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Abstract 

High data storage capacity and low program/erase voltage of the flash memory is obtained 

by the continuous scaling of these devices. It is desirable to continue this scaling trend to achieve 

even higher density of memory cells and hence to lower down the cost of these devices. 

However, increased proximity of the devices due to lateral scaling causes the increased 

capacitive coupling among the floating gates of neighboring cells. This capacitive coupling is 

undesirable as memory operations performed on one memory cell affects the threshold voltage of 

the neighboring cells. Floating gate height reduction is one possible way to reduce the cross cell 

interference of scaled flash memory cells.  

In this work, charge storage capability of multilayer graphene is investigated. As the interlayer 

spacing between two graphene sheets in multilayer graphene is only 0.34 nm, 6-7 layers of 

multilayer graphene would be 2-3 nm thick. Therefore, incorporation of multilayer graphene as 

floating gate in flash memory structure would offer the ultimate scalability to the vertical 

dimension of these devices. Graphene is reported to be thermally stable up to 1500°C and hence 

thermal stability issues anticipated with thin metal floating gate may not be a problem with 

graphene floating gate devices. Multilayer graphene is chosen for several technical advantages 

over single layer graphene. First, work function of graphene is susceptible to the number of 

layers when it is less than four. Graphene work function varies from 4.2 eV for single layer 

graphene, it increases and saturates to 4.6 eV for more than four layers of graphene. This 

variation in the work function would cause a variation in the potential well depth formed by 

graphene floating gate layer. This can be avoided with multilayer graphene having more than 

four layers. In addition to this, high work function of multilayer graphene is desirable to 

achieving long-term data retention. Further, higher density of states in multilayer graphene 

compared to single layer graphene and reduced conductivity along C-axis in multilayer graphene 

are desirable for floating gate application. 

Charge storage capability of multilayer graphene is evaluated in flash Metal Oxide 

Semiconductor (MOS) capacitors, flash transistors and by MOS capacitors with implanted 

surroundings with SiO2 as tunnel oxide, Al2O3 as a blocking dielectric and TiN as a gate 

electrode. The multilayer graphene is obtained by the thermal reduction of the graphene oxide 

and thus called as reduced multilayer graphene. A memory window of 9.4 V for 1 sec. 
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programming pulse is obtained at ±20 V program/erase voltage with MOS capacitors having 

implanted surroundings. Number of electrons stored in reduced multilayer graphene sheets after 

18 V programming voltage is calculated as 1 x 1013 cm-2 which is higher than the density of 

states in single layer graphene. Retention of the stored charges is tested at room temperature as 

well as at elevated temperatures. 6.9 V remnant memory window at room temperature and 2.8 V 

remnant memory window at 150°C after 10 years is demonstrated.  

As the memory performance strongly depends on the work function of the charge storage layer, 

it is highly desirable to know the work function of the reduced multilayer graphene sheets used 

as a charge storage layer in the present work. Therefore, the work function of the reduced 

graphene oxide is calculated by integrating them as a gate electrode in the MOS structure under 

different contact metals. Experimental data reveal that work function of the reduced graphene 

oxide can be modulated by varying the thickness of the reduced graphene oxide sheets as well as 

by varying the amount of oxygen concentration attached to the reduced graphene oxide sheets. 

The work function of the gate electrode shows strong dependence on the number of reduced 

graphene oxide sheets and is seen to be nearly independent of the contact metals used. A 

minimum of about 4.35 eV and a maximum of about 5.28 eV work function values are obtained 

with very thin and very thick reduced graphene oxide sheets under Platinum/Titanium Nitride 

(Pt/TiN) contact metal. The observed work function modulation is attributed to the different 

amounts of the oxygen concentration in different thicknesses of reduced graphene oxide layers. 

To confirm this hypothesis, thick graphene oxide (so as to exclude the layer dependent 

contribution) is reduced at different temperatures. Reduction at different temperatures causes 

different amounts of remnant oxygen in the reduced graphene oxide sheets. High oxygen 

concentration in the reduced graphene oxide sheets corresponds to the high work function and 

the vice versa. The oxygen concentration in the reduced graphene oxide sheets is obtained by X- 

ray photoelectron spectroscopy (XPS). 

These work function values are found to be thermally stable upto 800°C thermal annealing in 

nitrogen ambient. Post annealing, cross section high resolution transmission electron microscopy 

(X-HRTEM) analysis of the samples reveals that the diffusion of metal through reduced 

graphene oxide layers at higher temperature is the main cause of work function instability of the 

graphene gate electrodes in the MOS structure. Incorporation of reduced graphene oxide between 
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contact metal and the gate dielectric not only allows to modulate the work function of the gate 

electrode but also improves the gate dielectric reliability. It is confirmed by X-HRTEM analysis 

that graphene behaves as a diffusion barrier for metals and as a result prevents the metallic 

contamination of the dielectric. 

The information on the work function of reduced graphene oxide sheets is very important to 

optimize the overall performance of reduced graphene oxide charge storage layer flash devices. 

This study, in a very distinct manner, suggests that by controlling the amount of oxygen 

concentration in the reduced graphene oxide sheets, depth of the potential well formed by 

reduced graphene oxide sheets and hence the memory performance of the reduced graphene 

oxide charge storage layer flash devices can be tailored. 
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ratio from a desirable value of 60% to only 40% [3]. Reduced coupling ratio causes the early 

program saturation due to strongly increased electric field in the blocking dielectric during 

program and erases operations [4]. A 60% coupling ratio is desirable to have the program and 

erase mechanism without any major current flowing through the blocking dielectric. 

x Increased electrical cross talk among the neighboring FGs due to parasitic capacitances [5] 

which affects the threshold voltage of the devices. 

Considering these issues, further scaling necessitates either the inclusion of new materials in the 

flash gate stack or altered device structure. For example, to make the memory device more 

immune to charge loss through the defects in surrounding dielectrics and hence to improve the 

data retention, discretization of the FG was proposed.  In this approach, charge storage layer, i.e. 

floating gate no longer remains electrically continuous and the stored charge remains well 

isolated. Two ways were proposed to achieve this, one is known as charge trap flash (CTF) and 

the other is known as the nanocrystal (NC) floating gate memory. In CTF memory, charge is 

stored in traps available in the dielectrics while in the NC memories, charge is stored in well 

isolated metal or semiconductor islands.  In both the techniques, data loss through the defects in 

the surrounding dielectric is very localized and hence are supposed to be more immune against 

the charge loss through the defects in the dielectric. Different dielectrics like slilcon nitride 

(Si3N4), hafnium dioxide (HfO2), Aluminium oxide (Al2O3) and some composite oxide of 

hafnium and aluminum (HfAlO) are investigated as a charge trap layer [6-14]. Memory 

performance of CTF memories strongly depends on the density and nature (i.e. shallow or deep 

traps) of the traps which in turn depends on the composition of the dielectric film. In silicon 

nitride CTF based memories, electron or hole trap depth can be varied by varying the nitrogen or 

silicon composition [8-10] while the HfO2 and Al2O3 based CTF memories have issues like poor 

charge retention and slower programming speed respectively [14]. On the NC memories, both 

semiconductor (silicon and germanium) and metal NCs have been evaluated as a charge storage 

medium [15-20]. It is proposed that metal NCs are more suitable for charge storage purpose 

compared to their semiconductor counter parts [18]. Even though this technology owns several 

advantages, there are some fundamental issues associated with it. The memory performance is 

affected by nanocrystal size, density and distribution [21, 22]. To assemble the nanocrystals 
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having uniform distribution on each memory cell is technically challenging. Variation in the NC 

statistics causes the device to device variability [22, 23]. In order to reduce this cell to cell 

variability, a very high density of NCs (~ 5 x 1012 cm-2) is required; however, with such high 

density of NCs, spacing between NC to NC decreases significantly (~ 2-4 nm apart). With such 

closely packed density even though they physically may remain separated, however, electrically 

they behave like continuous metal floating gate [24]. Therefore, the proposed benefits of isolated 

charge storage nodes may not be achieved with this technology. Further, charge redistribution 

among the nanocrystals also causes the threshold voltage instability [24]. Infact, the successful 

scaling of FG flash cell towards 20 nm node has put even more stringent requirements on the 

nanocrystal distribution. 

