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Abstract

Current energy harvesting and detecting devices are lacking of efficiency and they
have high fabrication costs. Antenna-coupled rectifiers (rectennas) are one of the
most potential candidate for future energy harvesting and detection applications
due to their low cost and potential high efficiencies. In the THz region, there is
a gap that the speed of the devices cannot cover. Employing THz antennas and
Metal-Insulator-Metal (MIM) diodes as rectenna elements can cover the gap and
potentially resulting with high efficiency harvesters and detectors. In this thesis, it
is presented metal-insulator tunneling diodes as rectenna elements operating at 60
THz to have highly efficient rectennas.

Three THz antennas are modeled and simulated at 60 THz to be used in recten-
nas in which 95%, 45% and 70% radiation efficiencies over 10 THz bandwidth.
MIM diode modeling and simulations are conducted and parametric analysis done
to physical properties of MIM structure and found material sets for highly efficient
rectennas. MIM diodes are fabricated with these material sets, measured and char-
acterized. It is achieved that 0 V resistance of didoes are 2.3 k€2, 3.6 k€2, and 35 k(2.
-6.02 A/W and 5.68 A/W responsivities are reached. Calculated rectenna efficiency
when antennas are coupled with fabricated MIM diodes are 12%, 3.5% and 3%.



Kizilotesi Enerji Hasati ve Algilama Uygulamalar: icin Rectenna
Elemanlarinda Kullanilacak Metal-Yalitkan-Metal Diyotlarinin
Modellenmesi, Tasarimi ve Uretimi

Mesut Inac
EE, Yiiksek Lisans Tezi, 2015 )
Tez Danigmani: Prof. Dr. Yagsar GURBUZ

Anahtar Kelimeler: Metal-Yalitkan-Metal (MYM) diyot, tiinelleme, modelleme,
rectenna, rectenna elementleri, Kizilotesi (KO) hasati, Kizilotesi (KO) algilama.

C)zet

Giiniimiiz enerji hasat1 yapan ve algilayan aygitlarin verimlilikleri diigiik ve tiretim
maliyetleri yiiksektir. Gelecek enerji hasati ve algilayici teknolojilerinin en 6ne
¢ikan aday1, diigiik maliyetleri ve potansiyel yiiksek verimlilikleri nedeniyle antenle
baglagik dogrultuculardir (rectenna). Elektronik aygitlarin THz freaknsinda galigma-
diklarindan bir bogluk bulunmaktadir. Bu boslugu THz antenlar ve Metal-Yalitkan-
Metal (MYM) diyotlar doldurabilecekler ve bu alanda, enerji hasadi ve algilayici e-
lemanlarinda muhtemel verimlimlilik artigini saglayacaklardir. Bu tezde, 60 THz'de
calisacak ve yliksek verimlilikte olacak rectenna elemanlari i¢in metal-yalitkan-metal
(MYM) diyotlar1 sunulmaktadir.

Rectenna’larda kullanilmak tizere ti¢ farkli anten 60 THz’de modellenmis ve
simiile edilmistir, ve bu antenlarde 10 THz bant genisliginde %95, %45 ve %70
iginim verimlilikleri goriilmisgtir. MYM diyotlari, modellenmis, simiile edilmis,
MYM vyapist fiziksel Ozellikleri tizerine parametrik analizleri yapilmig, ve yiiksek
verimli rectenna i¢in malzeme setleri bulunmustur. MYM diyotlar: bu malzeme set-
lerinden tiretilmis, ol¢iimleri yapilmig ve ozellikleri nitelendirilmistir. Bu diyotlarda,
0V direnci olarak 2.3 k2, 3.6 k2, ve 35 kQ2 direngler gézlenmisg, -6.02 A/W ve 5.68
A /W duyarhliklara ulagilmigtir. Antenler MYM diyotlariyla baglagtirihp rectenna

verimliligi hesaplandiginda %12, %3.5 ve %3 verimlilik degerlerine ulagilmistar.
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1 Introduction

1.1 Rectenna

Detailed research have being conducted and new concepts have being tried for the
next generation energy collection and sensing devices [1]. Cost effective and highly
efficient new generation solar and thermal energy collectors have being studied [2].
New concepts and materials bring the efficiency of these devices to thermodynamic
energy conversion limits. Similar concepts and materials have being studied on
sensing devices and detectors [3]. Cost effectiveness and efficiency of these devices
are main concerns for both of collectors and detectors.

Antenna-coupled rectifier (rectenna) is one of the most promising candidate for
future energy harvesting [4] and detection [5] applications. Rectenna is basically an
antenna and a rectifier coupled to each other, which is shown in Fig. 1. Rectennas
operate at any frequency where both of the antenna and rectifier operate. Hence,
rectenna can be configured to single or broad-range frequency operation according
to application specifications [6]. Additionally, batch fabrication of rectenna arrays
would have lower cost [7].

Rectennas basically operate through the conversion of electromagnetic (EM)
radiation to usable direct current (DC). First, incident EM radiation induces al-
ternating current (AC) in the antenna arms, then AC is converted to DC by a
rectifier which is positioned right on the antenna arms. The circuit elements con-
nected to the load in Fig. 1 determine whether the rectenna acts as a detector or
as an energy harvester. Recent developments in rectennas aim to fill the gap in
the THz region [8, 9]. Operation in the THz region requires micron level antennas
and high-speed diodes. Nanolithographic antennas and metal-insulator tunneling
diodes, also known as metal-insulator-metal (MIM) diodes, capable of operating at

high frequencies, are used in THz rectennas.

1.2 A Brief History of Rectenna

Early rectennas were developed and tested in 1963 at Raytheon by W. C. Brown
[10]. Rectenna is based on the idea of wireless transmission of microwave power.

In 1964 it was demonstrated that rectennas can be used as energy harvesters. A
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Figure 1: Schematic representation of antenna-coupled rectifier (rectenna)

microwave power helicopter in Fig. 2, which flew continuously 10 hours and meters
above transmitting antenna, received and converted microwave power to DC power
by rectenna elements. Later in 1970s rectenna power transmission demonstrated
greater than 90% efficiency at radio frequencies (RF) [11].

Advances in the lithography and material deposition techniques allowed nano de-
vice fabrication in 1990s. This advance created a possibility to further the operation
frequencies of rectennas. Research on the improvement of antenna characteristics in
far-infrared (FIR) [12] and THz [13] region of EM spectrum was conducted. Nanome-
ter thin film MIM diodes for detection [14] and energy harvesting applications [15]
were investigated along antennas.

After the 1990s, the research mainly focused on increasing rectenna speed to THz
frequencies. Experiments were conducted to improve the MIM diode characteristics
[16] and use them in rectenna detectors [17] and solar energy harvesters [18]. Since
then, scientists and engineers have almost reached the end of the road in closing the

THz gap with rectennas.

1.3 Antennas

Antennas collect the EM radiation and convert them into electrical signals in

rectennas. The operation frequency depends strongly on antenna operation since



Figure 2: Microwave powered helicopter in demonstration, 1964 [11]

it sets the center frequency of operation in rectennas. Additionally, the power col-
lected on the antenna affects the output power following rectification. Hence, in
high frequency operations the requirement of precise fabrication in nanometer scale
and conversion quality of incident power are challenging factors in development of
antennas [1].

Planar antennas are easy to fabricate and couple with diodes. Directive dipole
antennas [19] and wide bandwidth (BW) bow-tie antennas [8] are the most com-
monly used antennas. Log-periodic antenna [20], patch antenna [21] and spiral
antenna [13] are used in applications that require tailored BW. In addition to the
ones listed above, other novel antenna concepts have been demonstrated. For dual
band rectenna detectors, microstrip slot antenna [22] has been shown to operate at
90 GHz and 28 THz. Plasmonic nanowires [23] have being used because of their
controllable growth and property on enhancing electric field at the feed-point. Some
of the antenna types used in rectennas are shown in Fig. 3.

In order to increase the rectenna total efficiency and operating frequency band,
antenna arrays [24] were implemented. Array formation also allows to have different
antenna-diode coupling techniques. In single element (antenna + rectifier) rectenna,
signals collected by the antenna are not enough to turn on the rectifiers [25]. In this

case, array of an antennas is connected to single rectifier to turn on the diodes or
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Figure 3: Different type of planar antennas (a) dipole (b) bow-tie (c) log-periodic
(d) patch (e) microstrip slot (d) spiral antennas

operate the diode at most efficient voltage point.

Besides the planar antennas, advanced micromachining techniques enable de-
signing 3-D antennas. Employment of 3-D antennas provides unidirectionality like
3-D tapered helix [26] structures and higher collection efficiency like pillar arrays
[27].

It is important to select the antenna in the application of IR energy harvesting
and detection applications. According to the literature listed above, half-wave dipole
and bow-tie antennas are the most promising candidates in this field due to their

simple fabrication, and highly efficient band coverage.

1.4 Antenna Operation

It is required an antenna to couple with incident EM radiation in IR rectennas
due to the sizes of MIM diodes are much smaller than the wavelengths. Connecting
diodes with antennas increase the coupling of EM radiation with the rectifier. The
voltage drop across the antenna arms where MIM diodes are connected to antennas,

is important for the operation of MIM diode. It is determined for MIM diode



that if the voltage across the antenna arms is higher than turn-on voltage or lower.
Therefore, it directly affects diode characteristics line resistance and responsivity of
diode.

The collection efficiency and the voltage drop across the antenna arms are con-
nected to each other. According to reciprocity theorem, the receiving parameters of
antenna is same for transmitting antenna [28] therefore antenna collection efficiency

1S:

_ Prad _ Prad (1)
PTot Pr(zd + -Ploss

Na

where 7, is antenna efficiency, P,.q is radiated power, Pr, is total injected power
in to the antenna and P, is the lost power due to impedance of the antenna.
For the maximum antenna collection efficiency, losses due to the impedance of the
antenna have to be decreased. In order to decrease the losses on the antenna, the
resonance frequency of the antenna has to be set to operating frequency. Therefore,
for monochromatic applications, the possibility of having efficient antenna is more
than wide BW applications.

