ Nb
with gap=2nm. Color code: blue: J°°, red: J?° and green: J'°. The lateral confinement parameters are: (a) d, and/or
d,=100nm, (b) dy and/or d;=50nm, (c) d, and/or d,=25nm, (d) dy and/or d,=10nm.

4. DARK CURRENT

In this section we briefly present a few calculated MIM dark currents using the 3D expression for the current
given in Eq. (7). In Figure 8 we plotted three illustrative examples of the dark tunneling current versus voltage bias
(positive and negative voltages) and insulator gap thickness. There is an asymmetry in the positive and negative bias
currents due to the different internal bias create by the different work functions of the constituent metals. The MIM
heterostructures reveal a diode current characteristic due to the asymmetric potential barrier from the work functions.
We consider the cases Ag/TiO,/Ti, Al/Nb,Os/Nb and Au/Nb,Os/Nb. All material parameters for the calculations are
taken from Table 1.

The trends in all the dark current are generally the same. For a fixed applied voltage, the dark tunneling current
decreases with increasing gap thickness; in other words it is more difficult for the electron to tunnel through a
thicker barrier. Also for a fixed gap thickness, a higher dark tunneling current obtained by increasing the applied
voltage. It is not readily apparent in these figures, but the dominant (forward or backward) current for a given
magnitude of bias is not the same for all bias voltages. The asymmetry of two oppositely biased MIM nanostructures
is determined only by differences between two work functions of metals and the barrier thickness. The opposite

Proc. of SPIE Vol. 8883 888303-7



current amplitudes may cross one another at a bias voltage which affects the asymmetry in the net rectified diode
current.

For the top two MIM diode cases in Figure 8 the dark tunneling current results show a modest asymmetry (1
order of magnitude difference) of forward and backward current flow at the largest applied bias voltages. But in the
bottom case with gold we have a tremendous forward-to-backward current ratio of several orders of magnitude. It is
noted that gold has a large work function compared with many other metals in Table 1 and the current densities at all

bias voltage values at the same insulator gap thickness are orders of magnitude lower than many other MIM
examples.

MIM diode: AGTIO/Ti MM diode AlNb, O,/Nb

10

loa,_(SP[A/enT])

1 0 -1
Applied volmge[V]

Figure 8: The calculated tunneling current curve versus. applied voltage and different gap thickness for Ag/TiO,/Ti
MIM diode (Top left), Al/Nb,Os/Nb MIM diode (Top right) and Au/Nb,Os/Nb MIM diode (bottom). The tunneling
current curve calculated by the TMM.

5. ILLUMINATED MIM STRUCTURES
The Hamiltonian for the electromagnetic field that affects the tunneling across the barrier is given by [23]

H(t)=H,+V, cos(at). (16)

The last term on the right hand side is the ac voltage,V, , across insulator gap of the MIM structure. The time-
dependent contribution to the Hamiltonian is modeled as a voltage across the MIM structure. The potential ¥, is

related to the strength of the electric field. The field in the gap can increase the coupling which is accomplished by
incorporating plasmonic effects into the MIM design. When the electric field parallel to the current flow direction is
denoted as E_, the voltage is given by

V,=E,d, (17)

where d is the thickness of the insulating gap. The dc tunneling current in their theory truncating an infinite series to
just three terms is [23-25]

Proc. of SPIE Vol. 8883 888303-8
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TV )FI ()T (Vs + 7)

ias

18
+P ()], .

ho 2 3D

ias )+JO (a)‘] (V;)ias)‘
e

where @ = eV / h® Note that to calculate the illuminated current we only need to know the dark current at biases

that are shifted up or down by a “photon voltage” £ /i@/e. The result in Eq. (18) is plotted in Figure 9 and it
shows how the current is generally increased with larger alpha parameter. In other words with photon assisted
tunneling more current is generated as the field gets stronger.

llluminated dc current I [A/enf]

06 04 02 0 0.2 04 06
Applied Voltage [V]

Figure 9: Illuminated dc current versus applied voltage for MIM diode Ag/TiO,/Ti under small incoming field. The
thickness is fixed at 2nm as an example and the photon energy is 1.4 eV. The red curve shows when alpha is equal to
zero corresponding to dark current.