To minimize the interference among the neighboring FGs of the flash memory array, reduction 

of the FG height and the use of low-K dielectrics for device isolations are proposed [5]. 

Reducing the height of the polycrystalline silicon (poly-Si), which is a conventional FG material, 

can be a possible solution to reduce the FG to FG interaction. However, ultrathin poly-Si (less 

than 7 nm) layer is not capable of preventing the vertical charge carriers of the programming 

current and these unscattered carriers known as ballistic carriers reach to the blocking dielectric 

after crossing the thin poly-Si film [25]. These carriers may cause impact ionization in the 

blocking dielectric layer and thus degrade the dielectric quality [25]. It will also lead to the early 

program saturation. To minimize this ballistic current component, metal layers as a FG are 

proposed to be more effective as they possess sea of free electrons and hence increased 

probability of scattering of incoming carriers during programming, thereby reducing the ballistic 

current component [25]. It is experimentally demonstrated that a good memory action can be 

obtained with a metal FG as thin as of 1nm thickness [25, 26]. High work function (WF) metals 

are suggested to be more suitable for this purpose because of the deep potential well offered by 

these metals prevents early program saturation. However, this improvement in the program 

saturation may cause degradation in the erase performance because of increased tunnel barrier 

for carriers tunneling from FG to tunnel oxide. High work function of FG metals may also cause 

the erase saturation [27, 28]. To overcome these issues, hybrid FG layer i.e. a combination of 

low work function material at the bottom and high work function material at the top is proposed 
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[27, 28]. In this technique, hybrid FG composed of n+ poly and TaN metal is investigated to 

improve the erase performance. Further, to reduce the overall floating gate height, combination 

of thin n+ poly and thin metal is also studied very recently [29, 30]. 

Incorporation of the metal layer as a FG in the memory gate stack, however, may impose its own 

device reliability issues like; (1) diffusion of metal into the tunnel and blocking dielectrics at 

high temperatures [31], (2) increased leakage current through the blocking dielectric deposited 

on metal films due to higher degree of dielectric crystallization at elevated temperatures [32] and 

(3) agglomeration of thin metal layers at elevated temperatures during device processing [18].   

In the recent times, graphene (Gr) has attracted much attention due to its extraordinary material 

and electrical properties like two dimensional sheet like structure, very high carrier mobility and 

high thermal and mechanical flexibility [33]. In the graphene research, most of the efforts are 

concentrated to utilize its high mobility of charge carriers in complementary metal oxide 

semiconductor (CMOS) devices as a channel material. In several reports, graphene is proposed 

as a channel material in conventional silicon (Si) transistors to increase the drive current of the 

transistors [34, 35]. However, zero or negligible band gap in large area graphene is a major 

bottleneck in realizing the desired ION/IOFF ratio. Nevertheless, the other unusual properties of Gr 

such as 2-dimensional sheet like structure, high thermal stability and mechanical flexibility 

motivate to explore new avenues for its application in VLSI devices. 

Owing to the atomically thin nature, metallic character, and high thermal stability of Gr, it can be 

used as a charge storage layer (CSL) in conventional FG flash memory devices. Inclusion of Gr 

as CSL in flash memory gate stack would offer the ultimate scalability of the vertical height of 

the gate stack. Further, contamination issues associated with the metal FGs would be avoided. 

Very recently, Gr and graphene oxide (GO) have been tested as a charge storage layer in flash 

memory devices and promising memory performance is demonstrated [36-41]. Some of these 

studies utilize Gr or GO as a charge storage layer in conventional flash memory structure [36, 

37] while in other studies [38-41], charge storage capability of the Gr, GO or reduced graphene 

oxide (rGO) is investigated with modified or unconventional flash memory structures. 
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1.1  Scope of the Present Work 

With this discussion, it is evident that to continue the scaling of flash memory devices, material 

innovations in the memory gate stack and particularly in the charge storage layer are imperative. 

This thesis mainly focuses on the modification in charge storage layer. The thesis starts with a 

detailed discussion on the metal nanocrystal formation statistics and their memory behavior. 

Considering the recent progress in the flash memory research, issues related to the metal 

nanocrystal memory devices are highlighted and it is concluded that nanocrystal memory 

technology would not be advantageous for technology node 20 nm or below. In this wake, novel 

materials like graphene is identified as a replacement for metal NC or thin metal FG as a charge 

storage layer. Further, work function of the material which is to be used as CSL is an important 

consideration; therefore, work function of the graphene layers is experimentally determined 

using it as a gate electrode in MOS test structure. 

1.2  Thesis Organization 

This thesis contains 7 chapters including the introduction. The thesis is organized as follows: 

In chapter 2, evolution of the flash memory over the period of time and its operation mechanism 

is described in brief. Reliability and performance issues arising due to the miniaturization of the 

flash devices are discussed. A literature survey on different kinds of charge storage layers in the 

NAND flash memory, their technological requirements, scaling and challenges in the further 

scaling are presented in brief.   

In chapter 3, material requirements for the nanocrystal memories viz. semiconductor NC or metal 

NC (MNC), work function of the metal, size of the MNC, etc. are discussed followed by 

experimental results on the MNC formation, their statistics (size, density, coverage, etc.) and 

memory behaviors. This chapter ends with highlighting the issues and challenges with the MNC 

memories. 
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In Chapter 4, the need for thin FG materials, recent literature survey on thin metal FG memories 

and related issues are discussed. Useful properties of the graphene for charge storage layer and 

its benefits over metal FG are also discussed. Experimental results on the graphene FG memory 

with MOSCAP, long channel flash transistor and pseudo source drain (memory gate stack 

surrounded by implanted regions) are presented. 

Chapter 5, for any material intended to be used as a charge storage layer, knowledge of its work 

function is very important. Therefore, the work function of graphene is experimentally 

determined using it as a gate electrode in MOS structure. Since graphene is atomically thin, a 

contact metal is required to connect it to measurement probes. Therefore, graphene WF is 

calculated under different contact metals like Titanium Nitride (TiN), Platinum (Pt), Iridium (Ir) 

and Aluminum (Al). The obtained electrical data is verified by physical characterization 

techniques like transmission electron microscopy (TEM), ultraviolet photoelectron microscopy 

(UPS), Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 

(XPS). 

In chapter 7, reliability and the stability of the work function values of the graphene gate 

electrode devices at elevated temperatures is experimentally studied. The obtained electrical 

results are verified by cross section high resolution transmission electron microscopy (X-

HRTEM) analysis. 

Chapter 8, summaries the thesis with future directions. 
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Chapter 2 

Floating gate flash memory: device structure, 

working principle and scaling challenges 

2.1 Floating Gate Flash Memory Evolution and Current 

Device Structure 

The semiconductor memories can be categorized into two groups: (1) volatile memory i.e. they 

lose the stored information once the power supply is turned off. The example of this type of 

memory is Random Access Memory (RAM- DRAM, SRAM) and (2) the non volatile memory 

i.e. they retain the information in the absence of power supply. The example of this type of 

memory is Read Only Memory (ROM). The demand for the non volatile memories will be 

continuously increasing because of the ever increasing market for the portable electronic 

equipments like mobiles, digital camera, laptops etc. The first metal oxide semiconductor (MOS) 

based non volatile memory concept, comprising of a metal-insulator-metal-insulator-

semiconductor structure, was presented by D. Khang and S. M. Sze in 1967 at Bell Laboratories 

[42]. The insulator, in direct contact with the semiconductor, was thin enough to allow quantum 

mechanical tunneling of electrons from the silicon substrate to the FG and vice versa. However, 

at that time, growth of such thin defect free oxide was not possible [42]. Therefore, a new device 

structure, known as the floating gate avalanche injection (FAMOS) transistor cell,  with a thicker 

gate oxide and without control gate was proposed by Frohman-Bentchkowsky in 1971 [43]. Such 

memory cell was known as Erasable Programmable Read Only Memory (EPROM). 

