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Abstract
In the last decades new electrical devices have been investigated in order to overcome problems
caused by integrated circuit shrinking. Within these devices there is one that has attracted much attention
due to its high scalability and simple structure. This device was proposed theoretically by Leon Chua in
1971 who gave it the name of “Memristor”. In the recent years thin films structures composed of a
metal/oxide/metal (MOM) stack have been linked to this new device, also known as “Resistive
switching”. There are several applications for the memristor; one of the most important is for resistive
random access memory (ReRAM) where there are two states, low (LRS) and high (HRS) resistance.
These states are achieved by a set and reset voltage respectably. The purpose of this work is to
investigate the resistive switching behavior of SnO2 films as the middle stack material.
MOM structures were fabricated on glass substrates, as bottom film Ti was deposited by RF
magnetron sputtering. Then after SnO2 was grown by reactive RF magnetron sputtering and finally
silver paint was applied with micropipettes and used as top metal. For the microstructure analysis
scanning electron microscope (SEM), grazing incidence x-ray diffraction (GIXRD), and energy
dispersive spectroscopy EDS techniques were used.

An electrical analysis was performed to study the memristor behavior. Repeatable unipolar
switching was observed using a compliance current of 10 mA and limiting the reset voltage between 0.8
and 1.2 V. In order to get a repeatable and reliable device an optimal SnO2 thickness of 45-53 nm was
found. A top contact area analysis was carried out indicating a filamentary forming mechanism. The
forming voltage was reduced using lower oxygen partial pressures, however the HRS was affected.
Furthermore, a retention memory analysis was performed indicating an acceptable device
behavior through time. And finally a Ohmic conduction process was found in LRS and HRS, however
for the HRS this process was observed only at voltages lower than 0.3 V, at higher voltage there was not
a well fit with any conduction process studied in this document indicating a possibility of a change in
material structure that is not accounted .
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1 Introduction
Integrated circuits (IC) are increasingly used in daily activities and can be found in personal
computers, cell-phones, music players, TVs, etc. Even though the demand for electronics continues to
increase with an annual market growth of 9.9% (2003 to 2007) prices keep falling [1]. This phenomenon
is attributed to the industry’s increase in capacity and productivity [2], which is enabled by shrinking of
integrated circuitry and design innovations. However, integrated circuit scaling is approaching a
fundamental limit and innovations at the device level are needed to continue the industry’s growth in
productivity [3].
Gordon Moore in 1965 projected that the number of components in an integrated circuit would
double every two years mainly due to scaling [4]. This led to an exponential growth in the level of
integration, as shown in Figure 1. This is known as Moore’s law, and although in recent years
manufacturers have accelerated the pace to gain economic advantage, it is starting to face serious
fundamental limitations. In order to continue decreasing the size of electronic devices it is necessary that
new fabrication techniques and new electrical devices be developed.

Figure 1. Gordon Moore’s projection of the number of components per IC [4]
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1.1 MEMRISTOR DEVICES AND RESISTIVE SWITCHING
Leon Chua in 1971 proposed for first time the existence of a new two-terminal, passive circuit
element called a “memristor”, which is a contraction of “memory resistor” [5]. The memristor is in the
same category as the resistor, capacitor and inductor and therefore is also called the fourth element.
Chua predicted the existence of the memristor by observing that one combination of the fundamental
circuit variables (voltage (V), current (i), electric charge (q), and magnetic flux ( Φ m )) remained
undefined as shown in Figure 2 [5]. In particular the relation between the magnetic flux and the electric
charge is not defined by the resistor, capacitor or inductor; instead the new memristor defines the
relation.

Figure 2. Fundamental circuit variables relationships
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Mathematically, the memristor is described by,

V = M (q )i

(1.1)

where M(q) is the memristance and is given by,

M (q ) ≡

dΦ m
dq

(1.2)

Equation (1.1) shows that the memristor is similar to a resistor, however in the memristor the
memristance, M, can vary depending on the charge, q. M has the unit of Ohms. If M does not vary then a
memristor will act similar to a simple resistor. On the other hand, if M varies, then the memristor acts
like a variable resistor where the memresistance will depend on its previous states. In this sense, the
memristor is able to store memory of its previous states through its M value. Figure 3 shows the symbol
that Leon Chua claimed for this device, which is similar to a resistor.

Figure 3. Memristor symbol
The original work of Chua was theoretical and it wasn’t until 37 years later in 2008 when
Stanley Williams from HP labs claimed to have discovered the memristor in the article “The missing
memristor found” where he presented a two terminal electrical device that behaves like a memristor. The
device that HP labs presented displayed “resistive switching”. As will be explained in detail in the
following chapter, resistive switching is a novel phenomenon where a typically insulating material
switches between low and high resistance when appropriate voltage biases are applied. Although
resistive switching had been observed for approximately 20 years, Williams was the first to link the
phenomenon to the missing memristor [6].
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Memristors have a very simple capacitor-like structure in which a thin insulating layer is
sandwiched between two metals (usually known as bottom and top contacts) [3] as shown in Figure 4.
This is also called the Metal-Oxide-Metal or MOM structure.

Metal

V

Oxide
Metal

Figure 4. Capacitor-like structure for memory application
Leon Chua in the “Memristor and Memristive Systems” symposium held at the University of
Berkley in 2008, proved in a mathematical way that resistive switching is a memristor behavior. It was
shown how a memristor device has memory when a voltage pulse is applied in the following way:
assuming that the charge is a function of the magnetic flux, as in Figure 5(A). Then a voltage in the form
of the Figure 5(B) is applied, and as consequence of this voltage the magnetic flux will change, as
shown in Figure 5(C). The memristance state will switch from one resistance value (M1) to another
(M2) as in Figure 5(D). In other words, when a device changes in resistance from one state to another
and the state is maintained after the voltage is removed, then this device has a memristor behavior. M1 is
known as low resistance state (LRS) and M2 is known as high resistance state (HRS). The difference
between the two states is very important for digital and nonlinear applications.
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Figure 5. Memristance state change with a voltage pulse
This resistive switching can also be described as a pinched hysteresis loop as shown in Figure 6
[5]. In this figure it can be observed that the current has a path when a forward voltage is applied
however when the voltage reversed, the current follows a different path. This is known as hysteresis.

Figure 6. A pinched hysteresis loop at low frequencies [5]
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1.1.1

Applications

1.1.1.1 Amoeba’s learning
It’s been reported that a large amoeba-like cell changes its behavior when it is subjected to
periodic environment changes indicating memorization of past events and prediction of future periodic
changes [7]. This means that the amoeba learns from previous experiences and keeps memory of them.
In order to simulate this learning mechanism the circuit in Figure 7 has been proposed in reference [7]
using the four passive elements including a memristor. This circuit can learn and subsequently predict
future signals. The environment changes are represented by the external voltage V(t) and the amoeba
behavior corresponds to the voltage at the memristor Vc(t).