The change in the dc current due to the illumination is the difference between the & =0 and « # 0 currents. For

small a change in the dc current is

hao

e a2 ho
M V= Y Ve 422 =20 W)+ 7 B == 5L

ias

(19)
The quantum mechanical ac current has all the harmonic components of the applied field. The fundamental
frequency current after similarly expanding Bessel function in lowest-order is

—hale)]. (20)

ias

Jo = %[J”(V,m +hole)-JP(V,

The weak-field, MIM diode responsivity expression is given by [11, 16]:

R AJ* 2e
J? ahw
) ) ) 21)
:i[‘] (Vbias +ha)/e)—2J (Vbias)+'] (V;ﬁas _hw/e)]
hao TPV, + el €)= TPV, —hole) '
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6. ELECTRIC FIELD ENHANCEMENT
Surface plasmon resonance for a single ellipsoidal particle is an analytically solved problem. We use the results
for prolate spheroids here. The absorption spectra for different particle geometries (the major and minor axes ratio
is changed) are shown below for the field along two different principal exes. In the spherical case the resonance
frequencies are degenerate and they separate further as the axes are changed. One case of the field squared relative
to the applied field is shown on the right. The field is enhanced about ten times near the end of the prolate spheroid.

73 Metal: Ag

al:u&:(Ez)2

Absorption coefficient [1/m]

g ,\\\@

/ \‘\s\\\\\\

4004503)05506(1)6507@7833
Wavelength (nm)

(a) (b)
Figure 10: (a) Absorption as a function of wavelength (350nm~800nm) for different particle shape from spherical to aspect ratio
10:1. (b) Local electrical field distribution squared around a prolate spheroidal shaped particle at the wavelength of the surface
plasmon resonance (X,z) plane.

However, SPR is not the only mechanism for increasing the field in the gap between two spheroids. Electrostatic
charges at the tips of the spheroids will also create enhanced fields. The electrostatic mechanism is illustrated in
Figures 11. The applied field is nominally taken as 1 V/m. In Figure 11(a) the field is strongly confined to the gap
region between the two nanowires. A close up of the gap in Figure 11(b) shows that the field is concentrated to a
narrow region and it is increased by about 70 times over the value of the applied field.

A 71509
70
60
50
40
30
20
10
¥ 18482107

(d)
Figure 11: Field intensity in the vicinity of two elliptical cross-section nanowires with major and minor axes 50nm and 10 nm
respectively. The gap is 1.9 nm. (a) two elliptic cross sections of the nanowires with field strength indicated in color. (b) a
close up of the gap region with field magnitude shown on the bar.

The map of the field enhancement in the gap versus wavelength and gap size for a silver-tantalum dimer is
shown in Figure 12. The field is strongest for the smallest gaps with an enhancement of more than two orders of
magnitude. The value drops rapidly for gap sizes in the 2-3 nm range the enhancement rages from 10 to 80 times
the applied field.

Proc. of SPIE Vol. 8883 888303-10
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Figure 12: Plot of the field intensity versus wavelength for the maximum field as a function of wavelength.

The enhancement for the above case is somewhat modest given the alpha parameter values will still be small.
However, for two prolate spheroids brought close together the field enhancement in the gap region will be much
larger. The field enhancement will be the subject of future studies to discover the band width and magnitude of the
effect.

6.a OPTICAL VOLTAGE

For solar energy we have to harvest the energy available from the sun. The average irradiance from the sun is
about 125 W/m®. Consider a solar concentrator that focuses light with an aperture radius of 10 cm to a spot size of
100 microns.  The irradiance at the focus is: 1.25x10° W/m®. The corresponding electric field is

E =,/21/g,c =3.069 x 10°V / m. Therefore the voltage across the MIM junction for an insulator of thickness 2 nm

is V=0.6138 mV. A small voltage indeed!
In comparison with the photon energy per electron charge at a wavelength of 1 micron the result is

E =hw/e=124V. As a result the parameter in the Tien and Gordon theory [23] is small

photon

a=V/E

hoton =4.94x10" .The Bessel functions appearing in the expression for the current will be

correspondingly tiny. For this case J, (@)” =6.1x107%.