Programming action in this type of memory was achieved by the avalanche injection of the 

carriers through oxide to the floating gate at the drain/substrate junction.  As these devices did 

not have any control gate, the operation was very inefficient and the voltage needed to program 

the cell was very high. The erasure of the memory was achieved by ultraviolet photoemission. 
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The erase process for this memory was very time consuming as the memory had to be removed 

and exposed to UV radiation for long time. The FAMOS concept very soon evolved into the 

double poly-Si stacked gate n-channel cell and now better known as the floating gate memory 

cell. This became the fundamental cell of the EPROM. The programming of this cell was 

achieved by injecting channel hot electrons into the floating gate (poly-Si), however, the erasure 

was still by UV irradiation which was not an efficient technique to erase the cell. Since in-

systems electrical erasure was very desirable, a new physics was proposed to achieve the in-

system erasure with the same floating gate device but with a select transistor (known as Floating 

Gate thin oxide memory cell. These memories were programmed by either channel hot electron 

(CHE) or quantum mechanical tunneling of the carriers through the tunnel oxide and were 

known as Electrically Erasable Programmable Read Only Memory (EEPROM). The erasure of 

these memories was achieved by raising the drain voltage to a high value (controlled by select 

transistor) and control gate to be grounded and thus facilitating the tunneling of the electrons 

from floating gate to the drain [42]. The limitation of this type of EEPROM was low density due 

to the select 2 transistor. It was basically a 2 transistor cell. In 1984, the first FLASH EPROM 

was proposed (known as Flash because whole memory array can be erased at the same time). It 

was basically an EPROM cell with a possibility to be in-system electrically erased. The first 

FLASH product was presented in 1988 [44]. FLASH memories contain the features of both 

EPROM and EEPROM i.e. these can be programmed as well as erased within the system and are 

better than the EEPROM, in the sense, these are one transistor cell hence can be fabricated with a 

very high density. The device structure of floating gate flash memory transistor is very much 

similar to the logic MOS transistors, the only difference between the two is the addition of two 

extra layers in the flash memory devices; one is known as the floating gate (where the charge is 

stored) and the other is the blocking dielectric as shown in figure 1.2 of this thesis.  

Owing to the high density of the flash devices, the cost of these memories is very low compared 

to EEPROMs. Figure 2.1 shows the comparison of all memories in terms of flexibility and cost. 

Flexibility means the possibility to be programmed and erased many times on the system with 

minimum granularity [44]. Flash memories, with their smaller size and having all the features of 

EPROMSs and EEPROMs, offer the best compromise between flexibility and cost. The first  
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2.2 Floating Gate Flash Memory: Operation Mechanism 

The operation of the flash memory cell can be described by considering the threshold voltage 

(VT) equation of the MOS transistor [46]  

                                                     �ൌ  െ�� ൗ       ……… (2.1)         

where K is a constant and depends on the material of the gate and substrate, gate oxide thickness 

and on the doping concentration. Q is the charge weighted with respect to its position in the gate 

oxide and COX is the gate oxide capacitance. It is evident from equation (2.1) that the threshold 

voltage of the MOS transistor can be changed by varying the charge between the gate electrode 

and the channel. There are several ways to achieved this. The most common procedure to have 

the charge between gate and channel was to store the charge in the traps available in the oxide or 

at the interface of the two dielectrics. The devices operating on this procedure were known as 

MNOS (Metal Nitride Oxide Silicon) devices. These were the very first flash type of devices. 

Here the gate electrode was in direct contact with a nitride dielectric layer and the charge was 

stored in the traps available at oxide - nitride interface. The limitation of such devices was the 

leakage of charge to the top gate electrode as the top gate was in direct contact with the charge 

storing layer. These devices suffered from poor endurance (capability of maintaining the stored 

charge after every cycle viz. read/erase/program) and retention (retaining the stored charge in 

time) problems. The other proposed method was to store the charge in a conductive layer 

between the gate and the channel. In this case, the conductive layer was separated from the gate 

electrode by a dielectric layer and hence the charge leakage problem to the top gate could be 

avoided. These types of devices are known as floating gate devices and are now universally 

accepted for the flash memory applications [46]. 

The basic floating gate device is shown in figure 2.2 with all capacitances associated with the 

device. The top gate is known as the control gate and the middle gate, completely surrounded by 

the dielectric layers, is known as the floating gate. The thickness of the bottom dielectric, known  
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Figure 2.2: Schematic cross-section of a floating gate transistor, adapted from [46]. 

as the tunnel dielectric, is kept very low (8-10 nm) in order to allow the quantum mechanical 

tunneling of the carriers from the substrate and vice versa. The top dielectric, known as the 

blocking dielectric, is kept somewhat thicker (15~20 nm) so as to prevent any charge leakage to 

the top gate. The floating gate behaves as a potential well, i.e. once the charge is forced into the 

well, it cannot come out of the well without the help of any external force and thus is capable of 

storing the charge. The basic operation (read/write/program) of the flash memory can be 

understood in the following ways. 
2.2.1  Read Operation  

Reading operation intended to find whether there is charge stored in the floating gate or not. 

When there is charge in the floating gate, threshold voltage of the device is different compared to 

the threshold voltage when there is no charge in the floating gate. The difference in the threshold 

voltage is proportional to the charge stored in the floating gate. Current-voltage (transfer 

characteristic of the device) characteristic will be different in these two cases as shown in figure 

2.3. The shift in the ID (drain current) vs. VCG (control gate potential) is proportional to the shift 

in the threshold voltage. When there is no charge in the floating gate, VT of the device is low 

(basically un-programmed cell, say logic 1 state) which leads to the higher drain current. 
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Similarly in the case of charge in the floating gate, VT of the device is high (programmed cell say 

logic 0 state), leading to the low drain current 

 

Figure 2.3: IV curve of a FG device when there is no charge stored in the floating gate (A) and 

when a negative charge Q is stored in the FG (B), adapted from [46].   

2.2.2  Programming the cell (Write Operation)  

Programming the cell means to inject the charge from the substrate into the floating gate. This 

can be achieved by two ways: (1) either the carriers should have the sufficient energy to 

surmount the Si/SiO2 barrier (3.2 eV for electrons and 3.8 eV for holes) or (2) the barrier must be 

thin enough to let the carriers to tunnel through it. Based on these two possibilities, two different 

programming mechanisms for flash devices namely (a) channel hot electron programming and 

(b) Fowler Nordheim tunneling exist as described below. 

A. Channel Hot Electron programming  

For this type of programming to happen, there must be very high lateral electric field in the 

channel of the transistor so that electrons get sufficiently high energy to surmount the Si/SiO2 

barrier. In this situation, these electrons are known as hot electrons. For an electron to overcome 

the potential barrier, three conditions must hold [46]. 
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(1)  The kinetic energy of the electron must be higher than the potential barrier (more than 3.2   

eV in case of Si/SiO2 barrier)  

(2)  Electrons must be directed toward the barrier.  

(3)  The field in the oxide must be collecting it. 

 

 
Figure 2.4: Band diagram for hot electron programming [47]. 

Figure 2.4 shows the band diagram for channel hot electron programming. This type of 

programming is used in the NOR flash memories. The drawback of the CHE programming is the 

high field needed in the channel of the transistor to increase the electron kinetic energy, which 

requires the high gate voltage as well as higher drain voltages. High drain voltage would limit 

the scaling of the device channel length and hence the memory density as the Si/SiO2 barrier 

height is a non scalable quantity. 

B. Fowler – Nordheim Tunneling  

One of the most important injection mechanisms used in floating gate devices is the Fowler–

Nordheim (or FN) tunneling, which is, in fact, a field assisted electron tunneling mechanism. 