Beside the antenna impedance loss in IR frequencies due to the electronic oscil-
lations, there is another loss mechanism. Electrons in a materials cannot keep up

with the oscillations close to their intrinsic plasma frequency [29]. It is calculated

by:

o = jweo (g, — 1) (2)

where o, 7, w, &g, & represent conductivity, complex number, angular frequency,
vacuum permittivity and relative permittivity respectively. For example, while gold
bulk DC conductivity is 45x10° S/m, at 500 THz it is calculated as 5.3x10° which
is 85 fold lower than the DC conductivity of gold. Table 1 shows the conductivity
of gold in THz frequencies. The classification of good conductor for a material done

by calculating [25]:

p=7 (3)

and if |¢»| > 1, then the material is accepted as good conductor. Thus, careful



Table 1: Calculated conductivity of gold at THz frequencies [25]

Frequency (THz) lo| [
1 4.05x107 | 7.29%10°
10 2.2x107 | 4x10%
30 8.63x10° | 5.17x10°
70 3.77x10% | 968.4
100 2.64x10% | 475.55
500 5.3x10° 19

material selection of antenna is required for operating at IR frequencies. Once
electrons are capable of oscillating at operating frequencies, than there is enough
electrons to rectify the signal, otherwise the voltage drop on the antenna arms will
cease to exist.
The voltage drop on the antenna arms is calculated according to [30] as first
relating incident power (Pj,.) and incident electric field (Fyps):
P,. E? Eg

¢ A Zy 27y (4)

where ( is Poynting vector which is time averaged incident radiation, A is antenna
aperture area and Z; is impedance of the free space which equals to 377(2. The
relation of voltage across antenna arms (Vy4) and incident electric field peak (E),) is

simply dependent on the effective antenna length (Less):

Va = LesrEp (5)

The effective antenna length is stated as [28]:

Leff = Lant sin (9) (6)

where L,,; is antenna length and 6 is the angle between antenna plane and the
incident wave. Assuming the incident EM radiation is at direct angle to the antenna
plane (f = 90°) then L.y is equal to Lgy,. If (4) and (6) are introduced in to (5),

voltage drop at the antenna arms can be stated as:



2P Zo L2,
Vy = + (7)

It is important to understand that this is antenna open voltage at the antenna
arms without connecting any diode. Other than that, the only parameter for the
antenna to model is the geometric dimensions of antenna which is seen from (7).
While the free space impedance is constant and the incident radiation is a variable
for the application, the antenna collection efficiency only depend on the effective
antenna length and antenna aperture area. Therefore, it can be re-stated that the

efficiency of the antenna is:

2
Lcmt

Nalls = 7 (8)

where 7, is efficiency factor of loss because of the high frequency factors like con-

ductivity change. Then inserting (8) to (7) gives:

VA =V 2PincZ077ans (9)

Relation between voltage drop on antenna arms, incident power and antenna
efficiency is shown in (9). Due to the efficiency factor in the equation, antennas
perform differently. Besides that, the power collected by the antenna is divided
between antenna and diode according to their impedances. Therefore, impedance is
other parameter to be considered while designing antennas which is not seen in the
equations above. Therefore, there are three properties of antenna to be considered:

resonance frequency, antenna efficiency and antenna impedance.

1.5 Rectifiers

After antenna collects EM radiation from a media and induce an AC electrical
signal, rectifier converts AC signal to DC. The basic rectifier to convert AC signal
to DC is only a diode. Due to the asymmetry of diode, it generates DC at the
output. According to the performance of diode, the rectification efficiencies and the
rectification frequency changes. In order to rectify AC signal at high frequencies, it
is required to have a THz frequency-cut-off diode. Metal-insulator tunneling diode,

or in another words metal-insulator-metal (MIM) diodes are capable to operate at
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Figure 4: Energy Band diagram of MIM diode and electron tunneling

THz frequencies [4].

MIM diodes are fast diodes due to the electron tunneling phenomenon. The
operating speed of the diodes are in the order of femto-second fast quantum tunneling
mechanisms [6]. The non-linear current-voltage (I-V) characteristics of the MIM
diodes occur due to the energy barrier formation at the insulator layer. The energy
band diagram of MIM diodes can be seen in Fig. 4.

Engineering I-V characteristics of MIM diodes plays very crucial part in recten-
nas. Because for the maximum power transfer, the antenna and the MIM diode
impedances have to be matched and diode capable of rectifying incoming signal.
In order to satisfy the needs, engineering of I-V characteristics of the MIM diode
basically done by choosing the right material combination and the geometrical pa-
rameters [31].

The characteristics of the MIM diode can be changed according to the material
selection [32]. According to the material selection in MIM diode, the asymmetry and
the turn-on voltage can be adjusted. Additionally, thickness of the insulator film
is also an important parameter determines the tunneling probability and therefore
MIM diode characteristics [17]. Not only thickness of the insulator layer, but also
the surface roughness affects the MIM diode characteristics [33]. The fabrication of
insulator layer can directly effect the MIM diode characteristics. It is shown that



the oxidation parameters of insulator film [34] and annealing of insulator film [35].
Resistance and responsivity characteristics of state-of-the-art MIM diodes are shown
in Table 2.

Table 2: State of the are MIM diode responsivity and resistances

MIM Insulator | 0 V | Max. ov
MIM Area | Thickness | Resp. | Resp. | Resist.
Ref. Type [1im?] [nm] VT VT
[22] Ni-NiO-Ni 0.075 3.5 - 1.65 179.8
5] Ni-NiO-Ni 0.0144 3.5 - 2.75 61
[32] | polySi-SiOy-polySi | 60x107° 1.38 - 6 -
[32] polySi-SiO2-Au 0.35 1.38 2.5 -14.5 | 120 M
[36] planar-polySi 60x 1076 1.38 12 31 -
[37] Ni-NiO-Cr 1 2.5 1 7 -
[35] Ni-NiO-Cr 100 3 24 42 —
7] Ni-NiO-Cr 1 2.5 1.8 5 500 k
8] Cu-CuO-Au 0.0045 0.7 4 6 505
[34] Al-AlOx-Pt 0.5325 0.6 0.5 -2.3 220 k

MIM diodes are the most common diodes in rectennas, but also planar conductor-
insulator-conductor (CIC) diodes [36], substrate micromachined MIM diode [37] and
graphene geometric diode [38] are demonstrated in rectennas. In addition, metal-
double insulator tunneling diodes or in another words metal-insulator-insulator-

metal (MIIM) diodes were proposed in rectennas [18].

1.6 MIM Diode Operation

In MIM diodes, rectification occurs due to the tunneling phenomenon. The main
transport mechanism in MIM diodes is tunneling. Due tot the difference of tunneling
probability of electron with respect to the applied voltage, linearity of the device is
broken. This non-linear behavior is the reason of the rectification in these devices.

There are two different MIM diodes: symmetric and asymmetric. The differ-
ence is due to the metals on the both sides are similar [39] or dissimilar [31]. The

dissimilarity of metals change the barrier heights on the both sides of the insulator
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Figure 5: Energy band diagram comparison of (a) symmetric MIM diode and
(b) aymmetric MIM diode

barrier. Because the Fermi level (EFr) of metals are different and they have to be
in equilibrium in short circuited position. This relation can be seen in the Fig 5.
Symmetric MIM diodes show symmetric I-V characteristics while asymmetric MIM
diodes show asymmetric [-V characteristics. That asymmetric behavior is the reason
of MIM diodes rectifies. The shape of the asymmetric MIM diodes caused by three
factors: Energy barrier-1 (¢1) which is formed at metal-1 and insulator junction,
energy barrier-2 (¢o) which is formed at insulator and metal-2 junction and electron
affinity (yins) of insulator layer. In Fig 5, these factors can be seen.

Applied voltage to one side of the MIM diode increases the Er of that side which
disturbs the equilibrium. There is a energy difference between full electronic states
where the voltage applied and empty states at other metal. If the energy difference
between these two state is enough for an electron to tunnel thorough insulator energy
barrier, than the electron tunnel through as in Fig. 4. As applied voltage increases,
number of electrons that tunnel though the barrier increases. This is why the system

shows diode behavior.

1.6.1 Electrical MIM Diode Characteristics

The MIM diode characteristics which is shown in Table 2, are extracted from
measured current-voltage (I — V') characteristics of MIM diode.
There are three basic characteristics extracted from I-V of MIM diodes, which

are resistance, non-linearity and responsivity. Hence, diode characteristics, resis-
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tance (Rp), non-linearity (I”) and responsivity (5), are extracted as following [30]:

Resistance;
dVp
R, = &0 10
=5 (10)
and, non-linearity;
d?Ip
| d_VD2 (11)
and responsivity;
®Ip | 2
S =— D R [” 12
Ry D 12

These are the characteristics of a MIM diode. It is important to remember that
all of the current and characteristics are electrical DC characteristics under no light

or extreme temperatures that can contribute to tunneling or electrical current.

1.6.2 MIM Circuit Model

MIM diodes are nonlinear devices unlike resistors. While investigating MIM
diodes in higher frequencies, a circuit model is required. From the starting point of
building diode circuit model, it has to be considered that at the the model should
give diode characteristics. Hence, starting point of the first order MIM diode circuit
model is a variable resistor (Rp). At very low frequencies, a simle variable resistor
is enough. But at high frequencies, the diode reach its cut-off frequency (f.). Addi-
tionally, MIM strucure is a simply parallel plate capacitor. Therefore, there should
be a capacitor (Cp) parallel to resistor. The final result can be seen in the Fig. 6.

In this model, f. of the diode can be extracted. The cut-off frequency of the
diode will be [25]:

1
= 13
f 27TRDCD ( )
where C'p is parallel plate capacitor which is given by:
+E0A
Cp =2 (14)

In (14), €, represent relative permittivity of insulator layer, €y represents per-
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Figure 6: Circuit model of a MIM diode

mittivity of free space, A represents area of the MIM diode and d represents the

distance between metal plates which is insulator thickness.

1.7 Rectenna Circuit, Efficiency and Limits
1.7.1 Rectenna Circuit

After all the parts connected to each other, circuit model of a rectenna developed
as in Fig. 7. At DC, capacitor behaving like open circuit, leaving resistances R4
and Rp. For maximum power transfer R, must be equal to Rp. As it is mentioned
before, the importance of the impedance matching has been also seen here.

The voltage on the diode is basically found by a voltage division [40]:

Rp
Vp = ———V, 15
"7 RatRp " (15)
Then the power on the diodes becomes:
V3 R
Pp=2 = —2—13 (16)

~ Rp  (Ra+Rp)’
Now on the circuit, every node voltage and current can be calculated. Therefore

the calculation of rectenna efficiency can be done easily.
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Antenna Diode

Figure 7: Circuit model of a rectenna

1.7.2 Rectenna Efficiency

Rectenna efficiency simply stated as the ratio of incident power to power dissi-
pated by the diode. Additionally, in the rectification, the quantum efficiency (7,) of

the diode has to be considered. Hence rectenna efficiency will be [30]:

Pp
‘P’£TLC

n= Tq (17)

If (16) and (9) introduced into (17), then the equation becomes:

Zonans R h
(R4 + Rp) €

where;

1 hw

= —-— 19
77q 2 e ( )

Efficiency of rectenna is shown in (18). In this equation, contributions from
antenna part antenna efficiency and antenna impedance while contributions from
diode are diode resistance and responsivity. Generally MIM didoes resistance is
more than antenna resistance. If Rp > R4, then efficiency equation is simplified to

coefficients times S/Rp which is equal to non-linearity of diode from (12).