Figure 7. Amoeba’s learning circuit [7]
When the circuit is subjected to non-periodic pulses there is no change in the memristance, as
shown in Figure 8(A). However when periodic pulses are applied there is a change in the memristance,
Figure 8(B). This indicates that the circuit learns from periodic events like the amoeba and is able to
predict future periodic pulses.

6

Figure 8. A) Circuit subjected to non-periodic pulses. B) Circuit subjected to periodic pulses [7]
1.1.1.2 Neural synaptic emulation
The Spike-Time-Dependent plasticity is a mechanism used in computational neuroscience for
artificial machine learning. This algorithm employs spike-base-computations which are the brain
functionality principle. Using memristors as a principal computer device will lead to a new generation of
self-adaptative ultra-high-dense intelligent machines [8].
Figure 9 shows two neurons connected by a synapse. Here the electrical potential between
membrane inside and membrane outside is known as neural spike. When a neuron sends a spike a
variety of membrane channels open and close allowing substances to flow between neurons. At the same
time packages of neurotransmitters fuse with the membrane sharing these packages [8]. This phenomena
and structure is similar to the memristor where the membrane inside and membrane outside are the metal
electrodes and the membrane is the oxide. In both cases there is structure change involving mass
transfer: in the synapse neurotransmitters are transferred, in the memristor atoms (usually oxygen) are
transferred.

7

Membrane

Figure 9. Synaptic action [8]
1.1.1.3 Non-volatile memories
The large demand for high-speed and large-capacity nonvolatile memories has driven a number
of alternatives to meet this demand. For example, ferroelectric random access memory (FeRAM),
magnetoresistive RAM (MRAM), phase-change RAM (PRAM), and recently resistance random access
memory (ReRAM) have all been proposed solutions [3]. Importantly, ReRAM can be implemented
using resistive switching or memristor behavior. The most common architecture for memristor
implementation of ReRAMs is the so-called crossbar architecture due to its simplicity and ability for
very high density. Memristor crossbars can be fabricated as it is shown in Figure 10. In this architecture,
a memristor exists at the intersection of each word and bit line, and represents an addressable bit or a
memory cell. Because these capacitor-like structures are so simple, highly scalable cross-point and
multilevel stacking memory structures can be created [3].

Figure 10. Memristor Crossbar [3]
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1.1.1.4 Reprogrammable and reconfigurable circuits

Logic circuits with memristor crossbars and metal-oxide-semiconductor field effect transistor
(MOSFET) arrays capable of self programming have been reported [9]. Figure 11(A) illustrates the
circuit structure where the memristor crossbar is in the center surrounded by MOSFETs. Figure 11(B)
shows a SEM picture of the crossbar.
The memristor was used as 2-state switches (HRS as OFF and LRS as ON) and the MOSFETs
were used as inverter/amplifier outputs. This hybrid circuit was capable to perform Boolean logic
operations depending on the crossbar configuration. For self circuit configuration the output is routed
back into a target memristor inside the array when the logic operation is true (circuit output is “1”) the
selected memristor switches from HRS to LRS.

Figure 11. A) Hybrid circuit optical micrographs B) SEM memristor crossbar [9].
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1.2 MOTIVATION OF THE PRESENT WORK
Since 1962 a huge variety of metal-insulator-metal or MIM structures with different
configurations have shown resistive switching [10]. Some of these systems are: Pt/TiO2/Pt [11],
Ti/TiO2/Ti [11], Pt/HfO2/Cr/Au [12], Pt/MgZnO/Pt [13], Pt/TiO2/SrTi:Nb/Pt [14], Pt/SnO2/Pt [15],
Al/CuxO/Cu [16], ITO/ZnO/ITO/Ag/ITO [17], Ti/MnO2/Pt [18], Ti/ZrO2/Pt [19], Pt/NiO/Pt/Ti/SiO2/Si
[20], and Ti/PCMO/SRO/STO [21] within others. Although SnO2 has shown orders of magnitude in its
resistivity depending on the oxygen concentration, [22] it has not received much attention for resistive
switching.
Tin-dioxide is widely used as a transparent conducting oxide (TCO), as an oxidation catalyst,
and as solid state sensing material [22]. In the TCO applications, highly conductive SnO2 is usually
used. It can be doped with Sb, In or with oxygen deficiencies (non-stoichiometric SnO2) [22]. For this
application, resistivities as low as 10-4 Ohms/cm have been reported [23]. On the other hand, undoped
SnO2 has shown a resistivity of 106 Ohms/cm [24]. For the catalyst and sensing applications most of the
phenomena occurs on the surface, however for gas sensing the electrical conductivity changes
depending on the gas monitored [22].
Beside the applications above there is only one report in the literature where SnO2 is used for
resistive switching, ref. [15]. Here SnO2 is deposited on Pt/Ti/Si substrates by pulse laser deposition. A
silicon wafer is the starting substrate. Ti is then deposited followed by Pt and this stack serves as the
bottom contact. In the report, Au, Ti and Pt were each tested as top contact materials. The deposition of
the oxide was performed at room temperature and the top contact pattern was made by a metallic
shadow mask with contact sizes of 25x25 µm2 and 100x100 µm2. The report showed potential of using
SnO2 for resistive switching due to the difference between the low and high resistance states and the
device’s good memory retention.
Furthermore UTEP’s NanoMIL has achieved resistive switching in SnO2. A Ti bottom contact
was deposited on a glass substrate and for top contact a pattern of Ti with a diameter of 1.6 mm was
grown with a shadow mask, as shown in Figure 12.
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Figure 12. A) Cross sectional and B) top view of NanoMIL’s MOM structures on glass.
The novel aspects of this structure are that there is no buffer layer between the bottom contact
and the substrate and the deposition method which is reactive RF magnetron sputtering (explained in the
chapter 3). However these devices reported a maximum of three complete cycles, where a switching
cycle is a change from HRS to LRS and a change from LRS to HRS, showing a poor reliability and
repeatability. Thus the NanoMIL devices needed further improvement in the fabrication in order to
achieve more switching cycles, good memory retention measurements, and a detailed analysis of the
conduction process.
Even though several systems have been analyzed the mechanism for this phenomenon is still
unclear, though there are basically two proposals, which are discussed in Chapter 2, that describe this
behavior: filamentary conducting path and interface-type conducting path [3] . Besides the mechanism
that describe each system, different conduction processes, either for LRS or HRS, have been reported:
space-charge-limited conduction (SCLC) [17; 25], Ohmic [12; 17; 15; 25; 26], Poole Frenkel emission
[15; 27; 26], and Schottky emission [15; 27]. (These processes are explained in chapter 2).
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1.3 CONTRIBUTION OF THIS THESIS
The contributions of this work are:
•

Development of suitable deposition conditions (including: power, pressure, and oxygen
partial pressure) needed to create a MOM structure with reliable and repeatable resistive
switching cycles using reactive RF magnetron sputtering for SnO2.