This mechanism can be better understood with the help of band structure of poly-Si (or metal) / 

SiO2 /Si structure. When a positive or negative voltage is applied to the poly-Si gate (or metal 
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dielectric decreases, the interface between silicon and the silicon-dioxide plays a very important 

role in retaining the charge for the long time. The required tunnel dielectric thickness is reaching 

below 8 nm. However, for very thin SiO2, it is theoretically impossible to have a defect free 

oxide as at any temperature there is an equilibrium amount of point defects [53]. Even if a single 

defect exists in the dielectric, the whole charge stored in the floating gate (which is a conductive 

layer) can leak through the tunnel oxide. Further for very thin tunnel oxide, stress induced 

leakage current becomes very severe. The defects generated when high voltage operations are 

performed on the thin oxide, are responsible for this current. Stress induced leakage current 

(SILC) puts the fundamental limitation on the scaling of the tunnel dielectric. Similar restriction 

is on the minimum thickness of the blocking dielectric. For ultra thin blocking dielectric, charge 

leaking through the blocking dielectric is a serious reliability issue. Due to these reliability 

concerns, tunnel oxide and blocking dielectric could not be scaled much. Thinner tunnel oxide 

would degrade the charge retention while very thin blocking dielectric cannot perform the 

blocking action efficiently.  

 

Figure 2.8:  (a) NAND structure in bit line (BL) to bit line direction. Narrow and tall gate stack is 

susceptible to bend. (b) NAND structure in word line (WL) direction. Voids in between the FGs 

can be seen [49]. 

Unbalanced scaling in vertical and horizontal direction causes tall and narrow gate stack 

susceptible to bend as shown in figure 2.8(a) [49].  Further, due to reduced horizontal space 

between the devices, blocking dielectric and control gate cannot fill the space between the 

adjacent floating gates which causes the voids in space between the FGs as shown in figure 
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2.8(b) [49]. These voids would cause the loss of overlap area and hence the loss of CG to FG 

coupling ratio to fall below desirable value of 0.6. When blocking dielectric and control gate 

wraps around the floating gate, the covering of the side walls of the FG by the blocking dielectric 

and CG provides the extra side wall capacitance which keeps the coupling ratio to about 0.6. The 

high value of coupling ratio is desirable to have the maximum of control gate voltage to drop 

across the tunnel oxide.  

This unbalanced geometrical scaling is causing the transition of wrapped around FG structure to 

planar FG structure where blocking dielectric and CG no longer cover the side walls of FG as 

shown in figure 2.9 [52]. As a result, effective coupling of the control gate to the floating gate 

reduces. Therefore better coupling of the control gate to the floating gate demands a thinner 

blocking dielectric. However, very thin blocking dielectric cannot block the stored charge from 

leaking to the top gate and the electron injection from the CG during erase operation. To achieve 

the high gate coupling ratio and good blocking action at the same time, a physically thicker but 

an electrically thin dielectric film is required. A high dielectric constant (high-K) material is 

required to serve this purpose [51, 52, 54]. The high-K material intended to be used as a blocking 

dielectric should be trap free and should provide sufficiently high electron barrier during 

program and erase operations.  

 
Figure 2.9: Effect of the scaling on the wrapping of control gate to floating gate [52]. 

B. Disproportional scaling of physical dimensions and electrical biases 

When the physical dimensions of the devices are scaled down, it is imperative to scale the 

operating voltage of the devices in the same proportion. However, this is not happening in the 
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In summary, the motivation for the scaling and challenges are:  

A.  Scaling of the tunnel dielectric (for faster and low operating voltages); limited by the charge 

retention requirements.   

B.  Scaling of the blocking dielectric (for better coupling of the gate voltage to the channel; 

basically for low voltage operation); limited by the leakage of charge from floating gate to the 

control gate.  

C.  Lateral scaling: limited by the increasing cell to cell interference and other reliability issues 

like non scalability of the electrical biases. 

Impact of some of these issues on the memory performance can be reduced by engineering the 

floating gate layer. Next, some possible modifications in the floating gate layers are discussed. 

2.4 Replacement of floating gate for further scaling  

The first proposed flash cell had a conducting poly-Si layer as a charge storage node. This 

conducting layer worked well till the need for highly scalable device was felt. Now in the wake 

of scaling issues discussed above, it appears that if this conducting floating gate is replaced by 

any other charge storage layer, then some of the above mentioned issues can be addressed. The 

major drawbacks with conducting layer as a charge storage node are (1) complete loss of charge 

even if a single defect exists in the tunnel or blocking dielectric, (2) coupling of the two 

neighboring floating gates. Both of these issues can be resolved to some extent by replacing the 

conducting charge storage layer by discrete charge storage layer. The two apparent benefits of 

this approach are; (1) with the discrete charge storage nodes, complete charge loss because of 

defects in the tunnel or blocking oxide is avoided and hence it is less vulnerable to the defects in 

the dielectric. It would enhance the scalability of the tunnel and blocking dielectric. (2) With 

discrete charge storage nodes, as the charge is localized and hence cross talk among the 

neighboring cells FG is much reduced suggesting that devices can be more compactly packed. 

This discussion suggests that the successful further scaling essentially requires the modifications 
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in the FG or charge storage layer. Some modifications in the FG proposed in the recent time 

namely (1) charge trap flash memory (2) nanocrystal flash memory, are discussed in the 

following sections. 

2.4.1  Charge trap flash memories (CTF)  

In this scheme, the charge is stored in the traps (which are by nature discrete) available in the 

dielectric layer. This type of memory is known as the charge trap flash (CTF) memory. 

Continuous floating gate is replaced by some suitable dielectric having high density of traps. 

Several dielectrics (HfO2, Al2O3, and HfAlO) have been explored for this purpose [6-14], 

however, silicon nitride (Si3N4) has shown the most promising results so far [6-8, 10, 51]. Si3N4 

CTF is known as the SONOS (Silicon-Oxide-Nitride-Oxide-Silicon, where the poly-Si is used as 

a top gate electrode) or TANOS (where some metal gate electrode, mostly TaN, and Al2O3 as a 

blocking dielectric is used).  Significant work has been done to explore the Si3N4 as a charge trap 

layer and it has indeed shown promising results. The most important aspect that goes in favor of 

the charge trap based memories is their CMOS compatible process flow and reduced FG-FG 

interference [6-8, 10, 51]. For CTF memories, only poly-Si floating gate needs to be replaced by 

some suitable charge trap layer, hence all the process flow for the existing floating gate flash can 

be adopted for CTF. CTF can be a possible candidate to replace the floating gate flash memory 

below 20 nm technology node [51]. However, CTF memories have some reliability issues which 

need to be addressed. The performance of CTF memory strongly depends on the chemical 

composition of the CTF layer. It has been demonstrated that Si rich nitride film has good erase 

state retention but poor program state retention [8, 58]. On the other hand, N rich nitride layer 

has good program state retention but it worsens the erase state retention [8, 58]. The quality of 

the SiN layer strongly depends on the process parameter. A slight change in the process 

conditions may change the composition of the nitride film and hence the memory performance. 

CTF memories with HfO2 and Al2O3 charge trap layers suffer from the issues like poor charge 

retention and slower programming speed respectively [14]. Further, decreasing number of stored 

electrons cannot be addressed by CTF memories [51]. In summary, CTF provides planar 

structure which is more scalable than FG NAND flash and enhanced immunity against the 
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charge loss through defects in the surrounding dielectrics and FG-FG interference. However, the 

issues like compositional variation of CTF layer, few electron storage and WL breakdown should 

be resolved to make it viable. Further discussion on the CTF memories is beyond the scope of 

this thesis. 