1.7.3 Rectenna Efficiency Limits

Even though it is said to there could be more than 90% of efficiency of rectennas

[4], still the device has to obey thermodynamic efficiency limitations. The first
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efficiency that has to be considered is Carnot Efficiency [41]:
Tc
Ncarnot = 1-— T_ (20)
H

where T is the temperature of the cooler reservoir and Ty is the temperature of
the warmer reservoir. In rectenna case, assuming the IR radiation is coming from
a hot source, then rectenna’s which is probably operating at room temperature,
temperature is T and the source’s temperature is T .

Another efficiency theoretical efficiency limit is the Landsberg efficiency [42]:

4 (T, 1/Ty\*
anserzl__ p— S\ 21
ILandsberg 3(T1>+3<T1> (21)

where T} is device temperature and 7} is source temperature. In Fig. 8 theoretical

limitations and the wavelength equivalent of temperature can be seen.

1.8 Motivation

There are energy harvesting and detection applications of rectennas and they
are shown as future technology in energy harvesting and detection applications. As
it mentioned previous section, there are different designs for rectennas operating at

high frequencies. There is a requirement of detailed search on both antenna and
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rectifier front. In the antenna front, scaling down of antennas meets the minimum
requirement for the applications. THz frequencies can be covered by these antennas.
Additionally, in rectifier front, it is seen that MIM type of devices are solution for
fast operations. Improving efficiency of rectenna requires femtosecond fast operation
of diode, fine impedance matching between antenna and diode, and good electrical
characteristic of diode. All of these concerns are tightly connected to each other
and fine optimizations are required in modeling, designing and fabrication of these
diodes in THz operations.

The objective of this thesis is model, design and characterize new MIM diodes
for highly efficient THz rectennas. First, it is aimed to develop a MIM diode model
to be used in rectennas. It is important to use a model to optimize material sets
and geometric parameters for the MIM diode as a starting point of development of
rectennas. Electrical characteristics of MIM diode can be extracted from the model
and according to the characteristics of MIM diode, rectenna design and fabrications
can be started. Secondly, characterizing the fabricated MIM diodes which are de-
signed in light of the model developed is conducted. By this methodology, it is aimed

to overcome the limitations of MIM to acquire higher efficiencies in IR rectennas.

1.9 Organization

Chapter 2 shows the concepts of building rectenna model and simulation setup.
In this chapter, antennas are simulated in commercial EM-solver separately. A MIM
simulator is set up in MATLAB environment where electrical behavior analysis
of MIM diodes were completed. a graphical user interface (GUI) is introduce to
facilitate rectenna simulations.

In chapter 3, fabrication methods and steps of MIM diodes are presented. The
equipment that are used in the fabrication steps are shown and the parameters used
in these equipments are given. Fabrication masks and images between the steps are
shown.

Chapter 4 includes electrical measurements of diodes. Characterization steps of
diode are shown and the characteristics of fabricated diodes are extracted. From
extracted characteristics of didoes, efficiency estimations of rectennas are presented.

Chapter 5 concludes the thesis with discussion about the topics in the thesis.
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Statement of problems encountered regarding to the topic and the future work in

the topic area are presented.
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2 Modeling and Simulations

Rectenna simulation is separated into two main parts. The first part is antenna
simulations and the second part is MIM diode modeling and simulations. Modeled

rectenna is aimed to be operated at 5 pm (60 THz) wavelength.

2.1 Antenna Design and Simulations

Antenna designed and simulated in HFSS™ environment. There are two differ-
ent antennas were designed and simulated. Antennas are excited by 50€) terminals.
Due to the reciprocity as mentioned before, radiation efficiency is taken as collec-
tion efficiency. The first antenna that is designed and simulated is high efficiency,
narrow BW half-wave dipole antenna. The second antenna is lower efficiency wide
BW bow-tie antenna. Later, two different modified versions of dipole antenna are
designed first to increase BW in half-wave dipole antenna and second to increase effi-
ciency in bow-tie antenna. All of the antennas are designed on to Si/SiO; substrate.

Thickness of Si is 500 pm and on top of Si, there is 100 nm SiO,.

2.1.1 Half-Wave Dipole Antenna

In Fig 9, designed half-wave dipole antenna can be seen. Half-wave dipole an-

tenna arms are 70 nm thick gold and antenna is fed between the antenna arms. The

-

Figure 9: Designed half-wave dipole antenna in HFSS environment
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terminal have 50 2 impedance.

Total length of the antenna is 1.70 pm while the center wavelength is 5 pym. The
reason behind that is the half of the wavelength is 2.5 ym and due to the refractive
index of the SiO,, the effective wavelength is reduces on the order of 1.75 um. The
width of the antenna arms is around 100 nm.

In Fig. 10 simulation results of the half-wave antenna in Fig. 9 is shown. Fig.
10.a shows the impedance match of the antenna. The antenna is excited from 50 €2
terminal, therefore, it is matched according to 50 ). The matching occurs around 58
THz. 10 dB BW of the antenna is more than 10 THz. Impedance of the antenna is
shown in Fig. 10.b. Half-wave antenna have nearly flat radiation efficiency between

60 THz and 70 THz around 95%.

2.1.2 Bow-tie Antenna

Bow-tie antenna design can be seen in the Fig. 11. Bow-tie antennas are broad-
band antennas where two triangles are pointing to each other like a bow-tie. In
this design it is aimed to have wide BW while having impedance match at 60 THz.
Bows have 90° base angle with 2 pym base. Additional arms of 4 um are added to
fix the center frequency. Antenna have 70 nm thickness and the arms have 100 nm
of width.

Fig. 12 shows the simulation results of the bow-tie antenna. In Fig. 12.a it
can be seen that center frequency of the antenna is around 54 THz and the 10 dB
BW of the antenna is more than 20 THz. Impedance of the antenna is close to

50 Q. However, different than half-wave dipole antenna, the radiation efficiency of

Figure 11: Designed bow-tie antenna in HFSS environment
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the bow-tie antenna is relatively low. Beside the efficiency spiking around 52 THz,

antenna radiation efficiency is around 40% which is obvious in Fig. 12.c.

2.1.3 Modified Dipole Antenna

Half-wave dipole antenna is not enough BW for energy harvesting applications
and bow-tie antenna is lacking of efficiency. Therefore, it is aimed to design another
antenna giving out in antenna efficiency in half-wave dipole while gaining some BW.

In bow-tie antenna, additional arms into the antenna give practical impedance
matching without destroying the wide BW property of the antenna. Hence addi-
tional arms can bring other frequencies into matching.

In Fig. 13, modified dipole antenna can be seen. In this antenna, there are two
full-wave arms and there are two arms which connects to the measurement pads.
Like other two designs, thickness of metals in this design is also 70 nm and the arm
widths are 100 nm.

Simulation results of modified dipole antenna is shown in Fig. 14. It is aimed
to have better matching over wide BW in this design, but impedance matching
got worse. Even though impedance matching is above 10 dB, the change in the
matching over wide band is low. That means that the impedance of the antenna is
not changing dramatically in the 55 THz - 65 THz band. It is seen in Fig. 14.b that
the antenna impedance is around 112 €2 with + 6 Q difference. Radiation efficiency

dropped from 95% to 80% as expected

Figure 13: Designed first modified dipole antenna in HF'SS environment
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2.2 Metal-Insulator-Metal Diode Modeling and Simulations

In order to simulate MIM diode characteristics, a simple model is built in
MATLAB™ environment. In this model, it is aimed to simulate MIM diode char-
acteristics and make parametric analysis to have optimized material selection and
geometric properties.

In the model, the physical properties of the system has to be input. They are
device parameters and device characteristics are calculated based on these parame-
ters. Therefore the input of the simulation environment is only device parameters.
The universal constants like Planck constant and Boltzmann constant are built-in
to the model. The model calculations are consist of 4 main functions. The model
algorithm can be seen in Fig. 15.

The simulation is starting from tunneling current extraction. The tunneling
current is calculated according to the derivation. In this derivation required parts
are calculated in separate functions on the other steps. Therefore, the second step
is the tunneling probability calculations.

In the second step, tunneling probability of the electron through insulator bar-
rier is calculated. These calculations are based on quantum electron tunneling
phenomenon. The tunneling phenomenon inside the insulator layer is calculated
starting form Schrédinger’s equation to basically Transfer Matrix Method (TMM).
While this function is calculating tunneling probability, information about barrier
heights are needed. At that point simulation jumps to third step.

In the third step, barrier heights are calculated. Barriers are formed where the
metal-insulator junctions exist. The energy difference between electron and the
barrier height affects the tunneling probability. Additionally in this step, the image
charges crated by the intense electric field at the metal-insulator junction [39]. The
image charges at the junction lowers the barrier and increases the electron tunneling
probability. The results form this step transferred to the tunneling probability
calculation function.

Electron tunneling probability through insulator layer is calculated at the fourth
step. Then in the fifth step, difference of Fermi functions of metals and tunneling
probability is multiplied and current is calculated. After the current calculations,

device characteristics are extracted applying by (10), (11), and (12).
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Figure 15: MATLAB algorithm diagram of MIM tunneling diode current calcu-
lation

2.2.1 Tunneling Current

In the first step of the MIM diode model, the tunneling current is calculated.
The tunneling current includes tunneling probability of the electrons from the one
side of the barrier. The total current is simply the number of electrons which have
the probability of the tunneling in unit time. Therefore, the tunneling current can

be stated as [29]:

Jo = —qnv = —qny (E) v (E) T (E,) (22)

where J, is current density in direction of z, q is charge, n is concentration of the
carriers, E is electron energy, v is charge velocity and T'(E,) is tunneling probability
in x direction. concentration of the carriers restated in terms of density of states

g(E) and fermi distribution function f (£) as [43]:

ny (E) = g2 (E) f2 (E) (23)
where;
g(E) = ‘”(i—;”)?\/icm (24)
and [44];
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f(E) = ! (25)

eXp (E_EF];‘;;qvbias) + 1

where m denotes mass of an electron, h denotes Plank constant, £ is Boltzmann

constant and 7" is temperature.
The density of states can be expressed in terms of velocity starting from the
equation of kinetic energy:
Lo,
E = Smu dE = mvdv (26)

then substituting (26) into (24) gives:

8rm?

g () = 75U dv (27)

All of these equations considers charge carriers move all the directions in the
space. If it is focused on tunneling though a insulator barrier as in Fig. 4, then these
equations have to be reduced to 1-D forms. Assuming that tunneling only occurs on
x-direction and velocity is in all x —y — z directions in Cartesian coordinate system,
from the Spherical coordinate system, the other directions have to be integral out.