•

Optimization of the top contact in order to impact device repeatability and reliability.

•

Analysis of silver (Ag) as top contact

•

Analysis of the influence of the SnO2 thickness in the resistive switching.

•

Measurement of memory retention time.

•

Analysis of the mechanism for the resistive switching phenomena in SnO2.

•

Analysis of the conduction process in LRS and HRS.

12

2 Memristor and resistive switching functionality
In order to understand the functionality of the resistive switching in a MOM system it is
important to know the switching type, the switching mechanism, and the conduction process. In this
chapter the two types of switching, bipolar and unipolar, will be explained. As well as the two current
proposals for the switching mechanism: the filamentary conducting path and interface-type conducting
path. Finally, four conduction processes that have been reported for the electronic transport in LRS and
HRS will be described.

2.1 CLASSIFICATION OF SWITCHING TYPES
The switching type is an essential characteristic for resistive switching in MOM structures. As
mentioned above there are two types; bipolar and unipolar switching. Before explaining each type of
switching it is important to mention that the resistive switching occurs when an electrical potential is
applied between the bottom and top contact. In other words the resistance can change from low
resistance state (LRS) to high resistance state (HRS) depending on the bias voltage applied between the
two metallic electrodes.
For the bipolar case a switch from HRS to LRS occurs when a voltage (known as the set voltage)
is applied. Then in order to return to the initial HRS state, the structure is submitted to a voltage (known
as the reset voltage) with an opposite polarity to the last operation [10]. When a switching from HRS to
LRS occurs the current has to be limited to avoid device damage. This is known as the compliance
current (CC). Thus, both forward and reverse biases are required for resistive switching as shown in
Figure 13(A). In the Figure, the trace labeled “OFF” is in the HRS state and switches to LRS (trace
labeled “ON”) when a reverse bias is applied. Subsequently, the memristor switches from LRS to HRS
when a forward bias is applied.
For the unipolar case a switch from HRS to LRS also occurs when a set voltage is applied
between the contacts. However, unlike the bipolar type, a reset voltage with the same polarity is required
to switch between LRS and HRS [10]. Figure 13(B) shows this type of switching where the OFF line is
the HRS and switches to LRS at the set voltage then LRS changes to HRS at the reset voltage. Notice
13

that the reset voltage is smaller than the set voltage and of the same polarity. This implies that the reset
voltage has to be limited lower than the set voltage. This switching type can occur either with a reverse
or forward bias. Another important aspect to consider is the compliance current used to switch from
HRS to LRS. The compliance current and reset voltage limit have to be taken in consideration in order
to avoid any damage in the device and to avoid double switching.

Figure 13. Resistive switching types; A) bipolar switching, B) unipolar switching [10].
Different metal-oxides have shown these two types of switching. Materials as: ZnO [26], ZrO2
[19], HfO2 [12], MnO2 [18], PCMO [21], and TiO2 [11] have reported bipolar switching and oxides as:
ZnO [26; 17], ZnMnO3 [25], Cu2O [27], and SnO2 [15] have reported unipolar switching. In contrast,
TiO2 and ZnO have shown both bipolar and unipolar switching. This is attributed to the high values of
compliance current [10]. Thus there are two important parameters that define the switching type; the
oxide material and for some materials the compliance current value.
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2.2 CLASSIFICATION OF SWITCHING MECHANISMS
There are two types of mechanisms that describe resistive switching: filamentary conducting
path and interface-type conducting path [3]. These are independent to the switching type but not to the
oxide material. Figure 14(A) shows a schematic for the filamentary mechanism, where the switching is
due to the formation and rupture of filaments. Figure 14(B) shows a schematic for the interface-type
mechanism, where the switching is attributed to migration of oxygen vacancies.

Figure 14. Switching Mechanism A) filamentary conducting path B) interface-type conducting path [3].

2.2.1 Filamentary conducting path
This mechanism consists of three stages: forming, reset, and set. The first stage is the forming
where conductive filaments are formed in the oxide like a soft breakdown in a dielectric material as
shown in Figure 15 [3]. This stage occurs only once at the beginning. After the filament forming,
filament rupture occurs in the reset stage when a reset voltage is applied. The third stage is the set stage
which occurs when a set voltage is applied. In the set stage the ruptured part of the filament is repaired
and thus requires less energy than the forming stage. The device can switch from reset stage (HRS) to
set stage (LRS) a large number of times.
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Figure 15. Schematic of the filaments forming process [3].
The mechanism behind the formation and rupture of the filaments is attributed to thermal redox
or anodization in the interface between the metal contacts and the oxide for the unipolar switching case.
On other hand electrochemical migration of oxygen ions is the suggested mechanism for bipolar
switching [3]. An important aspect of this mechanism is that the formation of a sole filament implies a
resistance that is independent of pad size. Because of the compliance current, it is theorized that just one
conductive filament is formed [10].

2.2.2 Interface-type conducting path
This type of conducting path is usually related to bipolar switching type in perovskite oxides [3].
Here the resistive switching takes place between the metal contact and the oxide. As this behavior is
presented mostly in semiconducting oxides a Schottky barrier is proposed to be the origin of the contact
resistance [3]. The principal difference between the interface-type and filamentary conducting paths is
the area dependence, this means that filamentary conducting occurs in a localized area whereas the
interface-type occurs on the whole area [3].
16

In the Schottky model the magnitude of the contact resistance is due to the potential of the
barrier or the depletion layer. The depletion layer width (Wd) depends on the carrier concentration, in
this case the oxygen vacancies [14]. This width is smaller for LRS and bigger for HRS, as it is shown in
the energy band diagram of a metal and p-type semiconductor oxide, like PCMO, in Figure 16. When
the device is in LRS the current flow is attributed to electron tunneling.
Wd

A) LRS

Wd

B) HRS

EC

EC
φ

φ
EV

EF
Metal

EV

EF

P-type
oxide

Metal

P-type
oxide

Oxygen vacancies
Figure 16. Energy band diagram for A) LRS and B) HRS
In this mechanism the depletion width change is due to the electrochemical migration of oxygen
vacancies between the metal and semiconducting oxide interface [3]. Recent experiments with Ti and
Nb:STO in which both elements are n-type semiconductors have shown this behavior [14].
In order to understand the physics of resistive switching is important to recall these two
mechanisms even though some aspects are unclear. However from these theories it is possible to
highlight that the material selection is the most important parameter that will define the memristor
characteristics.
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2.3 CONDUCTION PROCESSES
Four different conduction processes have been reported in MOM structures depending in the
oxide material. Table 1 presents a summary of the processes including the equations that describe them.