The plasmonic resonance can increase the local field in the junction region by several orders of magnitude at
least over a small range of wavelengths. Consider the cases of nanospheres or nanowires that are within a few
nanometers of one another. Publications show enhancements of 5 to 10 orders of magnitude. The a parameter can
be much larger than unity in these cases. A field enhanced by four value orders of magnitude yields

a=V/E

photon

=4.94 and the Bessel function J (&)’ =0.103. This is an increase by nearly seven orders of

magnitude.
7. RESPONSIVITY RESULTS

Without applied voltage and with applied voltage, the calculated responsivity as a function of gap and
wavelength (4 ) for several MIM diodes are shown in Figures 13 and 14. Further cases are studied in Ref. [26]. The
wavelength range we chose is from 1 to 25 microns. The calculation of the illuminated current is simplified because
we can calculate the dark current once and use the data as a look-up table for exploring the effect of various
parameter values on the responsivity, Eq. (21), for the MIM photodiode. We used the data of dark current.J*” for
MIM diodes discussed in a previous section.

Proc. of SPIE Vol. 8883 888303-11



MM diode: AG/TIO/Ti

MIM diode: ATIO,/Ti
-t

(a) (b)
Figure 13: Responsivity versus wavelength and gap for MIM diode Ag/TiO,/Ti under small incoming field. (a):
Zero bias applied. (b): 0.3V bias applied.
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Figure 14: Responsivity versus wavelength and gap for MIM diode Au/Nb,Os/Nb under small incoming field. (a)
Zero bias applied. (b) 0.3V bias applied.

The responsivity without a dc bias voltage applied is weak when the gap is smaller. The currents for
thicker barriers will be quite small even though the value of the responsivity may be large. By applying a
bias the responsivity generally increases at barrier thicknesses around 2nm and at shorter wavelengths is

reaches the quantum limit given by R =e/hw. In other words one electron is produced by one

quantum

photon. The change of the responsivity for d= 4 nm in a Ag/TiO,/Ti diode with applied voltage is shown in
Figure 15. The case with a bias voltage shows improved responsivity with the shorter wavelengths at the
quantum limit and longer wavelengths at a higher plateau value.
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MIM diode: AG/TIO/Ti

10 T 7 MIM diode: AG/TIO,/Ti
o i i
o
g
o
— 77
$e s
s o
2 2
s 5t
‘ Hl
14
a
o i
1’
10° 161
log(x [um]) log(: [um])
(@) (b)

Figure 15: (a) Responsivity vs. log scale plot of wavelength for MIM diode Ag/TiO, (4nm)/Ti under small incoming
field, with V,;,s=0V. Quantum efficiency limit (dot). (b) Responsivity vs. log scale plot of wavelength for MIM diode
Ag/TiO, (4nm)/Ti under small incoming field, with Vy;,,=0.4V. Quantum efficiency limit (dotted line).

8. CONCLUSIONS

We envision MIM diode applications that integrate the quantum and photonic aspects in the areas of energy
harvesting and broad band and ultrafast photodetectors. We also propose that nonlinear optical experiments on
harmonic generation and stimulated Raman scattering using MIM nanostructures extending to ultraviolet
wavelengths. In our work we have explored using noble metals with other metals to enhance the field in the gap
region of the heterostructured dimers. Besides the usual localized surface plasmon field enhancement mechanism,
there is an electrostatic field generated enhancing the field across the insulator junction. We find that the electron
tunneling current in MIM structures is enhanced by several orders of magnitude by using a metal in the design with
a local surface plasmon resonance and large electrostatic field. Noble metals like gold, silver and copper possess
resonances in the visible wavelength region that are shifted to the IR regime by changing the particles shape. The
specific resonance wavelength is controlled by designing the shape of the particles. The electromagnetic resonance
can be moved across the visible region and into the IR providing sufficient tailoring to cover the greater portion of
the solar spectrum. The electrostatic effect is determined by the work functions and electron affinity of the
individual materials.
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