2.4.2  Nanocrystal flash memories  

Storing the charge in nanocrystals (NCs) in place of traps in the dielectric is another approach to 

provide the discrete charge storage node for flash devices. The idea of storing the charge in 

nanocrystals was first presented in 1995 by Tiwari et al. [59]. Tiwari and his group suggested the 

semiconductor nanocrystals for flash memories. Semiconductor nanocrystals were the first 

choice for the flash application because of the proper understanding of these materials and their 

compatibility with standard CMOS fabrication flow. Two most important semiconductors widely 

available, i.e. Si and Ge were tried for this purpose [59 - 62]. However, semiconductor NCs 

suffer from inherent material limitations like limited size scalability due to Coulomb blockade 

and the quantum confinement effect [63]. Because of the Coulomb blockade, electrostatic 

potential of the nanocrystal increases and hence it hinders the entry of another electron in the 

well. Because of the quantum confinement, energy levels of the nanocrystal move upwards and 

as a result, the band offset between the nanocrystal and the surrounding dielectric reduces which 

affects the retention characteristic of the memory. It is suggested by Liu et.al [64] that the 

Coulomb blockade and quantum confinement will not be as severe in the metal NCs as it is in 

semiconductor NCs. Further, because of the wide availability of the metals with different work 

functions, it is rather easy to tune the potential well depth formed by the metal nanocrystals. It 

has been shown that energy level up shifts with decreasing size is more pronounced in 

semiconductor NCs rather than metal NCs. Figure 2.12 shows the conduction band up shifts for a 

semiconductor NC and Fermi level up shift for a metal NC as a function of NC size [63]. Figure 

2.12 shows that the up shift in the Fermi level of metal NC is less compared to that in a 

semiconductor NC. Hence it is concluded that quantum confinement effect is less pronounced in 

metal NCs until very small size NCs (form the figure, a limit of 1.5 nm can be taken) are formed. 

It is demonstrated in [63] that for the same NC size, metal NC memory shows better retention  



 

performa

confinem

semicond

semicond

(1) A wi

degre

devic

(2) High 

the co

(3) Meta

quant

(4) Meta

being

devic

(5) Due t

offer 

 

Metal na

Figure 2.1

ance compar

ment is less s

ductor NC 

ductor count

ide range of

ee of freedo

ces. 

density of s

onduction ch

al NCs suffe

tum confinem

al NCs offer 

g influenced 

ces. 

to high dens

better progr

anocrystals fo

12:  Energy b

red to the se

severe in me

memories. I

terparts. 

f available w

om to tune t

states availab

hannel. 

fer from sm

ment which 

enhanced si

by quantum

sity of energ

ram efficienc

or memory a

band up shift

emiconducto

etal NCs. Fu

In brief, M

work functio

the write/era

ble in the m

maller energy

results in be

ize scalabili

m effects wh

gy states and

cy [64]. 

application a

25 

ft in SNC and

or NC mem

urther, MNC

MNCs would

on in the ca

ase and cha

metal NCs, w

y perturbati

etter retentio

ty. MNCs c

hich is very 

d asymmetri

are discussed

d MNC of d

mory which a

C memories a

d have follo

ase of MNC

arge retentio

which provide

ion around 

on performan

can be scaled

important fo

ically enhanc

d in detail in

 

ifferent size

again signifi

are reported 

owing advan

Cs, which pr

n characteri

es the strong

the Fermi 

nce. 

d down to 2

or ultra scal

ced electric 

 the next sec

s [63]. 

fies that qua

to be faster

ntages over 

rovides one 

istics of me

ger coupling

level cause

 nm size wi

ed flash me

field, metal

ction. 

antum 

r than 

their 

extra 

mory 

g with 

ed by 

ithout 

mory 

 NCs 



26 

 

2.4.3  Metal Nanocrystals 

Metals of different work functions are readily available. It is, therefore, very easy in case of 

metal NCs to tune the programming and retention characteristic of memory devices. There are 

several ways by which metal NCs can be fabricated. Some of them are colloidal, aerosol, and 

self assembly method [66]. In colloidal method, NCs are precipitated from the chemical solution 

of the metal to be deposited, however, the contaminations associated with the chemical solution 

are the major concern with this method. In the aerosol method, NCs are formed in the gas phase 

condensation and falls on the substrate. Particle delivery and non uniformity in the size of the 

NCs are the concerns with this method. Self assembly method is the easiest and most commonly 

used method for the NC formation. In this method a very thin metal film is deposited on the 

tunnel oxide and subsequently annealed at a suitably high temperature. Size of the NCs can be 

controlled by optimizing the initial metal thickness, anneal temperature and anneal time. 

2.4.3.1 Effect of different parameters on the NC formation 

A. Effect of initial metal thickness 

Initial metal thickness is the most important parameter to control the size and density of the NCs. 

Thinner the initial metal film, smaller the NCs can be obtained as a consequence of annealing 

[67]. As the thickness of the initial metal film increases, size of the nanocrystal increases and the 

density decreases. For the thicker film, nanocrystals grow in size and form larger agglomerates. 

Hence, for smaller size NCs and large density which is desirable for the ultra scaled flash 

memory devices, initial metal thickness should be very low. This can be achieved by reducing 

the deposition rate of the metal. In the deposition process, metal atoms deposit in the form of 

small nuclei during the very initial phase of deposition. Therefore, if the metal deposition is 

restricted in this regime, very little temperature spike can results in very small nanocrystal with 

very large density. 
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B. Effect of anneal temperature 

Anneal temperature is another important parameter which affects the NC distribution very 

significantly. In the process of nanocrystal formation, the non-equilibrium state clusters reshape, 

attempting to obtain a local minimum energy state. The anneal temperature provides them the 

energy to obtain local minimum energy state. At low temperatures (~ 450°C), metal adatoms just 

starts moving and forms the small nuclei. As the temperature increases, more and more adatoms 

join each other and forms the large nuclei. As the temperature continues to increase, more and 

more nuclei merge and form larger nanocrystals. Hence, with increasing temperature, size of the 

NCs increases and the density decreases [67].  

C. Effect of Anneal time 

For the optimum size of the nanocrystals, anneal time depends on the anneal temperature. If the 

anneal temperature is very high, anneal time can be reduced and vice versa. If the annealing is 

performed for longer time at high temperature, density of the NCs will reduce at the cost of 

increased size. 

D. Effect of metal melting point  

Melting point of the metal also affects the nanocrystal size. Higher melting point metals form the 

smaller NCs as compared to the NCs formed by low melting point metal [66, 68]. For example, 

in case of Ag, Au and Pt metals, because of its highest melting point, Pt would form the smallest 

nanocrystals than Au and Ag. 

2.4.3.2  Metal NC flash memory devices  

So far, different metal nanocrystals like Au, Pt, W, Ni, Co, and TiS2 [69-77] have been evaluated 

as a charge storage node in flash memory structure.  Nanocrystals of high work function metals 

like Pt, Au, Co, Ni offer the deeper potential well thereby better charge retention and program 

efficiency. However, deeper potential well degrades the erase speed due to the increased 
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potential barrier between the Fermi level of the metal NC and the conduction band of the 

substrate [78]. Figure 2.13 depicts the band diagram of the MNC embedded between tunnel and 

blocking dielectric during programming and retention [23]. Figure 2.14 shows the work 

functions of various nanocrystal materials with respect to Si and Ge band gap [23]. To achieve 

the efficient program and erase at the same time, a combination of high and low work function 

metal NCs are proposed in the form of a dual layer memory stack [78]. Here, four combinations 

of nickel and gold (Ni/Ni, Au/Au, Ni/Au, and Au/Ni) were used for the top and/or bottom metal 

as charge storage materials. The authors of this paper concluded that top metal NCs govern the 

program efficiency and bottom metal NCs govern the erase efficiency. They also concluded that 

a metal of high WF on the top while a low WF on the bottom offers the best memory 

performance. This is an important conclusion in terms of optimizing the overall nanocrystal 

memory performance. Table 2.1 lists the memory window obtained with various metal 

nanocrystal memories reported in different studies. 

 

Figure 2.13: Energy band diagram for MNC embedded between a control oxide and tunnel oxide 

during (a) programming and (b) retention, adapted from [23]. 
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Figure 2.14:  Work functions of various nanocrystal materials with respect to Si and Ge band gap 

[23]. 