Table 1. Conduction processes equations
Equation

Electric field
Proportionality

∆
   exp 


ln   ln  

Process
Ohmic

   exp 

Poole-Frenkel (PF)

Schottky emission (SE)

  #$



  /



  /4
exp 



Space Charge Limited
Conduction (SCLC)

9) *+ 
8- !

In the table,  0 current density,  0 electron charge, * 0 electron mobility,

ln   ln  
ln   ln &

! √
' √

ln   2 ln / 

0 temperature,

0

Boltzmann’s constant, , + 0 voltage, #$ 0 effective Richardson constant,  0 barrier height,  0
electric field,  0 insulator permittivity, - 0 insulator thickness, and Δ

0 activation energy of

electrons.
In order to analyze the relationship between the current density and the electric field, the
proportionality constants, K1 to K6, are defined as follows;
9∆:;<

  23456746 $ exp 8

=>
9@AB

  23456746 $ exp 8
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@ C /DEF
=>

&  23456746 $ #$
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=>

?

?

exp 8
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?
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Figure 17 shows a plot of the current versus the electric filed in a logarithmic scale, making all K
constants equals to one. Here it is possible to distinguish the different behavior between the four
processes. In this scale the Ohmic process has a slope of one, SCLC has a slope of 2, SE has an
exponential behavior, and PF also has an exponential behavior however it is linear for low voltages. For
a better understanding each conduction process will be explained in the following sections.
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Figure 17. Conduction processes plot, Current density vs. electric field, log scale

19

2.3.1 Ohmic conduction
In this conduction process the electric field applied to the device is proportional to the current
and is given by Ohm’s law where the proportionality constant is the resistance. However when an
insulator is submitted to high temperatures and low voltages the electrons with excessive thermal energy
jump from one state to the other, yielding to an exponential temperature dependence [28].

2.3.2 Space-Charge-Limited Conduction (SCLC)
The space charge in an insulator or semiconductor is determined by the doping and free carrier
concentrations [28], as follows,

ρ = q( p − n + N D − N A )

(2.1)

Where p is the hole concentration per cm3, n is the electron concentration per cm3, OP is the

number of donors per cm3, and OQ is the acceptors per cm3. While ρ = 0 in neutral regions, near a

junction of two different materials it can deviate from zero. In the depletion region, n and p are assumed
to be zero therefore the charge density is given by the majority-carrier doping level. When a bias voltage
is applied, the carrier concentrations n and p are increased. If these levels are bigger than the doping
concentration a space-charge effect occurs. As consequence the injected carriers control the electric field
profile [28].
Here the current is dominated by the drift component of the injected carriers and it is given by
[28]:

J = qnv

(2.2)

Considering the Poisson equation for this current,

d 2ψ qn
=
dx 2 ε i
and the carrier velocity (v) in the low mobility regime,
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(2.3)

v = µξ

(2.4)

Equations 2.2 to 2.4 can be combined to solve for the space charge limited current in terms of the
voltage as follows [28],

J=

9ε i µV 2
8d 3

(2.2)

2.3.3 Schottky Emission (SE)
This conduction process has been studied in the last four decades and it has been proposed for
the conduction mechanism in thin insulating films since 1962 [29]. Figure 18 presents the band-diagram
for an MOM structure submitted under an electric field and the conduction is given Schottky emission.
EF is the Fermi energy and φB is the work function between the insulator and the metal. Therefore in
order to conduct through the insulator an electron from the metal needs enough energy to overcome this
barrier. The dashed line is the actual barrier that the electron sees is due to the image forces between the
electron in the insulator and the metal.
Electron
jumping

qφB

EF
-eV

Metal

Insulator

Metal

Figure 18. Energy band-diagram for Schottky emission
The Schottky emission has an exponential dependence to the temperature as to the square root of
the applied voltage. When this process is presented in the system the conduction is metal-limited [30].
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2.3.4 Poole Frankel (PF) Emission
Poole-Frankel emission has been reported in insulator materials like Si2N4, Al2O3, and SiO2 at
high temperatures and in high electric fields [28]. Figure 19 presents the band-diagram for the MOM
structure under an electric filed where the conduction process is governed by PF emission. The current
flow in this process is due to the emission of electrons from the traps in the oxide to the conduction
band. The mathematical expression for PF is similar to the Schottky emission with the difference that
the barrier high for the PF is the depth of the trap potential well and the barrier reduction for PF is larger
than in the case for SE by a factor of two due to the immobility of positive charge [28].
Electron
jumping
qφB
EF
-eV

Metal

Insulator

Metal

Figure 19. Energy band-diagram for Poole Frenkel emission
Similar to Schottky emission PF has an exponential dependence to the temperature however it
has a linear and exponential dependence to the applied voltage. When this process is presented in the
system the conduction is bulk/ insulator-limited [30].
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3 Experimental details
3.1 DEPOSITION TECHNIQUE
A MOM structure was fabricated where Ti was used as the bottom metal, SnO2 as oxide, and
silver paint was used as the top metal.
Ti is usually deposited by the sputtering technique and used as the contact under-layer because of
its good addition to other materials [31]. In contrast the most common deposition techniques for SnO2
are spray pyrolisis, chemical vapor deposition (CVD), electron beam, pulsed laser, thermal evaporation,
and reactive sputtering [32]. Reactive radio frequency (RF) magnetron sputtering and standard RF
magnetron sputtering were selected to deposit SnO2 and Ti respectably due to its availability in the
NanoMIL lab.

3.1.2 Reactive and standard RF magnetron sputtering deposition principle
Figure 20 shows a simplified RF sputtering system. This consists basically of a vacuum chamber,
a RF gun, and a high vacuum pump. The target is the material to be deposited and because this is
connected to the positive terminal of the RF power supply it is also known as cathode. The substrate is
face-to-face with the target and it is where the material deposition takes place. It is usually grounded
(anode). The first step is to pump down the vacuum chamber to a range between 10-6 to 10-7 Torr in
order to minimize impurities during deposition. A voltage is applied between the cathode and anode then
after an inert gas, usually argon (Ar), is introduced into the chamber to create the plasma. The plasma
contains neutral gas atoms as well as equal number of positive ions and free electrons. Positive gas ions
strike the target (green arrows) and eject neutral material atoms (red arrows). These atoms pass through
the plasma and eventually deposit on the substrate [33].
In order to increase the percentage of electrons in the plasma, magnets are placed behind the
target. These magnets trap electrons near the target surface until they collide with an Ar atom increasing
the sputtering efficiency [31], this is the reason why it is called magnetron sputtering.
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In the reactive deposition case, a reactive gas, usually N2 or O2, is introduced into the chamber in
addition to the Ar gas. In this case, an alloy is formed with the combination of the reactive gas and the
sputtered material [31]. For example, Sn reacts with oxygen to create SnO2.