Integration is starting from Cartesian coordinate changing to Spherical coordi-

nates:

dx = Rsin(0)dg; dy = Rdb; dz =dR (28)

Volume of a part of a sphere with radius R is:

dedydz = An R%dr .. dvydvy,dv, = 4rvidv, (29)

therefore, the connection of velocity in the radial direction and Cartesian coordinates
is found. If (29) is introduced to density of states equation (27), then the density of

states can be stated in Cartesian coordinates as:

3
m
g(v) = Qﬁdedvydvz (30)

There is still y and z components of velocity in this equation. Using (28):
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dvydv, = v,dfdv, (31)

in(31) differential, df is taken integral form 0 to 27, resulting 2w. Then from (26)
and (31):

2m
dvydvz = EdE (32)
Then (30) and (31) are combined:
m2n

and continue with introducing (33) and (23):

n(vs) = 700 / £ (E) dEdy, (34)

The density term in (22) can be replaced with (34):

Arm?2
oot = / . T / £, (E)dET (E,) dv, (35)
E

in which all the terms in x direction. But still the current density dependent to
velocity and energy of electron. Due to the motion of electrons which is generally
close to random, velocity term can be changed into energy by using (26), anf id it

is combined with (35), then:

[e.o]

Joo = T / T (E,) / f2(E)dE | dE, (36)

0
is current density equation form metal-2 to metal-1. If similar procedure is applied

to the reverse direction, current from metal-1 to metal-2 is simply:

47tmaq

Doa =0 [18) | [ £i(B)dE| b, (37)
0 g
The total current density can eb found by simply subtracting the J;_5 from

Jo_s1, giving that:
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o0

Ty = T4 / T(E,) / fo(E — V) — fi (E) dE | dE, (33)

h3
0

In this equation, it is assumed that effective mass of metal-1 and metal-2 equal
to 1. From (38), it is clearly seen that the current strongly depend on the tunneling
probability of the electron. The dominating currents is tunneling current. Only
temperature dependence is inside the Fermi functions which has low effect on the

general efficiency equation.

2.2.2 Transfer Matrix Method (TMM)

Transfer matrix method is a numerical method that used in calculation in com-
plex systems [45]. In this method, generally system is divided into subsections in
order to get more accurate results. In tunneling case, the barrier is divided to n
subdivisions and for every part of the divisions, Schrodinger’s equation is solved.
The subsections in the insulator barrier is shown in Fig. 16. Later, all the equations
are collected into nearly diagonal matrix and the output gives the equation of the
electron that tunneled through the barrier.

In the first step, the wave equations of the electron have to be stated. From

Schrédinger equation [44]:

win — QZ]O — A(—)&-eikox + Ao—e—ikox (39)
and;
wout _ wn+1 _ AZJrleikn-Hm + A;Jrlefikn-ux (40)
where;
ko = \/@m/2 ) E (41)
and;
ki1 =/ (2m/h? ) (E + V) (42)
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1y, is the wave at n'* division, A is the normalization factor, k,, is the wave vector at
n!" division, x is the position, m is the particle mass, F is the energy of the particle
at the junction, and V' is the applied bias to one of the metals.

For every boundary, continuity of the waves have to be supported. Hence for
each section; ¢, = 1,41 and dv,/dx = di,,1/dx have to be satisfied. Then the

open form will be:

A;renjxj _i_Ajfefnjxj :A;r+lenj+1xj _|_Ajf+le*/’vj+1$j (43)

and;

A Ky — AT Ko7 = AT Ry — AL ke (44)

where

ky =/ @m/h2) (p; — E) (45)

¢, is the barrier height at j division.

The first assumption here is 1;, has no component in — direction. This results
A = 1. The other assumption is simple after the first; there is no return component
in Yoy, which simply makes A, ,; = 0. If all other equations are brought together

and collected into matrix form, the result will be following [46]:
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where;

A= (Ag, AT AL, . AT A AR )T (47)
X = (=1, —ikg,0,...0)" (48)

M, —Ma“ 0 0 0 0

0 My —Mf 0 0 0

0 0 M, —M;r 0 0
M = 0 (49)

0 0 0 My —M;{ 0

0 0 0 0 0 M, -—-M;}
eli%i e Ri%j
MJ_ = (50)
Kjefiti —k et
efi+1%; e fi+1%j
M = (51)
/g;j+1e'€j+lxj —/'ij+1€nj+1$j
1
M, = (52)
—ikg
and;
eikn-ﬂxn
M, = . (53)
z'knﬂelk"“x"

Then, the electron tunneling probability through insulator layer is simply the
ratio of electron probability current at the output .J,,; to electron probability current

at the input J;,:

o |Jout| o kn+1’Ar—~L_+1|2

T(E) = =
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where;

J = (h/2mi) (YOpp" — " 0p1)) (55)

The tunneling probability is calculated according to the equations given above.
At the end, (55) gives the tunneling probability of the electron tunneling through
insulator barrier. Other than TMM, there is other ways to calculate tunneling
probability like Wentzel-Kramers—Brillouin (WKB) approximation [44], however,
TMM is giving more precise results due to it investigate the system in little pieces

[45].

2.2.3 Effective Barrier Height

At the metal-insulator junction, complicated electronic structures exist due to
the continuity disruption of electronic states. When there is applied voltage on one
of the metals, then through the insulator layer, intense electric fields are formed.
Therefore electrons are collected at the metal-insulator junction. These charges
are called image charges and round the potential barrier and lowers it [39]. This
lowering effect is increasing the tunneling current. The image potential which lowers

the barrier is stated [31] below:

—1.15)\d?
‘/image = 7 N (56)
; (d — ;)
where;
e?ln?2
- 57
87TK€0d ( )

d is thickness of the insulator layer, K is the dielectric constant of the insulator
layer, and z; is the distance of the position from the metal-insulator junction. Hence

the effective barrier height becomes;

Pef = @y + V;mage,j (58)

¢es denotes the effective barrier height where j* distance to the junction.

From (56) and (57), it is clearly seen that, thickness and dielectric constant
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of insulator are other parameters that affect the tunneling probability. Decrease
in thickness and dielectric constant led the potential lower, which also lead the

tunneling current increase due to the tunneling probability increase.

2.2.4 MIM Diode Simulation Results

In order to understand the behavior of the MIM diodes and optimize them ac-
cording to the applications, a basic simulation code is written in MATLAB™ envi-
ronment as mentioned above.

Tunneling probability vs electron energy diagram of a MIM diode is shown in
Fig. 17. In this MIM diode d = 2.5 nm ,¢; = 3 eV, ¢, = 5 eV, Er = 10 eV,
K = 10. Increase in the applied voltage increases the tunneling probability at
same injected electron energy. Applied voltage increases one of the metals’ in MIM
structure Fermi level. Barrier of the insulator, which injected electrons to the system
encounter, is lovering due to the applied voltage to the system. Therefore, possibility
of an electron to tunnel through this energy barrier with respectively lower voltages
increases. In Fig. 17 this behavior an be clearly seen. When the injected electron
have 15 eV energy, if the applied voltage is -2 V, then the tunneling probability is

very low around 3%, however if the applied voltage is around 2 V, then the electron
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Figure 17: Tunneling probability of the MIM diode according to TMM method
at different applied voltages. MIM have d = 2.5 nm, K = 10, ¢; = 3
eV, ¢, =5¢eV and Ep; =10 eV
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Figure 18: Tunneling probability of the MIM diode according to TMM method
at different insulator thicknesses. MIM have V,, = 0TV, K =10,
¢pr=3eV, ¢, =5¢eVand Er; =10 eV

tunneling probability increases around 70%.

Another factor effecting the tunneling probability is the thickness of the insulator
barrier. It is expected that thinner barriers are easy to tunnel. In Fig. 18, simulation
of tunneling probability of electron through insulators with different thickness is
shown. Simulated MIM diode have same physical properties as in Fig. 17: ¢; = 3
eV, ¢, =5 eV, Ep = 10 eV, K = 10 and V,,, = 07 V. Increase in the insulator
layer thickness decreases the tunneling probability. The tunneling probability of an
electron decreases exponentially [44]. The exponential term in the wave equation
in (39) shows exponential decrease. It is not clearly seen the behavior of tunneling
probability under different thicknesses because of the oscillations, but it is clear
around 22 eV electron energy in Fig. 18. In the high electron energies, tunneling
probabilities are close to each other because electrons can jump over the potential
barrier, but in the low electron energies, it is seen that there is nearly more than
10% of probability difference.

Beside the applied voltage and the thickness of the insulator layer, tunneling
probability is also depend on the insulator dielectric constant. Dielectric constant
states a material how good insulator and how cans store charges inside it. Therefore,

good insulators tend to allow electron tunneling lower than other. It is expected that
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Figure 19: Tunneling probability of the MIM diode according to TMM method
at different insulator dielectric constants. MIM have d = 2.5 nm,
Vappl = 0TV, ¢ =3¢V, ¢ =5eV and Ep; =10 eV

as dielectric constant of the insulator increases, then tunneling probability decreases.
In Fig. 19, it is shown the relation between dielectric constant of the insulator and
electron tunneling probability. Simulated MIM diode have same physical properties
as above: d = 2.5 nm, ¢, = 3 eV, ¢, =5 eV, Er = 10 ¢V, and V,,,, = 07 V. In
the simulation results which can be seen in the Fig. 19, the oscillations peak at the
same energy levels for different dielectric constants. The reason behind that is the
thickness of the insulator is the same which only supports waves at some points.
Other than that, because of the image potential and dielectric constant relation, the
effective barriers are become lower in insulator with lower dielectric constant that
leads higher tunneling probabilities. Around 19 eV electron energy, it is seen that
there is 3% efficiency difference between the barrier having K=15 an the barrier
having K=5.

Barrier height behavior is also investigated in the simulations. In Fig. 20, the
simulation results can be seen. In the simulations, it is aimed to observe the image
force effect and the final effective barrier in (58) under different applied voltages.
In this simulation, physical paramters of the MIM structure is similar to the ones
above. MIM have d = 2.5 nm, K =10, ¢; = 3 eV, ¢, =5 eV and Ep; = 10 eV as
physical properties. In Fig. 20 voltage sweep from -2 V to 2 V with 1 V steps is

33



N

—w/ image force
===w/0 image force E

2
n
T

Barrier Height (eV)
o - b
h B n th n =2

W

b
in

0 0.5 1 1.5

(5]

Barrier Position (m) x10°

Figure 20: Barrier according to the Fermi level of the left metal, barrier heights
and image forces is shown. MIM have d = 2.5 nm, K = 10, ¢; = 3
eV, ¢, =5 eV and Ep; =10 eV

shown. In the simulations, 0 eV energy level is set to Fermi level of left metal. As
the applied voltage increases, the top of the potential barrier levels from trapezoidal
shape to rectangular shape. The difference of potential barriers between left and
right junctions is 2 eV. Therefore, at 2 V applied voltage, the top of the barrier
levels. Additionally, the rounding of the edges and barrier lowering can be seen in
the figure.