Though the metal nanocrystal technology owns several advantages, there are technical issues 

associated with it. The memory performance is affected by nanocrystal size, density and 

distribution [21, 22]. As the most preferable method of nanocrystal formation is self assembly, 

nanocrystal distribution cannot be controlled precisely in this method. Infact, the successful 

scaling of floating gate flash cell towards 20 nm node has put even more stringent requirements 

on the nanocrystal distribution. Variation in the nanocrystal distribution would cause the device 

to device variability [22, 23] which would be even more serious with technology scaling where 

any small fluctuation in number of stored electrons would cause large change in threshold 

voltage. In order to reduce the cell to cell variability, a very high density of NCs (~ 5 x 1012 cm-2) 

is required. However, with such high density of NCs, the spacing between the NC to NC 

decreases significantly (~ 2 - 4 nm apart). With such closely packed density, though they may 

remain physically separated, electrically they behave like continuous metal floating gate [24]. 

Hence the proposed benefits of isolated charge storage nodes may not be achieved with this 

technology. Further, charge redistribution among the nanocrystals also causes the threshold 

voltage instability [24]. 
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Table 2.1: Memory window obtained from various nanocrystals in literature. 

Nanocrystal 

material 

Tunnel dielectric Voltage Sweep Memory Window Reference

Si SiO2 9.5 V  to -9 V 3.5 V [79] 

Ge SiO2 16 V to -16 V 6 V [80] 

Au SiO2  18 V to -19 V 7 V [69] 

Ni SiO2 10 V to – 10 V 4 V [81] 

SiO2 4 V 1V( Program window) [73] 

SiO2 8 V to – 8 V 0.5 V [74] 

W HfAlO 4 V to – 4V 5.7 V [72] 

SiO2 3V to – 4 V 0.95 V [19] 

WSi2 Al2O3/HfO2/Al2O3 9 V to – 9 V 2.5 V [82] 

Ag SiO2 2 V to – 4 V 2.1 V [19] 

Pt SiO2 20 V to – 20 V 10 V [72] 

 SiO2 20 V to – 20 V 15 V (dual layer Pt NC) [72] 

Co SiO2 7 V to – 7 V 1.8 V [76] 

Mo SiO2 9 V to –11 V 3.6 V [83]  

IrOx SiO2/Al2O3 8 V to – 8 V 7.2 V [84] 

Ru SiO2 11 V to – 11 V 5.5 V [85] 

TiN Al2O3 16 V to – 15 V 2.3 V [23] 

Pd SiO2/HfO2 17 V to – 17 V 6 V [86] 

HfO2 SiO2 Vg 9 V, Vd 9 V 2.2 V [87] 

HfSixOy SiO2 15 V to –15 V (with 

Vd 10 V) 

~ 6.5 V [88] 
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2.4.4  Thin Metal as a floating gate  

Increased parasitic capacitive coupling among the floating gates of adjacent cells due to 

aggressive lateral scaling is one of the foremost challenges that need to be addressed [5]. This 

undesirable phenomenon causes a wide distribution in threshold voltage of the devices [5]. 

Floating gate height reduction is one possible way to reduce the capacitive coupling [5]. 

Recently it has been demonstrated that conventional polycrystalline silicon (poly-Si) floating 

gate thickness can be reduced to 7 nm [25]. However, a significant fraction of electrons injected 

into such thin poly-Si would be ballistically transported till they reach the blocking dielectric, 

which would result in slower programming [25]. These carriers may also cause impact ionization 

in the blocking dielectric and thus degrade the dielectric quality. To alleviate this problem with 

thin poly-Si layer, use of continuous metal in place of thin poly-Si is proposed and a 1 nm thick 

metal layer as a floating gate material is found to be capable of suppressing the ballistic current 

component [25, 26]. High work function metals as a floating gate improves the program and 

retention, however, at the cost of degraded erase. To achieve efficient program and erase at the 

same time, a combination of thin metal films and poly-Si known as hybrid floating gate is 

proposed [27- 30, 54]. In this hybrid floating gate structure, a low WF poly-Si layer is deposited 

first on tunnel dielectric followed by high WF metal. Very recently, a hybrid floating gate as thin 

as 4 nm with about 8 V memory window at 22 V program/erase voltage is demonstrated [30]. 

Further, by the same group, thin hybrid floating gate with different high-K materials as a 

integrate dielectric is reported [54].  

Currently, thin metal floating gate technology is under intense investigation and offers some 

advantages over charge trap and nanocrystal memory technology. However, this technology 

would also suffer from charge leakage through defects in tunnel and blocking dielectric and 

hence, would not offer any advantage as far as scalability of tunnel and blocking dielectric is 

concerned. Further, metal layer as a FG may impose its own device reliability issues at high 

temperatures such as, agglomeration of thin metal layers, diffusion of metal into the tunnel and 

blocking dielectrics [31] and increased leakage current through the blocking dielectric deposited 

on metal films due to higher degree of dielectric crystallization at elevated temperatures [32].   
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2.4.5  Graphene charge storage layer  

Very recently, graphene based charge storage layers are investigated in conventional or modified 

flash memory devices [36-41]. Graphene, owing to its ultrathin nature, offers the ultimate 

scalability of the FG. Further, the issues like thermal stability and contaminations in the 

surrounding dielectrics would also be avoided with graphene FG devices. In [36], GO and in 

[37], Gr is integrated in conventional FG flash memory structure. In [36], with GO as a CSL, a 

hysteresis of 7.5 V at ± 14 V voltage sweep and in [37] with Gr as CSL, a hysteresis of 6 V in C–

V characteristics at ± 7 V voltage sweep are reported. Program/erase (P/E) transients are not 

discussed in these studies [36, 37]. P/E transients are important to estimate the speed of the flash 

memory device. 

Properties of the graphene like the number of layers, defects present in it, etc. would strongly 

affect the memory performance of these devices. The work on the graphene as a CSL is in its 

infancy and significant progress need to be done before qualifying it as a CSL. 

2.5 Summary of the chapter  

In this chapter, evolution of flash memory, basic operation mechanism and challenges for further 

scaling were discussed in brief. Modifications in the charge storage layer seem to be inevitable to 

continue further scaling. In this regards, recent developments in modification of charge storage 

layer i.e. charge trap flash memory, nanocrystal flash memory, thin metal floating gate memory 

and graphene FG memory with benefits and issues related to each technology were discussed.  

This thesis mainly focuses on the modifications in the charge storage layer to facilitate further 

scaling. In this direction, the next chapter 3 is based on the metal nanocrystal formation 

processes, impact of different process parameters on the NC statistics and memory behavior of Pt 

nanocrystals. The technical challenges associated with the metal NC memories are also discussed 

in chapter 3. 

 



33 

 

Chapter 3 

Metal nanocrystal flash memory: Nanocrystal 

formation, their statistics and memory behavior 

As discussed in chapter 2 of this thesis, modifications in the charge storage layer can solve some 

of the issues due to scaling of the memory cell.  Breaking the continuity of the floating gate (or 

the charge storage layer) in the flash memory is one possible solution to improve the retention 

characteristics to reduce the cell to cell interference of the memory devices. With the discrete 

charge storage nodes, complete charge loss through the defects in the tunnel or blocking oxide 

can be avoided which will also enhance the scalability of the tunnel oxide. Further, in this 

scheme, the stored charge would be localized, hence cross talk among the neighboring cells 

would be reduced. This would further enhance the packing density of the devices. There are two 

ways by which charge can be stored in isolated nodes; one is charge trap flash memory and the 

other is nanocrystal flash memory. In this chapter, metal nanocrystal formation process, different 

parameters affecting the nanocrystal statistics (size, density and area coverage) and memory 

results of Pt NCs memory are discussed. Chapter closes with the technical challenges NC 

memory faces when devices dimensions reduce below 20 nm node. 

The results presented in this chapter were reported at the Materials Research Society Fall 

Meeting 2010 held in Boston. A part of the work presented was done in collaboration with Mr. 