Substrate
(Anode)
Target
particles
Gas
ions
Target
(Cathode)
High
Vacuum
pump

RF Gun
Gas
inlets
Vacuum
chamber

Figure 20. RF sputtering deposition system

3.2 SUBSTRATE PREPARATION
Corning pre-cleaned glass slides measuring 25 mm x 50 mm were used as substrates. The slides
were cleaned by a sequence of 5 minutes ultrasonic bathes in the following order:
1. Acetone

(Room temperature)
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2. Methanol or Isopropyl

(Room temperature)

3. Deionized water (DI)

(Room temperature)

After the last bath, the substrates are nitrogen dried, mounted in stainless steel holders, and
placed into the vacuum chamber. Six different samples were fabricated and identified in the following
way: W11, W13, W17a, W17b, W17c, W18, and W19.

3.3 MOM STRUCTURE FABRICATION
Ti was deposited on cleaned glass by standard RF magnetron sputtering and used as the bottom
contact. Subsequently, SnO2 was deposited on the Ti layer by reactive RF magnetron sputtering. A
metallic shadow mask was used to define the lateral dimensions of the SnO2 layer. As a last step, high
purity silver (Ag) paint was used as top contact. The fabricated MOM structure is shown in Figure 21.

Ag top contact

SnO2
Ti bottom contact
Glass
Figure 21. Fabricated MOM structure
3.3.1 Bottom contact deposition
The bottom contact was deposited on cleaned glass by standard RF magnetron sputtering. A 76
mm diameter Ti (99.999%) target was used. The deposition parameters for all samples were the
following:
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10-6 Torr

•

Base pressure:

•

Deposition pressure: 2.0x10-3 Torr

•

Ar flow:

40 sccm

•

Forward power:

80 W

•

Deposition time:

22 min

3.3.2 SnO2 deposition
SnO2 was deposited on Ti/glass by reactive RF magnetron sputtering. A 76 mm diameter Sn
(99.999%) target was used. Two types of layers with different oxygen partial pressures
(OPP=PO2/(PO2+PAr)) and power were deposited. A representation of the SnO2 layers is presented in
Table 2.
The deposition parameters for the OPP = 100% are the following:

•

Base pressure:

10-6 Torr

•

Deposition pressure:

4.9x10-3 Torr

•

O2 flow:

80 sccm

•

Ar flow:

0 sccm

•

Forward power:

40 W

•

Approx deposition rate:

1.6 nm/min

The deposition parameters for the OPP = 80% are the following:
•

Base pressure:

10-6 Torr

•

Deposition pressure:

5.5x10-3 Torr

•

O2 flow:

80 sccm

•

Ar flow:

20 sccm

•

Forward power:

50 W

•

Approx deposition rate:

4.38 nm/min
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In order to contact the bottom electrode a metallic shadow mask was used during SnO2
deposition. A schematic of this mask is presented in Figure 22.

Figure 22. Metallic shadow mask for SnO2 deposition (units in mm)

3.3.2 High purity silver paint (Ag) application
For the top contact, high-purity Ag paint was used. The application was performed with
micropipettes in order to control the volume. Controlled quantities of material were dropped on the SnO2
layer forming a uniformed contact area with a round shape. The volumes used were: 1 µl, 4 µl, and 8 µl
to achieve diameters of 0.0635 cm (0.0032 cm2), 0.1778 cm (0.0248 cm2), and 0.2413 cm (0.0457 cm2)
respectively. The samples were maintained static in horizontal position at room temperature until the
silver paint dried. Figure 23 shows a SEM image of the top contact over SnO2 surface, it is possible to
observe a uniform contact area, however due to the material viscosity the thickness is not uniform
having a bell shape.
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SnO2 surface

Silver paint (Ag)

Glass

Figure 23. SEM image of the Ag top contact. The insert shows the EDS data
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4 Results and discussions
4.1 MICROSTRUCTURE ANALYSIS
Scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), and grazing
incidence x-ray diffraction (GIXRD) techniques were used for the microstructure analysis. This was
performed for the Ti deposited on glass and for SnO2 deposited on Ti/glass. A Filmetrics (F20-UV
model) was used for tin oxide thickness measurements. The SnO2 was measured over Ti/glass with the
wavelength set from 218 to 855 nm yielding at least a 99% goodness of fit (GOF) for each
measurement. The Table below shows a summary of the thickness, top contact area, and SnO2 layers for
every sample.
Table 2. Samples Characteristics
Id

Top contact area (cm2)

Total thickness (TT) nm

Oxide layers

W11

23.45

0.0248

100 % OPP

TT

W13

62.84

0.0248

100 % OPP

TT

W17a

53.58

0.0032

100 % OPP

TT

W17b

53.58

0.0248

100 % OPP

TT

W17c

53.58

0.0457

100 % OPP

TT

W18

53.58

0.0457

100 % OPP

TT

100 % OPP

6.32nm

80 % OPP

26.28nm

100 % OPP

12.65nm

W19

45.27

0.025
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Figure 24 shows the GIXRD patter associated to SnO2/Ti/glass stack. Peaks for SnO2 and Ti are
observed indicating a crystalline growth for both layers.
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Figure 24. XRD pattern from the SnO2/Ti/glass structure

Figure 25 and Figure 26 show the surface microstructure for Ti and SnO2 respectably. It is
possible to corroborate the polycrystalline growth showed in the GIXRD pattern. The grain size
observed for the Ti is approximately of 40 nm and 10 nm for the SnO2
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Figure 25. SEM picture of the Ti surface

Figure 26. SEM picture of the SnO2 surface
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An SEM cross-section image of the Ag/SnO2/Ti/Glass structure is presented in Figure 27. The
SnO2 thickness is approximately 50 nm, corroborating the Filmetrics measurement. The Ti film presents
a thickness of 100 nm.

Ag

SnO2

Ti

Glass

Figure 27. Cross-sectional SEM image of the memristor structure
EDS (see Figure 28) of the structure cross-section showed peaks from Sn, O, Si, Ti, Al, and Ag,
confirming the presences of SnO2 and glass (SiO2). The aluminum is attributed to the silver paint
mixture. The insert in Figure 23 shows the EDS data from the silver paint indicating the presences of Al.
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Figure 28. Cross sectional EDS showing the elemental composition of Ag/SnO2/Ti/glass structure

4.2 ELECTRICAL ANALYSIS
In order to measure the current-voltage (I-V) characteristics of the MOM samples, a Keithley
2400 source meter was used. Software was used to control the sweep voltage range and the compliance
current as well to acquire the current measurements. The metal electrodes were contacted using a micromanipulator probe station as shown in Figure 29. A forward bias is defined when probe 1 (Ag top
contact) is connected to the positive terminal (+) and the probe 2 (Ti bottom contact) to the negative
terminal (-): A reverse bias is the opposite case.
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Figure 29. Device connection for electrical characterization
SnO2 has showed unipolar switching using a compliance current (CC) of 10 mA, with a set
voltage in the range of 0.8-1.1 V, and a reset voltage in the range of 1.2 to 2.5 V [15]. The electrical
analysis was performed based in this previous information. Unipolar switching was found applying a
forward bias. A CC of 10 mA was found by try and error, coinciding with the CC reported above. The
results for high resistance, low resistance, set and reset voltage will be presented in the following
sections.