MIM diode simulations end with current-voltage characteristics. Other MIM
characteristics of the MIM diode are extracted from I-V characteristics. In Fig. 21
MIM I — V characteristics is shown. The physical properties of the MIM diode
simulated are listed as: K = 10, ¢, = 3 eV, ¢, = 5 eV and Er; = 10 eV. In the
simulations, applied voltage is swiped from -1 V to 1 V. When a material set for
insulator layer, the only parameters change for controlling diode characteristics is
left is insulator layer thickness. In figure, it is clearly seen the effect of insulator
layer thickness to tunneling current. Simulations are started from 1.5 nm insulator
thickness to 3.5 nm insulator thickness in 0.5 nm steps. Results shows that there is
linear relation between current density and insulator layer thickness. Between two
steps there is more than 30 times current density difference.

The MIM simulations are required to find optimal MIM physical properties for
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the application. Additionally behavioral analysis can be conducted. The simulations
helps to figure out how MIM diodes work. It is important that after selecting the
materials set, lots of the physical parameters that are input of the MIM diode
simulation code will be set to materials’ physical properties. The codes of the MIM
diode simulator is open, so that simulations for similar structures like MIIM diodes
can easily be conducted after configuring the code.

In the simulations real material sets are simulated. Au— AlOx— Al, Au— AlOx—
Cr, Au — CrOzx — Cr, and Au — TiOx — Ti are simulated. Insulator thickness in
all the structures is 2.5 nm. The barrier formation of these structures is shown in
Fig. 22. The barrier heights in Au — AlOx — Al MIM structure are 4.1 eV and
3.1 eV which is shown in Fig. 22.a. In this structure, asymmetry is low and the
barriers are high to tunnel.In this type of structures, turn on voltage of the diode
is expected to be at high voltages and tunneling current be low. Au — AlOx — Cr
have barriers of 4.1 eV and 3.5 eV which is shown in Fig. 22.b. This structure is less
asymmetric than the structure before. The barriers are higher than the first one,
therefore, even lower tunneling currents are expected. 1.34 eV and 0.74 eV barrier
formations are in Au — CrOx — Cr structure which can be seen in Fig. 22.c. This

structure is asymmetric than the other two. It is expected from this structure that
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Figure 22: Barrier formation of MIM structures (a) Au — AlOxz — Al (b) Au —
AlOz — Cr (¢) Au—CrOx — Cr (d) Au—TiOzx — T4

tunneling current is higher than the other tow and the asymmetry in the structure
can be visible. In Fig. 22.d. Au— TiOx — T’ structure can be seen with 1.2 eV and
0.43 eV. It is most asymmetric structure and it has lowest barrier heights. Hence,
highest current is expected form this structure.

Fig. 23 shows the simulation result of the structures stated above. The voltage
range in the simulation is set so be £ 1 V. In this range current densities of Au —
AlOx — Al, Au— AlOx — Cr, Au— CrOx — Cr, and Au — TiOx — Ti MIM diodes
are shown in the figure. The lowest current in the figure is from Au — AlOx — Cr
MIM diode. The barrier heights in this structure are the highest among others.
As expectations, the current is the lowest in this structure. The current density of
Au — AlOx — Al MIM diode is very close to Au — AlOx — Cr MIM diode. The
barrier formation of two structures are very similar to each other, only on the one
side of the barrier there is 0.4 eV difference.

Highest current is from Au — T9iOx — T% MIM diode in Fig. 23. From the
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Figure 23: Current density of MIM structures Au— AlOx— Al, Au— AlOx—C'r,
Au — CrOz — Cr, and Au —TiOx — T

barrier formations shown in Fig. 22, it is expected that this structure yields in more
current density because of its lowest barrier heights. It is clear that this structure
has more current than the others. Au — CrOx — Cr barrier formation is close to
Au —TiOx — T barriers and therefore the current densities are close to each other.

In these simulations it is seen that the model met the expectations about the
current densities of the MIM structures. Although, the current density levels seem
very low and the asymmetric is not clear on the current density plots. At least the

current density differences and structural dependences are visible on the graph.

2.3 Rectenna Simulations and GUI

The simulations of antenna and MIM diode of rectenna is conducted in separate
environments. It is aimed to design a graphical user interface (GUI) that both
of the simulations can be conducted simultaneously and for the overall rectenna
characteristics, to collect their results in same environment. Therefore, it is designed
a GUI in MATLAB that two separate simulations can be conducted inside.

Fig. 24 shows rectenna simulator GUI. It is consist of 4 panels which are MIM-
SIM inputs, HFSS inputs, MIM Materials and 3-D Model. Additionally there are

3 push buttons which start MIM simulation, antenna simulation and rectenna sim-
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Figure 24: Rectenna GUI main screen - physical and simulation paramters input

Figure 25: GUI screen-shot while antenna simulations

ulation. The results form the simulations are popping up as a separate MATLAB
figures, and there is no need to be open up the simulation to see the results.
Before starting any of the simulations, it is required to fill the inputs in MIM
diode materials panel. The materials in antenna and MIM simulations are directly
assigned form this panel. In this panel, metal-1, ,insulator and metal-2 have to be
selected. The physical properties of materials are directly send to the simulations.
HFSS Inputs panel consist of 15 inputs starting from center meshing frequency

of antenna simulation, higher and upper limits of frequency, step size of frequency,
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simulation box x —y — z dimension sizes, bow-tie antenna geometrical parameters as
tie length and width and substrate thickness. There are only bow-tie antenna and
Si/Si04 substrate exist in the first version of the simulations. Fig. 25 shows the
HF'SS simulation that is controlled form MATLAB GUI. Simulation of sinle antenna
can be started from ”Simulate Antenna” push button.

In MIMSIM input panel, there are 4 different inputs: minimum applied voltage,
insulator thickness, temperature and insulator division number. After entering the
inputs, the simulation can be started form ”Simulate MIMSIM” push button.

Results from simulations using GUI is shown in Fig. 26. Antenna simulation
results are shown in Fig. 26.a-b. In the first graph it is shown that the impedance
matching of the antenna. The antenna is tried to matched to 30 2. The second graph
is antenna impedance graph. As seen in the figure, antenna impedance is around 30
Q. Fig. 26.c-d are tunneling probability and current density of MIM diode. MIM
diode have K = 10, ¢, = 4.1 eV, ¢, = 3.1 eV and Ep; = 10 eV (Al/AIOx/Au).

Around 15 eV, the first harmonic of the electron tunneling probability is reached.
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3 Fabrication

3.1 Detailed Fabrication Procedure

After the modeling design and simulation of MIM didoes, these diodes are fab-
ricated in Sabanci1 University SUNUM cleanroom facilities. Microelectronic fabrica-
tion tools in SUNUM facilities are capable of fabricating features of tens of nm size,
which are the right choice for nano size MIM diode and antenna fabrication.

The fabrication of MIM diodes are completed in 3 steps. Metal-1, insulator and
metal-2 are fabricated in different layers in separate steps. Each steps are consist
of 5 substeps, which are shown in Fig. 27.a. The fabrication of MIM diodes starts
with cutting into 1.5 ecm x 1.5 cm pieces of 100 nm Si0Oy coated Si substrate
by mechanical diamond cutter equipment in cleanroom. After that, substrates are
cleaned and prepared for resist coating. Resist is spin-coated on top of the substrates
and after coating step, substrates and resist are baked for make them ready to
lithography. Electron beam lithography (EBL) is employed for lithography step in
order to achieve nm size feature resolutions. Later, resist on samples is developed and

materials are deposited on the samples. Physical vapor deposition (PVD) system is

S5i0;
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Figure 27: Flow-charts of fabrication procedure (a) flow of three layers fabrica-
tion step (b) cross section representation of substrate in a fabrication
cycle
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employed for deposition. The final features are given on to substrates after applying
a lift-off process o the samples. If there is another layer on top of the fabricated
layer, fabrication steps are applied from cleaning procedure again. If it is the last
layer, then sample is prepared for characterizations or device measurements.

More detailed procedure is given below under specific fabrication steps.

3.1.1 Substrate Cleaning

Before starting the fabrication of any layer, the substrates have to be cleaned
properly. Dust particles from wafer cutting or resist residuals form last step decreases
the quality and the yield of the fabrication. Therefore a cleaning process is applied
before each fabrication step. The cleaning is only applied to remove dusts and resist
residuals on the surface. Hence, it can be only applied soft cleaning to the surface.
Because, if there is other cleaning procedures applied on the surface, it can damage
the Si/Si0, substrate or even worse, the device layers.

Acetone (ACE) and Isopropyl alcohol (IPA) are sued in the cleaning procedure.
Firstly, the substrates are rinsed in ACE and kept in ACE filled petri dish. Then, it
is floated on ultrasonic cleaner. The substrates are sonicated at 100% power and 40
°C for 10 minutes. After ten minutes, substrates rinsed with ACE again and rinsed
with IPA. After rinse, substrates are put into IPA filled petri dish and sonicated
again at 100% power and 40 °C for 10 minutes. The substrates are rinsed with IPA
again and dried with Ny purge.

After cleaning substrates with these steps, they are controlled under light micro-
scope to see if there is any residue or dust left. If there is any residue or dust left on
the surface of the substrate, then cleaning procedure is repeated until the surface of

the substrate is clean and ready for the next fabrication cycle or step.

3.1.2 Electron Beam Lithography

The features of the antenna and the MIM diode are in nm sizes. Optical lithog-
raphy does not capable of operating to give nm feature sizes. Therefore EBL system
is used in MIM fabrications. The system which is used in fabrication is shown in
Fig. 28.

Negative lithography is selected in lithography step. The reason behind this is
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Figure 28: Electron beam lithography (EBL) system in Sabanci Univeristy
SUNUM cleanroom facilities

nano features with etch-back mechanism is not suitable in MIM diodes. In order
to apply negative lithography, two layer resist is coated. 49-5k and 950-k poly-
methyl-metacrylate (PMMA) are used as EBL resist. Two layer resist enables have
negative profile at the exposed areas which is essential for negative lithography.
Negative profile can be seen in Fig. 27.b.

Before beginning of the lithography exposure, PMMA resists are laid. Resists are
spin-coated on top of the substrate in yellow-room. The tools and the spinner used
in spin coating can be seen in Fig. 29. On the first layer, 495-k PMMA and 950-k
PMMA are used for first and second layer respectively. The reason of this is mass
of 495-k PMMA is lower than 950-k which developed more than 950-k PMMA. This
difference creates negative profile on the edges which is required for lift-off process.