Sunny Sadana, (M.Tech student in microelectronics, IIT Bombay).  

3.1  Metal Nanocrystals: Pt NC formation process and 

statistical analysis  

In the chapter 2 of this thesis, material requirements for the nanocrystals used for charge storage 

purpose were discussed and it was concluded that metal NCs are more effective for this 
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particular application compared to their semiconductor counterparts. Further, it is also argued 

that high work function metals like Pt, Ir, Ni, etc. would be more effective for memory 

application. Platinum has a very high work function (5.65 eV in vacuum and 5.3 eV on SiO2 and 

melting point of 1772°C). High wok function leads to the deeper potential well for charge storage 

and hence provides excellent memory retention characteristic. Because of its high melting point, 

it would form very small size nanocrystals compared to other metals like Ag and Au. 

Nanocrystal distribution statistics can be controlled by controlling a number of parameters like: 

initial metal thickness, anneal time and anneal temperature. Further, underlying dielectric on 

which NCs are to be formed would also affect the NC distribution.  Impact of all these 

parameters (initial metal thickness, anneal time, underlying dielectric) are discussed in this 

chapter. NC statistics is also compared between Pt and Ir metal. Pt and Ir both have high WF, 

however, the melting point of Ir is much higher than that of Pt, and hence Ir should form lower 

size NCs as compared to the size of Pt NCs. In the following sections, experimental details with 

result and analysis on the Pt NC formation are discussed. 

3.1.2  Experimental details  

Pt nanocrystals were fabricated on a 7 nm SiO2 layer grown on 2” p-type Si wafer of resistivity 

4-7 �-cm. Si wafer was first cleaned by standard RCA process and finally dipped in 2% HF to 

remove any native oxide just before the oxidation. 7 nm of SiO2 was grown on this Si wafer in a 

rapid thermal processing (RTP) system at 1050°C in oxygen diluted by nitrogen ambient. To 

form the Pt NCs, Pt metal was deposited by physical vapor sputtering system under different 

conditions for different process splits. Deposition conditions (deposition power and deposition 

time) were optimized to obtain very thin film (~ 2 nm) of platinum at sufficiently reduced 

deposition power. It was found that Pt deposition rate can be reduced almost linearly with 

deposition power as shown in figure 3.1.   
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3.1.3  Results and analysis 

 3.1.3.1  Effect of initial metal thickness 

Pt metal was deposited by PVD method in a sputtering system. Pt deposition rate was found to 

be about 15 (± 2) nm per minute at 40 watt of sputtering power in Ar plasma. For very first 

experiment, Pt was deposited for 15 sec. and 10 sec. at 40 watt of sputtering power. For these 

deposition times, expected thickness of Pt film was around 3.5 nm and 2.5 nm. The samples were 

annealed in N2 ambient at 450°C, 550°C and 700°C for 1 minute. The maximum NC areal density 

achieved from these experiments was for 10 sec. Pt deposition and annealed at 550°C for 1 

minute. The density was 4.85 x 1011 cm-2 with average size (SD) of 8 (± 5) nm and area coverage 

24%. The density (size) obtained from this experiment was very low (high) which was 

unacceptable for scaled flash memory devices [21]. The reason for this low density and large NC 

size was attributed to the thick initial Pt film.  

Pt deposition rate was further reduced to about 5 nm/min at 20 W deposition power.  Below this 

deposition power (at 10W), the plasma was not sustainable. For the next experiment, Pt was 

deposited at 20 watt for four different times (15 sec., 30 sec., 45 sec. and 60 sec.). All these four 

samples were annealed at 550°C for 1 minute in N2 ambient. Deposition conditions of different 

samples are listed in table 3.1. Figure 3.2 shows the SEM images of these four samples after 

annealing and figure 3.3 shows the NCs size, diameter and area coverage. 

Table 3.1 Process conditions for the experiment to study the effect of initial Pt thickness 

on the NC formation. 

Sample 

No. 

Deposition Power 

(W) 

Pt Deposition time 

(sec.) 

Anneal Time 

(sec.) 

Anneal 

Temperature (°C) 

S1 20 60 60 550 

S2 20 45 60 550 

S3 20 30 60 550 

S4 20 15 60 550 
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Well separated nanocrystals are visible in the SEM images of figure 3.2(a-d). The NCs for higher 

deposition time (i.e. 60 sec., 45 sec. and 30 sec., figure 3.2(a-c)) could be resolved very clearly in 

the SEM imaging. However, the NCs for 15 sec. Pt deposition could not be resolved clearly 

(figure 3.2(d)). Vaguely tiny NCs are visible in figure 3.2(d). Hence, NCs size, density and area 

coverage was calculated using the images of figure 3.1(a-d). Figure 3.3(a-c), shows the variation 

of size, density, and area coverage of the NCs with initial Pt thickness respectively. From these 

experiments, maximum NC density of 9.46  x 1011 cm-2 with average size (SD) of 4.96 (± 3)  nm 

and area coverage of 20% for sample S3 (see table 3.1 for sample S3 deposition conditions) was 

achieved. These numbers are very close to the proposed value of density 1 x 1012 cm-2 and NC 

size 3 nm. However, the value of the area coverage is below the desirable value reported in the 

literature which is about 25% to 36% depending on the dielectric in which NCs are embedded 

[21]. 

 

Figure 3.2: SEM images of Pt NCs for 4 different Pt deposition times; (a) 60 sec., (b) 45 sec., (c) 

30 sec., (d) 15 sec. All the samples were annealed at a temperature of 550°C for 60 sec. 
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from this experiment are very close to the desirable values of the NCs reported in [21]. Table 3.4 

summarizes the NC statistics obtained from room temperature and heated substrate Pt deposited 

samples. 

Table 3.4: summarizing the NC statistics obtained from Pt deposited at room temperature 

(RT) and 125°C substrate temperature. Data in bold letters is for heated substrate Pt 

deposited samples. SD stands for the standard deviation. 

Deposition time 

(sec.) 

Diameter (SD) (nm) Density (1011 cm-2) Area coverage (%) 

 RT 125°C RT 125°C RT 125°C 

60 7.35 (±4) 6.4 (± 5) 4.3 x 1011 9 x 1011 22 32.4 

30 5.2 (±3) 5.4 (± 3.5) 8 x 1011 1x 1012 18 31.8 

3.1.3.4  Effect of the dielectric material 

In all the previous experiments reported in this chapter, the NCs were formed on Si substrate 

having SiO2 as a dielectric layer.  However, several new materials with high dielectric constant 

are being explored to replace the SiO2 as tunnel dielectric. Also, for the dual layer nanocrystal 

devices [72, 78], second layer of the NCs may form on the dielectric which need not be the SiO2. 

Hence, the study of NC formation on other dielectrics is equally important. 

A. Experimental 

For Nanocrystal formation on dielectrics other than SiO2, SiO2 was thermally grown on bare Si 

wafer by dry oxidation at 850°C. Different high-K dielectrics, Al2O3, HfO2 and Si3N4 were 

deposited on thermally grown SiO2. These dielectrics were deposited on SiO2 base layer to 

prevent any unwanted stress in the deposited layer because of any lattice mismatch between Si 

and the deposited film. For Si/SiO2/Al2O3 sample, Al2O3 of 11 nm physical thickness was 

deposited at 300W deposition power by pulse DC sputtering technique in Applied Materials 

ENDURA PVD system [90, 91]. For Si/SiO2/Si3N4 sample, Si3N4 layer [92] of 5 nm thickness 

was deposited by LPCVD process at 800°C. For Si/SiO2/HfO2 sample, HfO2 of 7 nm thickness 
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was deposited by MOCVD in Applied Materials cluster tool using TDEAH precursor at 450°C. 