4.2.1 Resistive switching with different SnO2 thickness
Three different thicknesses of SnO2 were deposited, as shown in Table 2. Samples W11, W13
and W17b are compared in this section. The top contact area for the three samples was 0.025 cm2
The forward I-V characteristic for sample W17b is shown in Figure 30, this sample has the
middle thickness of 53.58 nm. For this electrical test a compliance current of 10 mA was used for HRS
and for LRS the voltage was limited between 0.8 V to 1.1 V.
It is possible to observe a forming stage (red line) in the first cycle with a forming voltage at
1.838 V, then after a sequence of switching from LRS (blue line) to HRS (green line) was presented. In
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total, 30 complete cycles (60 switches) were recorded although the device indicated that more switching
is possible. The noise generated in the switching from HRS to LRS is due to the measurement
equipment.
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Figure 30. Forward I-V characteristic for sample W17b
Figure 31 shows the forward I-V characteristic for sample W11, which is the thinnest with a
thickness of 23.45 nm. For this electrical test a compliance current of 10 mA was used for HRS (green
lines) and for LRS (blue lines) the voltage was limited in range of 0.8 V to 1.6 V. It shows low
repeatability with only 7 cycles and the forming step is not clear in this sample.
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Figure 31. Forward I-V characteristic plot for sample W11

The forward I-V characteristic for sample W13 is in Figure 32, which is the thickest with a
thickness of 62.84 nm. For this electrical test a compliance current of 10 mA was used for HRS and for
LRS the voltage was limited at 5 V. This sample showed only one cycle. Moreover the difference
between LRS and HRS is not well defined and the reset voltage is higher than the set voltage indicating
a dielectric breakdown in the material as opposed to a switching from LRS to HRS.
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Figure 32. Forward I-V characteristic for sample W13

A comparison of the three devices showed that the thickness which resulted in significantly more
reliability was 53.58 nm, whereas thicknesses of 23.45 nm and 62.84 nm showed a poor performance.

4.2.2 Resistive switching with different top contact area
In order to study the effect of top contact area, three samples (W17a, W17b, and W17c) with
different Ag top-contact areas were fabricated and submitted to electrical analysis. The three devices had
a thickness of 53.58 nm for the SnO2. Figure 30 shows the I-V characteristic for sample W17b which
had the middle contact area.
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The Figure below shows the forward I-V characteristic for sample W17a which had the smallest
contact area of 0.0032 cm2. For this electrical analysis a compliance current of 10 mA was used for HRS
and for LRS the voltage was limited from 0.8 V to 1.0 V. This sample showed a forming stage (red line)
in the first cycle with a forming voltage at 1.969 V, then after a sequence of switching from LRS (blue
line) to HRS (green line) was presented. In total, 30 complete cycles (60 switches) were recorded
although the device indicated that more switching is possible.
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Figure 33. Forward I-V characteristic for sample W17a
Figure 34 shows the forward I-V characteristic for sample W17c which had the largest contact
area of 0.0457 cm2. For this electrical test a compliance current of 10 mA was used for HRS and for
LRS the voltage was limited from 0.8 V to 1.2 V. This sample, similar to W17a and W17b, showed a
forming stage (red line) in the first cycle with a forming voltage at 1.737 V, then after a sequence of
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switching from LRS (blue line) to HRS (green line) was presented. In total, 30 complete cycles (60
switches) were recorded although the device indicated that more switching is possible.
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Figure 34. Forward I-V characteristic for sample W17c

From the samples I-V curves it is possible to observe that the forming voltage is different in the
three samples. Figure 35 shows the trend of the forming voltage versus the top contact area, it can be
noticed that the forming voltage decreases as the top contact area increases. Assuming filaments
forming, this is interpreted as it has been more probable to find a local filament in a larger area [15].
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Figure 35. Forming voltage vs. top contact area
Figure 36 to Figure 38 show the low resistance (LR) and high resistance (HR) values of each
cycle (this is known as endurance data) for samples W17a, W17b, and W17c, respectively. It is
important to take into account that these values were taken at 0.1 V for both states. Here it is possible to
see a difference of at least one order of magnitude between LRS and HRS. Figure 39 to Figure 41 show
the set and reset voltage in each cycle for the same samples.
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Figure 36. Endurance data of LRS and HRS taken at 0.1V from sample W17a
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Figure 37. Endurance data of LRS and HRS taken at 0.1V from sample W17b
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Figure 38. Endurance data of LRS and HRS taken at 0.1V from sample W17c
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Figure 39. Set and reset voltages through cycles from sample W17a
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Figure 40. Set and reset voltages through cycles from sample W17b
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Figure 41. Set and reset voltages through cycles from sample W17c
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A summary of the mean, standard deviation (σ), minimum, and maximum values of the LR, HR,
set, and reset voltage from the three samples is presented in Table 3.
Table 3. Statistical information of LR, HR, set voltage and reset voltage
Variable

W17a

W17b

W17c

LR mean
LR σ
LR minimum
LR maximum

55.50122
13.91707
42.12034
87.65528

71.49731 54.1608
14.4983 24.12946
53.30285 38.552
99.01865 138.0808

HR mean
HR σ
HR minimum
HR maximum

1028.898
361.7043
357.5047
2192.233

2873.063 2233.515
5555.561 887.737
552.2312 781.766
29301.68 3995.046

Set mean
Set σ
Set minimum
Set maximum

1.081887
0.16216
0.756
1.287

1.125557 1.126957
0.194152 0.148974
0.788
0.859
1.655
1.406

Reset mean
Reset σ
Reset minimum
Reset maximum

0.580073
0.105903
0.4039
0.859

0.77904 0.671513
0.130279 0.211698
0.532
0.4179
1.089
1.195

Box-and-whisker diagrams are presented in Figure 42 and Figure 43 for samples W17a, W17b,
and W17c. Figure 42 compares the mean and the dispersion of the data for HR and LR, upper and lower
box, respectively. It is possible to see an increment in the HR mean as the area increases; this could be
attributed to a bigger contact resistance. For LR case, there is an overlap between the three samples
indicating no dependence to the contact area. On the other hand, Figure 43 compares the set and the rest
voltage, upper and lower box, respectively. Similar to the LR case, set and reset voltages dispersion
overlaps between cycles demonstrating no dependence on the top contact area.
Based in the information above, the LR as well the set and reset voltage showed independence
on the contact area, furthermore a forming stage was clearly presented in the three samples. Therefore a
filamentary conduction path mechanism can be proposed to explain the switching behavior in SnO2.
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Figure 42. HRS and LRS box-and-whisker diagram for samples W17a, W17b, and W17c
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Figure 43. Set and reset box-and-whisker diagram for samples W17a, W17b, and W17c
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4.2.3 Resistive switching with different oxygen partial pressure layers
The oxygen partial pressure in sample W19 was varied from 80% to 100% creating three oxide
layers as shown in Figure 44. This sample has a total measured oxide thickness of 45.27 nm and top
contact area of 0.025 cm2. The thickness of each layer was calculated according to the deposition rate
mentioned above.