The spin coating starts with 495-k PMMA laying on to substrate. Spinning takes
3 steps: The first step is 1000 rpm for 10 seconds with 100 rpm ramp, the second
step is 6000 rpm for 50 seconds with 1000 rpm ramp and the last step is ending with
1000 rpm slowing down rate. The spin coating parameters can be seen in the Table
3. After spinning, the substrates are baked at 175 °C for 5 minutes. After bake,
second layer is spin with same spinning parameters and baked at same temperature
for 5 minutes. Resulting resist layer thickness is around 150 nm and it is enough for

lift-off process of 70 nm thick layers.
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Figure 29: Spin coating equipment and materials for laying resist in yellow-room

Table 3: Spin coating parameters

Ramp | Speed | Duration
Spin Step rpm rpm s
1 100 1000 10
2 1000 6000 50
3 -1000 0 6

After spin coating, the substrates are ready to expose electron beam. The tool in
Fig. 28 is EBL system that is in use in SUNUM cleanroom facility. The samples are
exposed under 750 uC/cm? electron dose with 12 nA filament current. The beam
has 10 nm resolution and to give the shape exactly, beforehand of the exposure,
proximity effect correction (PEC) is undertaken.

Samples are developed inside methyl-isobutyl-ketone (MIBK) solution. Devel-
opment of the samples is done under a fume hood. First samples are dipped into
1:3 MIBK:IPA solution for 60 seconds. Then immediately, the samples are dipped
into 1:1 MIBK:IPA solution for 5 seconds. After this step, to stop the development,
samples are dipped into IPA for 60 seconds. Then the samples are rinsed with TPA,
and dried with Ny purge. After this step, they are ready for material deposition.
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Figure 30: Sample after development under light microscopy. Patch on the right
hand side is metal-1 of MIM diode, and the patch on the left hand
side is developed area. Other pars are PMMA resist.

3.1.3 Material Deposition

The materials are deposited after the development in PVD system. There are
3 different layers in MIM structure and all of them are deposited in PVD. Metals
are deposited with thermal evaporation system and insulators and some metals like
T are evaporated with electron beam evaporation system. The PVD system in
SUNUM cleanroom facilities can be seen in Fig. 31.

Thermal evaporation is used in depositing metals. In fabrication of MIM diodes
Au, Al,Cr, and T is used as metals. Except T'i, all of the metals can be deposited
by thermal evaporation method. Thermal evaporation method is a method that
by heating the material, it is evaporated and the evaporated material sticks on the
surface of samples due to the temperature difference. T% cannot be evaporated in
PVD system in Fig. 31.a because of high evaporation temperatures of Ti which
cannot be supported by this system. In thermal evaporation system, metal pieces
are put into Tungsten (W) boats and electrical current is flew through the boat.
Due tot he currents flowing, boat get heated and it heats up the metals up to their
evaporation temperature. By controlling the current, temperature being kept under
control and therefore evaporation and deposition rates.

Electron bean evaporation is similar to the thermal evaporation. In e-beam

evaporation, the material is not evaporated by the heat applied from a boat, but
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Figure 31: PVD system in cleanroom. (a) Photo of PVD system and electrical
controls (b) deposition chamber and electron and heat sources of
PVD system

it is evaporated by electron beams. This method can be applied both metals and
insulator. The chemical ratio of ceramic can be kept after evaporation by e-beam
evaporation because it is directly evaporating all the materials where e-beam hits.
It is also used in metals with high melting points. Au and 7% which are used in
MIM structures can be evaporated by this system. In this system, electrons which
are emitted form a filament are deflected by a magnet and hit the material surface.
Where the electrons hit evaporated and deposited on the sample. Density of electron
flux emitted from filament can be controlled by changing the filament current. It is
the way to control the evaporation rates.

The evaporation parameters of materials deposited can be seen in Table 4. Ac-
cording to the chamber pressure and the temperature, the evaporation parameters
change in small orders every time. This trend can be seen in the 4.

Some of the diodes are sent for atomic layer depostion (ALD) for depositing
AlyO3. The samples are deposited at 200 °C, in Al(C'H )3 and H,O precursors with
Ny carrier gas. 2 nm, 5 nm and 8 nm depositions are competed in 20, 50, and 80

cycles of reaction where deposition rate is 1 A /cycle.
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Figure 32: Samples while lift-off process
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Figure 33: MIM diodes after fabrication (a) batch of MIM diodes and pads (b)
MIM diode overlap;Scanning Electron Microscope (SEM) images of
MIM diodes (a) single MIM diode (b) antenna coupled MIM diode
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After deposition of materials, in order to give the final shape to the layer, lift-off
process is applied on the samples. Due tot he negative profile of the resist, deposited
materials are discontinuous at the features edges which can be seen in Fig. 27.b at
fourth step. Solving the resist off the surface lifts the material which is on the resist.
The material which can stick on the surface still sticks on the surface and the feature
is written by this method on the substrate.

The final shape of the layer is given by lift-off process. The samples are washed
with ACE and put into a petri dish which is filled with ACE. Then the petri dish
is closed by a lid and it is heated up to 50 °C. In Fig. 32 the samples in the lift-off
process can be seen. In the figure, it is clear that the metal sheet is lifting from
the surface remaining only the metal which sticked on directly to surface in the
developed areas.

Results form last lift-off process can be seen in Fig. 33. In this figure, it is shown
the final state of the samples. Optical microscopy images of the samples are in Fig.
33.a.b. In this figure, the pads of the MIM diode can be seen. The size of the pads
are 200 pym x 200 pgm while the dimensions of the MIM diode is smaller than 0.212
pm x 0.212 um. The sharpness of the shapes after lift-off process can be seen in
Scanning Electron Microscopy images, shown in Fig. 33.c.d. Metal overlaps which
can be seen in the middle of the figures are MIM diodes. They are basically consist
of two metals overlapping and at the overlap, there is an insulator layer between
them. Therefore MIM diodes are fabricated.

Fabricated MIM diode names and fabrication parameters is shown in Table 5.
Some of the MIM diodes have same materials set and some of them have double insu-
lator layers. In order to see the effects of materials and the geometrical parameters,

they are built in different parameters.

3.2 Lithography Masks

The features on the substrate is given by EBL. EBL is directly writing on the
substrate without any shadow masks. It uses mask files and deflect its beam in
x — y direction in order to write the correct features on the substrates. There
are tow major advantages of electronic masks. The first one is that they are on

computers therefore nearly no cost of drawing them. The second one is changing
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Figure 34: Mask 1: (a) pads and markers are visible (b) connection line overlaps
0.2121 pm x 0.2121 pm with the metal on the right side.

them is done on computer, so it is simple to change them.

In fabrication of MIM diodes, three different masks are used. The first mask
used is shown in Fig. 34. This mask consist of 24 MIM diodes with three different
sizes. The areas of MIM diodes are 1.3 yum x 1 pym, 1.3 pm x 0.5 pm, and 1.3 pm
x 0.1 pm therefore diodes areas are 1.3 pm?, 0.65 pum?, and 0.13 pm?.

In the second mask used in the fabrications, MIM diodes are coupled with bow-tie
antennas. This mask is shown in Fig. 35. On this mask there are 60 antenna-coupled
MIM diodes exist. Similar to 1st mask, there are three different diode sizes on the
mask which are, 0.0707 pm x 0.0707 pgm, 0.1414 pm x 0.1414 pm, and 0.2121 pm
x 0.2121 pm. The diodes areas are 0.005 pm?, 0.02 pum?, and 0.45 pm?.

like the second mask, third mask is also having antenna-coupled MIM diodes. In
this mask there are 50 dipole antenna-coupled MIM diodes and diodes are on 0.46
pm X 0.46 pm overlap area. This mask is shown in Fig. 36. The pads and the

markers are visible in Fig. 36.a. In Fig. 36.b. diode and the antenna are visible.
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(b)

Figure 35: Mask 2: (a) pads and markers are visible (b) connection line overlaps
0.46 pm x 0.46 pm with the metal connection on the right side.

(b)

Figure 36: Mask 3: (a) pads and markers are visible (b) connection line overlaps
1.3 pm x 0.5 pm with the metal connection on the right side.
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4 Measurements and Characterization

4.1 Measurement Setup

Fabricated MIM diodes are measured by Agilent B1500A Semiconductor Param-
eter Analyzer inside of an EM shielded black box environment. The measurement
setup can be seen in Fig. 37. The setup is built the DC I — V' characteristics of
MIM diodes. Additionally, there is 1.5 um laser to observe the behavior of MIM
diodes under EM radiation. The laser source can be seen on the left hand side in
the Fig. 37.a. A fiber is used to direct the light from the source to EM shielded
probe station. The fiber which is coupled to the source is used to shine light on the
MIM diodes which can be seen on the left hand side in Fig. 37.b. There is no 5 pm
light source to do optical measurements of the rectenna a design frequency.

Fabricated MIM diodes are measured with tungsten DC needle probes. Needle
probes are controlled by micro-manipulator system in order to make contact on the
pads of the MIM diodes. The positions of the needle probes are watched over a
optical microscope which is positioned right on top of the substrates. Needle probes
are connected to a device under test (DUT) unit by coaxial cables and then to
semiconductor parameter analyzer.

Once the probes and pads are contacted, the door of the probe station is closed
and the measurements start. Several different measurements are taken form a MIM
diode. Results are collected from semiconductor analyzer and MIM diode charac-

teristics are extracted.

Figure 37: Measurement setup (a) EM shielded black box in the middle and
semiconductor parameter analyzer on the right (b) DC needle probes
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Figure 38: [—V characteristics of MM1: Al/Al2O3/Cr/Au, 2 nm insulator thick
MIM diode, measurement is on the left scale and the simulations are
on the right scale

4.2 Electrical DC Measurements

After the fabrication of MIM didoes, they are immediately measured. The mea-
surements conducted in setup mentioned above. The samples which are shown in

the Table 5 are measured. Measurement results from these samples are shown below.

4.2.1 MDM1 Measurement Results

MM1 sample consists of Al/Al,O3/Cr/Au MIM diode. Thickness of insulator
layer Al;O3is 2 nm. The I —V characteristics of this MIM diode can be seen in Fig.
38. In this diode, the noise is very high, due to the very thin insulator layer and the
low uniformity and surface roughness of the insulator layer. Around £0.1 V applied
voltage, there is a sharp behavior in the I — V' curve, because the current density
become very high for the thickness of the insulator and deformation of features lead
to change in the current. Current density is goes up tp 100 A/cm? around 0.5 V
applied voltage. The rectification of the MIM diode is not visible in this I — V
characteristics.