Ag top contact

100% OPP, 40W, 12.65 nm
80% OPP, 50W, 26.28 nm
100% OPP, 40W, 12.65 nm
Ti
Glass

Figure 44. Structure of sample W19

Figure 45 shows the forward I-V characteristic for sample W19. Where a compliance current of
10 mA was used for HRS and for LRS the voltage was limited from 0.8 V to 1.0 V. This sample, similar
to W17b, presented a forming stage (red line) in the first cycle with a forming voltage at 1.232 V, then
after a sequence of switching from LRS (blue line) to HRS (green line) was presented. In total, 30
complete cycles (60 switches) were recorded although the device indicated that more switching is
possible.
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Figure 45. Forward I-V characteristic for sample W19

Figure 46 shows the endurance data for sample W19. It is important to take into account that
these values were taken at 0.1 V for both states. Here it is possible to see a difference of at least one
order of magnitude between LRS and HRS. Figure 47 shows the set and reset voltage in each cycle for
the same sample.
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Figure 46. Endurance data of LRS and HRS taken at 0.1V from sample W19
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The Table below shows the mean, standard deviation (σ), minimum, and maximum values of the
LR, HR, forming, set, and reset voltage for samples W17b and W19. Comparing these samples, both
with similar top contact area, it is possible to observe a lower forming voltage in sample W19. However
the HR mean is lower for W19 than W17b.
Table 4. Comparison between samples W17b and W19
Variable

W17b

W19

Forming voltage

1.838

1.232

LR mean
LR σ
LR minimum
LR maximum

71.49731 43.301
14.4983 3.911452
53.30285 36.42361
99.01865 51.7769

HR mean
HR σ
HR minimum
HR maximum

2873.063 561.26
5555.561 369.5643
552.2312 208.5807
29301.68 1483.524

Set mean
Set σ
Set minimum
Set maximum

1.125557 1.049514
0.194152 0.091947
0.788
0.848
1.655
1.182

Reset mean
Reset σ
Reset minimum
Reset maximum

0.77904 0.537328
0.130279 0.100961
0.532
0.299
1.089
0.6869

Box-and-whisker diagrams are presented in Figure 48 and Figure 49 for samples W17b and
W19. Figure 48 compares the mean and the dispersion of the data for HR and LR. It is possible to
observe a decrement in the HR and LR means from sample W17b to W19. This could be attributed to
higher oxygen vacancies in sample W19. Furthermore sample W19 also show a decrement in the set and
reset voltage as well as better data dispersion, this indicates that the oxygen vacancies affect the filament
forming process.
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4.3 RETENTION ANALYSIS
A retention test was performed in order to analyze the device capability to maintain either low or
high resistance state through time. In this test, a bias voltage is applied between the contacts and the
current is monitored. With these parameters the resistance was calculated.
Sample W18 was used for this test after the forming step. The sample was cycled five times then
a bias voltage of 0.1 V was applied for a period of 104 seconds to measure LRS. Subsequently, the
device was switched to HRS, then a bias voltage of 0.1 V was applied for another 104 seconds. Figure 50
shows the retention data for sample W18. It is possible to observe an acceptable behavior for LRS as
well for HRS. Though close to 104 seconds in the HRS a slight step is observed, however it tends to be
more resistive rather than switching to LRS, this could be attributed to devices oxidation caused by
environment exposure.
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4.4 CONDUCTION PROCESS ANALYSIS
Researchers have reported different conduction processes for SnO2 including Ohmic, PooleFrenkel (PF) emission, and Schottky emission depending on the top contact material [15]. In this section
the conduction process of sample W17a is analyzed from cycles 1 to cycle 5, assuming the same
behavior for the rest of the cycles.
Figure 51 is plot of the current density versus the electric field in logarithmic scale for LRS. The
area and thickness of the device were 53.58 nm and 0.0032 cm2 respectably. It is possible to observe a
totally Ohmic behavior, which is represented with a slope that equals one in this scale. The five cycles
are described perfectly by this conduction process with a slight resistance difference between cycles.
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Figure 51. LRS conduction process analysis. Constant Ohmic behavior is presented in the five cycles
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The HRS case is presented in Figure 52, where the current density is plotted versus the electric
field in a logarithmic scale. An Ohmic process at voltage lower than 0.3 V is observed, with a slight
resistance difference between cycles. At higher voltages, the traces deviate from Ohmic behavior as
indicated by the slope deviating from a slope of one.

10

0

Cycle 1
Cycle 2

HRS

Cycle 3

Ohmic

Cycle 4

J ( A/cm2 )

Cycle 5
JαE

10

10

-1

-2

-3

10 -3
10

Slope = 1
10

-2

10

-1

10

0

E (MV/cm)
Figure 52. HRS conduction process analysis. Ohmic behavior is observe at voltages lower than 0.3 V

Figure 53 shows a closer view of the non-Ohmic part from the Figure above. The solid curves
with no markers are representations of the four different analyzed processes. For the PF and SE
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processes, it is important to recall the values in Table 1 in order to calculate the constants K3 and K5 and
thus the slope for these processes. K3 and K5 are calculated as follows,

K3 =

K5 =

q 3 / πε i
kT
q 3 / 4πε i
kT

(1.602 x10 ) / 4π 8.854 x10
(1.380 x10 )300
−19 3

=

− 23

(1.602 x10 ) / 16π 8.854 x10
(1.380 x10 )300
−19 3

=

−14

= 14.683

−14

− 23

= 7.341
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Figure 53. HRS conduction process analysis. Zoom in on the no Ohmic section
Thus, it is possible to observe that none of the four processes fit the data. One possibility for why
the data does not fit any of the four processes is that there is a change in material structure that is not
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accounted for by the four processes. Other mechanisms are possible, however much more
experimentation and analysis is needed to understand the mechanism. This is a rich area for future work
and exploration.

55

5 Conclusions and future work
5.1 CONCLUSIONS
Resistive switching structures have mainly used oxides like TiO2 or ZnO leaving others materials
as SnO2 unattended. In this work a metal/oxide/metal (MOM) structure was fabricated on glass
substrates. Ti was deposited by RF magnetron sputtering and used as top contact, SnO2 was deposited by
reactive RF magnetron sputtering and used as the oxide, and finally silver paint was applied by
micropipettes and used as top contact. The main and novel achievements were the deposition technique
of SnO2 for memristor applications and the employment of Ag as top contact. To the author’s
knowledge there is no previous published study with these accomplishments.
After MOM fabrication a microstructure analysis was performed. According to the XRD data;
polycrystalline Ti film was grown on glass substrate as well as SnO2 film on Ti/glass. SEM surface
pictures corroborate this information showing grains with a size of 40 nm for Ti and 10 nm for SnO2.
SnO2 thicknesses were measured by optical equipment from Filmetrics; furthermore a SEM crosssection picture corroborates these measurements. Finally, the elemental composition of the
Ag/SnO2/Ti/glass structure was confirmed by EDS.
The samples were submitted to an electrical analysis where a memristor behavior was observed.
The switching type found in these devices was unipolar using a compliance current of 10 mA. The reset
voltage was limited between 0.8 V to 1.2 V in order to avoid damages. Samples with different SnO2
thickness and a contact area of 0.0248 cm2 were fabricated and analyzed with the purpose of finding a
more reliable device. It was observed that samples with SnO2 thickness of 45 and 53 nm showed a
highly repeated switching. Samples with SnO2 thickness of 23 nm showed a poor repeatability and
samples with SnO2 thickness of 62 nm were not functional. Endurance data from samples with thickness
of 45 nm and 53 nm was presented up to 30 complete cycles (60 switches) although the device indicated
that more switching is possible. This information showed a difference of at least one order of magnitude
between values of HR and LR. Furthermore the values of set and reset voltages for each cycle were
presented. According to the box-and-whisker diagram the 99.3 % of the switching the reset voltage is in
the range of 0.53 V to 1.01 V and the set voltage is the in the range of 0.78 V to 1.38 V
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Once the SnO2 thickness was analyzed a study with different top contact areas was performed.
Three different samples with SnO2 thickness of 53 nm and top contact areas of 0.0032 cm2, 0.0248 cm2,
and 0.0457 cm2 were fabricated and submitted to an electrical test. Unipolar switching was found in
these samples. The I-V curves showed that the forming voltage decreases as the top contact area
increases. This could be attributed to be more probable to find a local filament in a larger area.
Furthermore LR, set, and reset voltage overlap between samples thus indicating independence from the
top contact area. However, HR increases as the top contact area increases; this could be attributed to an
increment of the contact resistance in the absence of the filament. From this study it is possible to
conclude that the filamentary forming conduction path mechanism could explain the phenomenon in this
structure.
In order to analyze the effect of the oxygen vacancy concentration in the resistive switching a
sample with three different SnO2 layers was fabricated. These layers were achieved varying the oxygen
partial pressure (OPP). A stack of 100%/80%/100% of OPP was fabricated with a total thickness of
45nm. A top contact area of 0.0248 cm2 was used in this sample. As consequence of this change in the
fabrication the forming voltage was reduced to 1.232 V, just 0.05 V above the maximum set voltage
reported in that device. However the HR, set voltage, and reset voltage were also reduced. This
phenomenon is attributed to a bigger oxygen vacancy concentration making the oxide more conductive.
Memory retention measurements were taken in sample with a SnO2 thickness of 53nm and a top
contact area of 0.0248 cm2. This device was submitted to the forming process and cycled five times
before the test. During the test a bias voltage of 0.1 V was used and the current was monitored. The first
measurement was in the LRS up to 104 seconds, then after the devices was switched to HRS and also
measured up to 104 seconds. At the end of HRS measurement a slight step is observed, this attributed to
devices oxidation caused by environment exposure. The results indicate an acceptable performance for
LRS and HRS through time.
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Finally a conduction process analysis was performed. The analyzed sample had a SnO2 thickness
of 53 nm with a top contact area of 0.0248 cm2. The analysis was carried out in the first five switching
cycles assuming a similar behavior in the rest. It was possible to observe a clear Ohmic behavior for
LRS only with a slight difference in the resistance. A similar Ohmic behavior was observed in the HRS;
however at voltages higher than 0.3 V the I-V curves deviate from this conduction process. A further
analysis was made at higher voltages and it was found that none of the four processes listed fitted the
data. This could be indicating a change in material structure that is not being taken in consideration.

5.1 FUTURE WORK
The results of this work are the foundations for the fabrication of SnO2 memristors for diverse
applications. However further investigation of different aspects can be performed.
From the fabrication prospective:
•

SnO2 deposition by an evaporation technique in order to achieve an amorphous film,
which will increase the material resistivity.

From the characterization prospective:
•

Analyze the device at different temperatures.

•

Analyze the time response of the switching cycles.

•

Remove the top contact after forming in order to look for filament evidence, using more
sophisticated equipment like transmission electron microscope (TEM).

From the theoretical prospective:
•

Investigate and develop a theoretical model in order to describe the filament forming.

•

Develop a physical model to explain the I-V curves of the HRS at high voltages.
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Appendix A: Conduction process analysis for NanoMIL’s devices
A conduction process for the first NanoMIL’s devices, mentioned in section 1.2, was performed
in order to understand the electronic transport. These devices have Ti/SnO2/Ti structure and were
deposited on glass. The three films were deposited by RF sputtering technique.
The first two LRS cycles, identified as trace 2 and 4, are plotted in log scale in Figure 54. The
curves show a linear relationship at low electric field (< 0.01 MV/cm) which indicates an Ohmic
behavior with different proportionality constant between cycles. In contrast, at high electric fields (>0.01
MV/cm) a Poole-Frenkel (PF) emission is observed, also with different proportionality constant between
cycles, suggesting a change in the barrier voltage.

Trace 2
Trace 4
J α EexpE1/2
JαE

-2

J (A/cm2)

10

Ohmic Behavior

-3

10

PF emission

-4

10

0.001

0.01
E (MV/cm)

0.1

Figure 54. LRS conduction process for NanoMIL’s devices. Ohmic behavior for low voltage and PF
emission for high voltage
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In HRS case only Poole Frankel emission was found in cycle 1 and 2, trace 1 and 3 respectably.
Figure 55 is a plot of the current density over the electric field logarithm versus the electric field square
root, here is possible to observe that both cycles have the same slope but different proportionality
constant indicating PF behavior with a possible barrier voltage change.
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Figure 55. HRS conduction process for NanoMIL’s devices. PF emission was observed
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