The simulation result of the same MIM structure is also shown in the Fig. 38.
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Figure 39: [—V characteristics of MM2: Al/Al2O3/Cr/Au, 5 nm insulator thick
MIM diode, measurement is on the left scale and the simulations are
on the right scale

The behavior of the simulation and the measurements are similar. However, the
measured current density and the simulations have more than 1x10' A/cm?. dif-
ference. The reasons behind this are lacking of uniformity of the films and the change
in the physical properties on the nm scale. Very similar behavior is observed simu-
lation in literature [18] which is also in the figure. In this simulation, the difference

between the current densities are higher.

4.2.2 MM2 Measurement Results

The sample MM2 is having 5 nm of insulator thickness in Al/Al,O3/Cr/Au MIM
structure. I — V measurements of MM2 is shown in Fig. 39. In this diode, current
densities are going up to 1 kA/cm? around 2 V applied voltage. High rectification
can be seen around 0.5 V applied voltage which is nearly 100 A/A. The noise of
the current still there because of the uniformity of the film.

The simulation result’s behavior is similar with the measurement results except
+1V applied voltage. The difference between simulation and measurement results
can be seen in the Fig. 39. Another difference between simulation and measurement

results is the levels of current densities. In this case, the difference of current densities
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Figure 40: I — V characteristics of MM5: Au/AloOs/Al, 5 nm insulator thick
MIM diode, measurement is on the left scale and the simulations are
on the right scale

between simulation and measurement become nearly 1x10' A/cm?. other than
that, the behavior of simulation and measurement are very similar to each other.
Reference [18] simulation behavior is similar with difference on the current density

levels

4.2.3 MM5 Measurement Results

MMS5 sample consists of Au/Al,O3/Al MIM diode. Thickness of the AlsO3 in-
sulator layer is 5 nm. Measurement result of this MIM diode is shown in Fig. 40.
Around 1 V applied voltage, the current density level is around 2 A/cm?. The
smoothness of the surface and the uniformity of the films lead to have smoother
curve in this MIM diode different than MM1 and MM2 MIM diodes.

The simulation result is shown in Fig. 40 on the right scale. Beside the scale
difference between measurement and simulation result, behavior of the simulation
fits with the measurement result. Current density difference in the simulation of
MIM diode is around 1x10'? A/cm?. As in the other diodes shown before, the
difference on the current level is high on this type of diode in the simulation given

in the literature [18].
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4.2.4 LM1 Measurement Results

In the sample LM1, the insulator is CryO3 and the thickness of the insulator
is 5 nm. The measurement results of LM1 Au/Cry03/Cr MIM diode is shown in
Fig. 41. The current density levels are increasing in fast manners, reach up to
A/cm? around +2 V applied voltage. Additionally, rectification of this MIM diode
is approximately A /A in vicinity of +£1 V applied bias. The asymmetry in this diode
is more than Al,O3 diodes in the measurement. The barrier formation in the CryO;
MIM diode has lower asymmetry like in Fig. 22, however, turn on voltage is effective
to give the asymmetry in this diodes which is also seen in the simulations of these
two diodes. which is the reverse of the expectations.

Unlike MM1, MM2 and MM35, simulation of LM1 MIM diode does not fit with
the measurement results. Measurement results are totally different than the sim-
ulation results. This difference caused by the physical properties in the fabricated
diode difference. There is always a difference expected in the physical properties of
materials between in the ones used in the simulations and the one after fabrication,
but the difference in this sample is more than the margins. On the forward direc-
tion, the simulation given on the literature [18] shows similar behavior. But still the

levels are not close to each other.

4.2.5 LM2 Measurement Results

The sample LM2 is having 5 nm of insulator thickness in Au/Ti0,/T% MIM
structure. I — V measurements of LM2 is shown in Fig. 42. In this diode, current
densities are going up to 1 kA /ecm? around 2 V applied voltage. There is nearly 100
A/A rectification ratio at 0.5 V. The lowest barrier formation which can be seen
in Fig. 22 in fabricated MIM structures is in this sample.

The simulations of this type of MIM structure is on the right scale of Fig. 42.In
the reverse biases, the simulation behavior and measurement behavior are similar to
each other. But in the forward biases, there is visible difference between simulation
and measurement. At 2 V applied voltage the current level difference between

2 Behavior is not similar on

simulation and measurement is around 1x10? A/cm
simulation in literature [18]. In this simulation, the difference between the current

densities are closer.
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4.2.6 LM3 Measurement Results

LM3 sample is MIIM tunneling diode sample with materials Au/AlyO3/TiOy/Ti.
There are two different insulators stacked between metals and the thicknesses of the
insulators are 2.5 nm and 2.5 nm. The measurement result of LM4 sample is shown
in Fig. 43. In this sample it is tried to see the effect of the double insulator formation.
It is expected that these type of the diodes are having more current than the other
formations due to the step barrier and the resonance formation at the junction of
two insulators. In this sample, it can be seen that the current density measured
more than 10 A/cm? at +3 V applied voltage. The rectification of this diode is

lower than 10 A/A and it is lower with respect to the samples above.

4.2.7 LM4 Measurement Results

The material set in LM4 sample is Au/AlsO3/Cr. The thickness of the insulator
Al>O3 is 5 nm. The measured I — V characteristics are shown in Fig. 44. At +3
V applied bias, the current density is around 30 A/cm?. The rectification ratio of

the MIM diode is not visible form the measurements. Around 0 V bias, noise in the
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Figure 44: I — V characteristics of LM4: Au/AloO3/Cr, 5 nm insulator thick
MIM diode, measurement is on the left scale and the simulations are
on the right scale

current density is high. At that region, the tunneling probability of an electron is
low due to high energy barrier at the insulator which can eb seen in the Fig. 22.
The simulation of the same MIM structure is also in Fig. 44. Except the current
level difference which is more than 1x10% A /cm?, the behavior in the simulation is
similar to measurement. Turn on voltages of the MIM diode in the simulations and
the measurements fit to each other. The current level in the simulation in [18] is

nearly 10%° A/em? difference even though the behaviors are similar.

4.2.8 LMC Measurement Results

LMC sample is another MIIM tunneling diode sample with materials Cr/CroO3/TiO5/Ti.
The insulators in this structure have 2.5 nm and 2.5 nm thicknesses. In Fig. 45,
it is shown that the emasurement results of the MIIM diode on LMC sample. The
current density in this sample is higher than other fabricated diodes. Even in the
+0.5 V applied bias to the MIM diode, the current density of the diode is around
20 kA /ecm?. From the figure, it is seen that the diode is nearly symmetric due to
the low barrier hight. In low barrier structures like this MIM diode, asymmetry is

low due to the high tunneling probabilities and easy overcoming to insulator barrier.
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Figure 45: I — V characteristics of LMC: Cr/Cre03/Ti02/T1i, 2.5/2.5 nm in-
sulator thick MIIM diode. MIIM type of diode simulations are not
available

It can be seen in the measurement results that the simulations are not in the
range of the measurements. In thinner insulators, the current density tends to
be high rather than thicker insulators. Additionally, higher barriers lead to high
rectification ratios. But due to the low tunneling probabilities in the high barrier

structures, current levels are low in these MIM diodes.

4.3 Electrical DC Characteristics

Electrical DC characteristics of the MIM diodes are extracted from their mea-
sured I —V curves. The DC characteristics of the MIM diodes which are resistance,

non-linearity and responsivity are shown below.

4.3.1 Resistance

Resistance of the MIM diodes are extracted from their I — V' according to (10).
It is important for a MIM diode to have low resistance to match to antenna for

maximum power transfer. The matching also leads in the rectenna to have maximum
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Figure 46: Resistance graph of lowest four resistive fabricated MIM diodes

efficiency. In the Fig. 46, resistance of lowest four resistive fabricated MIM diode is
shown.

It is clear from the figure that, MIM diodes behave like other diodes and as
applied bias increases, the resistance of the diode decreases. The highest resistance
of the diodes is around 0 V applied bias. The lowest OV applied bias is from LM3
sample which is Au/Al,O3/Ti0,/Ti MIIM diode. The 0 V resistance of this diode
is around 2 k2.

Im LC sample which consists of Cr/Cro03/TiO4/Ti MIIM structure have 35 k2
0 V resistance. It is not coincidence the fabricated two MIIM structures are shown
in the four lowest resistive diodes. The step barrier increases the tunneling current
and the decreases the resistance of the diode.

Additionally, the resistance decreases with the barrier height. In LM2 diode
which consists of Au/TiOy/Ti MIM structure have the lowest energy barrier at the
insulator which can be seen in the Fig. 22. Therefore, the resistance of this MIM

diode is also low in the order of 3 k2 0 V resistance.
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Figure 47: Non-linearity graph of lowest four resistive fabricated MIM diodes

4.3.2 Non-linearity

Non-linearity measures the non-linear behavior of a diode. This characteristics
are extracted from I — V curve of fabricated MIM diode using (11). Highest non-
linearity means highest rectification by the diode. Hence, high rectenna efficiencies
can be reach only by highly non-linear MIM and MIIM diodes. The non-linearity
of lowest four resistive fabricated MIM diodes are shown in Fig. 47.

It is seen from the graph that the non-linearity of the diodes are in the order of
mA /V2. The highest non-linearity is 3.29 mA/V? at 1.02 V applied bias which is
coming from LM3 sample. The step in the potential barriers of Au/Al,O3/Ti04/Ti
creates this non-linearity.

As the asymmetry of the energy levels increases, the non-linearity of the diode
increases which can be seen in the difference in non-linearities of sample MM1 and
LM2. The asymmetry in the LM2 is higher than MM1, hence the non-linearity of
LM2 is higher. There is more than 10 times difference in the non-linearities of these

two structures.
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Figure 48: Responsivity graph of lowest four resistive fabricated MIM diodes

4.3.3 Responsivity

It is required for highly efficiency rectennas that to have higly responsive MIM
diodes according to (18). The responsivity of MIM diodes are extracted from mea-
sured I —V curve by using (12). The extracted responsivity of values of lowest four
resistive fabricated MIM diodes are shown in Fig. 48.

The responsivity of the MIM diodes are oscillating around 0 V applied bias. The
highest responsivity is reached by MM1 diode at -0.56 V applied bias as -6.02 A/W.
From (12) linear relation of resistance and responsivity can be seen. Hence, it is
clear that the highest responsivity is reached by the highest resistive diode in these
four.

Additionally, barrier formations play important role in the responsivity. In MM1,
the MIM type is Al/AlsO5/Cr/Au which the potential barriers is high. The other

diodes have lower insulator barriers.

The MIM diode characteristics can be seen in the Table 6. As a result of charac-

teristic extractions, it can be said that the barrier formations play very crucial role
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in MIM diode electrical DC characteristics. Higher barriers like in MM1 sample,
result as higher resistance and higher responsivity. Non-linearity is directly affected

by the asymmetry of the barrier formation.

4.4 Efficiency Calculations

The efficiency of rectenna is calculated assuming that simulated antennas are
coupled with the fabricated MIM diodes. In this assumption, it is neglected the
fe of the fabricated diodes. The efficiency of the rectenna is calculated at 60 THz
(5um). Incident EM radiation is at direct angle with the antenna and the EM is
coherent source.

The antenna that is coupled to the diode is taken to be the half-wave dipole
antenna in Fig. 10. The efficiency of this antenna is 95%. Metal loses due to
the conductions and high frequency components are taken as zero, therefore ns=1.
From (18),maximum calculated efficiency is 12% from LM3 MIIM diode. Other
MIIM diode is having 3% efficiency which is LMC sample. Additionally, calculated
efficiency of LM2 sample is 3.5%. These three diodes are the ones that can exceed
1% calculated efficiency. Other diodes have poor efficiencies wheih can be seen in

the Table 6.

Similar to the diode characteristics, in the efficiency calculations, the effect of
low barrier or step barrier is observable. The MIM structures with low insulator
barrier heights have better characteristics and better efficiency. For example the
sample LM2 has lower barrier heights than others, and the efficiency of this diode
is high than many others. Likewise lower barriers, step barriers in double insulators
increases the efficiency of the rectenna. In LM3 and LMC samples, it is clearly seen
that the efficiency of the rectenna is higher. As it mentioned before, the reason
behind this is first the step barrier and resonance formation at insulator-insulator
junction which facilitates tunneling. Comparisons between single insulator, double

insulator and barrier heights can be done form Table 6.
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5 Conclusion & Future Work

5.1 Summary of Work

Rectennas are one of the most potential candidate for future energy harvesting
and detection applications. Easy fabrication, small size, fast response, high efficiency
availability and cheaper costs are the reasons behind that. Harvesting applications
require high efficiency in small areas with low cost. In detection applications, the
tunability and the size of the rectennas are the main concerns. Additionally filling
the THz gap is important for future high speed technologies. Therefore rectennas
are the most potent candidate.

In this thesis, it is aimed to model, design and fabricate MIM diodes for infrared
energy harvesting and detection applications with high rectenna efficiencies to fill
the gap. Initially literature search on antennas which is working on the high fre-
quency is conducted. Coupled of antennas are simulated at 60 THz, later efficiency
and bandwidth of these antennas are collected. In order to use these antennas in
harvesting applications, it is required wide band highly efficient antennas. Hence,
the antenna characteristics tried to be improved. Most efficient simulated antenna
has 95% efficiency over 10 THz bandwidth. This antenna is taken to be coupled
with the MIM diode in rectenna element.

After the antennas, MIM diodes are modeled and simulated to observe the be-
havior of the diodes. Parametric analysis are conducted on the MIM diodes and the
required physical property range is extracted according to the application of MIM
diodes. Later material set for MIM structure is selected and these structures are
conducted. In the selection procedure, beside the MIM diode performance, easy
and well-known fabrication are considered as well as the IC compatibility of the
materials.

Simulated MIM diodes are fabricated in Sabanci University cleanroom facili-
ties. Al/Al,O3/Cr/Au, Au/CryO5/Cr and Au/Ti0Oy/Ti MIM diodes are fabricated.
Additionally Au/AlyO3/TiO2/Ti and Cr/CryO3/Ti09/T7 MIIM diode is also fab-
ricated. The I — V' characteristics are measured and the diode characteristics are
extracted from these measurement results. -6.02 A/W and 5.68 A/W responsivites

are reached from fabricated diodes. The 0 V resistances of the didoes are dropped

66



to 2.3 k2. With these characteristics, rectennas using these diodes reach to 12%
efficiency in Au/AlyO3/Ti05/Ti diode. These results show that these diodes are

capable of operating as energy harvester and detectors.

5.2 Future Work

Fabricated diodes are based on the MIM diode modeling and simulations. In
the simulations, the lacking of double insulator formation and limitations on the
parametric analysis have to be improved in the first stage. Additionally, the most
important improvement on the MIM diode simulations is fitting the measurement
results to the simulation results. Still there is more than 1x10' A/cm? difference
between simulations and measurement results. There has to be a correlative coef-
ficient to fix the problem. Other than that, the I — V' behavior of the simulations
are fitting with the measurement results.

It is seen in the measurement results and characteristics extraction that step
barrier and low barrier are suitable for the rectenna elements. It has to be more
fabrication on the low barrier MIM diodes and MIIM diodes in order to increase the
efficiency. The reason behind this is the impedance matching between antenna and
the diode has to be precise for high rectenna efficiencies.

On the long term plan, optical measurements of the rectennas have to be con-
ducted. The efficiencies on this thesis only calculated values. The exact values can
be found by optical measurements. Later, array formation of rectennas has to be

investigated, fabricated and measured.
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Appendix
A1l MATLAB Diode Model

cle

clear all;

tic

global kb m h hJ hbar epsO q kJ hbarlJ;
kb=8.6173324e —5;
m=9.109e —31;
h=4.135e—15;
hJ=6.62606957e —34;
hbar=h/(2xpi);
hbarJ=hJ/(2x*pi);
eps0=8.854e—12;
q=1.6022176565¢e¢ —19;
kJ=1.3806488e—23;

global thickness Ef num phileft phiright T eps;

WIS SIS SIS IIIIIIIITIIIY ONLY CHANGE THESE PARAMS

Vapplow=—3; %% [v] lowest applied
voltage

topdata=2xabs(Vapplow) ; 9% highest applied
voltage abs. value of low

Vappx=Vapplow ; %% initialization of
applied voltage

thickness=50e—10; %% [m] thickness of the
insulating layer

eps=90; Y% [#] relative
dielectric constant of the insulating material

phileft =0.42; %% [eV] left barrier

height {(fermi nergy of the Metal 1) — (electron affinity
of the insulator) }

phiright =1.2; 9% [eV] right barrier
height {(fermi nergy of the Metal 2) — (electron affinity
of the insulator) }

Ef=5.6; %% [eV] Fermi energy of
the Metal 1

T=300; %% [K] temperature

num=25; %% [#] barrier division
number

%

TSTTSTISSTTSTISTISTISSTTSSITSTISTIS SIS SIS SIS TIS SIS SIS SIS SIS SIS SIS TS
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a1 coeff=le—14%(4*pismxq) /(hJ+xhxh);
32 Jther:();

33 datapoint=150;

s for (a=l:datapoint)

35 WISSSTSSTSSSTTSTSSamcomment  for two sided
s 1f (Vappx>=0)

37

38 J(a)=coeffsxtransfermatrix (Vappx) ;
39 else

40 J(a)=coeffsxtransfermatrix (Vappx) ;
a end

42 Vappx=Vappx+(topdata/datapoint ) ;
43

a4 VVV(a)=Vappx;

s end
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35

36

37

38

39
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41

42

43

44

45

Al1l.1 MATLAB Transfer Matrix Method

function [prob] = transfermatrix (Vappx)
global m hbar thickness num Ef hbarlJ;
WIS TT TS TISancomment for two sided
if (Vappx>=0)
Vappx1=Vappx;
else
Vappxl=Vappx;
end
WITTTTSTSSSITTT o
Ex=0;
if (Ex=Ef)
Ex=Ef+0.0001;
end
rows=nums2;
cols=rows;
thickness2=thicknessx*1e9;
matnum=100;
dn=thickness2 /num;
dtn (1) =0;
for (j=1:num)
dtn(j+1)=dtn(j)+dn;
end

for (j=1:matnum)

dEx=35/matnum;
kO=sqrt (((2*m/(hbarxhbar))*(Ex—Ef)));
kn=sqrt (((2*m/(hbarxhbar) ) *(Ex—Ef+Vappxl))) ;
for (1=1:num)
kk(1)=sqrt ((2+«m/(hbarsxhbar))«*(barrier(j, 1, Vappx)—
Ex+Ef));
end

Mezeros (rows, cols ) ;
X=zeros (rows,1) ;
A=zeros (rows 1) ;

for (n=1:num)
for(r=1:rows)
for (c=1:cols)
if (r==2xn—1)&&(c==2+n)&&(n"=num)
M(r,c)=exp(—kk(n+1)«dtn(n));
elseif (r==2xn—1)&&(c==2%n+1)&&(n"=num)
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end
end

M(r,c)=exp(kk(n+1)xdtn(n));
elseif (r==2n)&&(c==2+n)&&(n"=num)
M(r,c)=(kk(n+1))*exp(—kk(n+1)*dtn(n));
elseif (r==2n)&&(c==2+n+1)&&(n"=num)
M(r,c)=(—kk(n+1))*exp (kk(n+1)xdtn(n));
elseif (r==2xn—1)&&(c==2%n—-2)&&(n"=1)
M(r, c)=exp(—kk(n)xdtn(n));
elseif (r==2m—1)&&(c==2+xn—-1)&&(n"=1)
M(r,c)=exp(kk(n)*dtn(n));
elseif (r==2xn)&&(c==2+%n—2)&&(n"=1)
M(r,c)=(—kk(n))*exp(—kk(n)*dtn(n));
elseif (r==2xn)&&(c==2%n—1)&&((n"=1)
M(r,c)=(kk(n))=*exp(kk(n)*dtn(n));

end

A=inv (M) *X;

ff=fermicalc (Ex, Vappx);
TM(j)=(abs(kn/k0))*(abs(A(rows,1))*abs(A(rows,1)));
TT(j)=IM(j ) *«dEx* ff;

prob=sum (TT) ;
Ex=Ex+dEx;
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Al1.2 MATLAB Effective Potential Barrier Calculation

function [barrierreturn]| =

thicknessl=thickness;
if (Vappx>=0)

phileftl=phileft ;
phirightl=phiright;
else
FOR SYMMETRY%
phileftl=phiright ;
phirightl=phileft;
Vappx=—Vappx;
end

dn=thicknessl /num;
distance=0;

for(j=1:(num))

barrier (jet, ret, Vappx)
global thickness num q epsO phileft phiright eps;

%

%THIS 1S

image (j)=—1.15%(q*0.6931/(8*pi*eps*xepsOxthickness))(
thicknesslsthicknessl /(distance=(thicknessl—distance)

)

distance=distance+dn;
end
distance=0;

for (j=1:(num))

barrier (j)=phileftl+((phirightl —phileftl —Vappx) (

distance /thicknessl))+image(j);

if (j<(mum/4)) && (barrier(j)<0)
barrier (j)=0;

elseif (j>(3xnum/4)) && (barrier (j)<—Vappx)
barrier (j)=Vappx;

end

distance=distance+dn;

end

barrierreturn=barrier (ret);
end
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