For NC formation, Pt was sputter deposited at 20W for 30 sec. on SiO2, Al2O3 and Si3N4 

samples. For the comparison of nanocrystal formation on HfO2 and SiO2, Pt deposition was done 

at 20W for 1 minute and therefore, initial Pt thickness was higher in this case.  To form the Pt 

NCs, all the samples were subsequently annealed at five different temperatures starting from 

450°C, 550°C, 650°C, 750°C and 850°C for 30 sec. in N2 ambient. As a result of this high 

temperature treatment, thin Pt film converts into uniformly distributed metal islands. NC 

distribution on the four base layer dielectrics was analyzed by high resolution SEM. To find the 

effect of surface roughness on the NC formation process, Si/SiO2 and Si/Al2O3 samples were 

prepared for atomic force microscopy (AFM) measurements.   

B. Results and Discussions 

Comparison of NC formation on SiO2 and Al2O3 

Figure 3.7(a-f) show the SEM images of NCs formed on SiO2 and Al2O3 dielectrics at different 

annealing temperatures from 450°C to 850°C. Analysis of the NC size, density and area coverage 

is shown in figure 3.8(a) and 3.8(b) respectively. For both the dielectrics, as the temperature 

increases, NCs size decreases and density increases. This is attributed to the fact that the 

nucleation is a temperature dependent process and probability of nucleation increases at higher 

temperatures [93]. As the temperature increases, new nucleation sites continue to appear and 

hence new NCs form at these newly created nucleation sites leading to the increase in density 

with temperature. As the temperature continues to increase, nucleation process saturates and 

beyond a critical temperature, surface migration of metal atoms dominates on the nucleation 

process. Hence, after a certain temperature, NCs size increases (by coalescence of different metal 

atoms as a result of increased surface migration). Mean NC size at 850°C on SiO2 and Al2O3 

were 5.05 nm and 4.9 nm respectively. An important observation was that the NC size for all 

annealing temperatures was smaller on Al2O3 substrate when compared to the NC size on the 

SiO2 substrate. Similarly area coverage of the NCs on Al2O3 substrate was higher (30%) than 

that compared to SiO2 substrate (24%) at 850°C. These results may be explained on the basis of 

surface roughness of both the substrates. Mean root mean square (rms) roughness measured from 
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AFM for Al2O3 is 0.226 nm while for SiO2 is 0.171 nm as shown in figure 3.9. Higher surface 

roughness leads to more nucleation sites which enable denser and smaller NC formation. 

 
Figure 3.7: (a-c) SEM images of NCs on SiO2, (d-f) SEM images of NCs on Al2O3 annealed at 

temperatures 450°C, 550°C and 850°C respectively. 

400 500 600 700 800 900
4.8

5.0

5.2

5.4

5.6

5.8

6.0

6.2

 Anneal Temperature (0C)

 Al2O3
 SiO2

D
ia

m
et

er
 (n

m
)

(a)

0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

D
en

si
ty

X1
012

 (c
m

-2
)

 

 

 400 500 600 700 800 900
23
24
25
26
27
28
29
30
31
32

(b)

 Al2O3
 SiO2A

re
a 

C
ov

er
ag

e 
(%

)

Anneal Temperature (0C)  

Figure 3.8: (a) Comparison of NCs diameter and density and (b) comparison of area coverage of 

NCs on SiO2 and Al2O3 dielectrics at different annealing temperatures. 
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Figure 3.9: AFM image of (a) SiO2 and (b) Al2O3. Surface roughness of SiO2 is 0.17 nm while 

for Al2O3 surface roughness is 0.22 nm. 

Comparison of NC formation on SiO2 and HfO2 

The SEM images of NCs formed on SiO2 and HfO2 at 450°C, 550°C and 700°C respectively are 

shown in figure 3.10(a-f). NCs diameter and density are shown in figure 3.11. For these 

experiments, Pt deposition was done for longer time i.e. 60 sec., therefore, the overall NCs size is 

larger than the size of the NCs in the experiments on SiO2/Al2O3 substrates. It is clear from the 

figure 3.10 that larger size NCs with lower density are forming on HfO2 as compared to the NCs 

on SiO2. Furthermore, as the temperature increases, NCs size on HfO2 increases (density 

decreases), which reflects that surface migration of Pt atoms is more dominant phenomenon 

rather than the creation of new nucleation sites with temperature. 
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Comparison of NC formation on SiO2 and Si3N4 

Figure 3.12(a - c) shows the SEM images of NCs formed on Si3N4 at temperatures of 450°C, 

550°C and 750°C respectively. NCs size and density are shown in figure 3.13(a) and area 

coverage is shown in figure 3.13(b). On Si3N4, the nonuniformity in NCs size and distribution is 

clearly observed when compared to the NCs obtained on SiO2. Overall NCs size (density) is 

higher (lower) for Si3N4 substrate compared to NCs on SiO2 substrate. 

 
Figure 3.12: SEM images of Pt NCs on Si3N4 annealed at temperatures (a) 450°C, (b) 550°C and 

(c) 750°C respectively. 
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Figure 3.13: (a) Comparison of NCs diameter and density, (b) comparison of the area coverage 

of NCs on SiO2 and Si3N4 dielectrics at different annealing temperatures. 

With these experiments, it is clearly demonstrated that nanocrystal formation process is strongly 

dependent on the material on which the NCs are formed. Experiments performed on different 
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3.2 Pt NC memory  

Pt NCs were integrated in a flash memory device structure with Al2O3 as a blocking dielectric 

and SiO2 as a tunnel dielectric. For this, Pt NCs (of average. diameter 5 nm) were fabricated on 

thermally grown SiO2 (3.5 nm). Pt was deposited at 20 W for 30 sec. (thickness ~2 nm) and 

annealed at 550°C for 60 sec. Al2O3 of 12.5 nm physical thickness was deposited by PVD using 

pulse DC power supply in Applied Materials ENDURA PVD system. TiN as a top gate metal 

was deposited in the same ENDURA system in a different chamber and lithographically 

patterned in circular dots of diameter 80 µm. Dry plasma etching of TiN was done in Applied 

Materials etch CENTURA using Cl2/BCl3 chemistry. Control devices (without Pt NCs) were also 

fabricated under identical process conditions. Cross section SEM (X-SEM) image of the full 

memory stack and X-HRTEM image of Pt NC is shown in figure 3.15(a) and 3.15(b) 

respectively. Diameter of the Pt NCs obtained from the X-HRTEM image of the figure 3.15(b) is 

~ 5 nm which is consistent with the size of the NCs obtained from the SEM analysis (figure 

3.2(c)). Capacitance-Voltage (CV), Current density-Voltage (JV) and Weibull plot for control 

sample and for NC devices are shown in figure 3.16(a-c) respectively. From the CV plot, 

effective oxide thickness (EOT) of the stack is 9.1 nm. EOT is obtained as per equation 3.1 

 ൌ ᖡᖡ�


�   ……………. (3.1) 

Table 3.5: Comparison between Pt and Ir NC formation statistics. 

Deposition 
Time (sec.) 

Diameter (nm) Density  *1011 cm-2 Area coverage (%) 

Pt Ir Pt Ir Pt Ir 

25 5.4 - 8.78 - 22.73 - 

30 5.97 5.04 5.89 10.6 19.29 25.44 

45 6.2 5.32 6.34 10.2 22.38 25.98 

60 7.35 5.83 4.37 7.22 22.98 22.42 
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3.3 Shortcomings of the NC as a charge storage layer 

Even though NCs, as a charge storage layer, offer several advantages over the continuous 

floating gate, this technology suffers from severe technical challenges. Some of these are listed 

below [21-24]; 

(1)  NC memory performance strongly depends on the NC statistics i.e. size, density and area 

coverage. As NC formation is a self assembled process, controlling the NC statistics is 

not easy. This would cause device to device variability, which would be even more 

serious with technology scaling where any small fluctuation in the number of stored 

electrons would cause large change in the threshold voltage. Infact, the successful scaling 

of floating gate flash cell towards 20 nm node has put even more stringent requirements 

on the nanocrystal distribution. 

(2) In order to reduce the cell to cell variability, a very high density of NCs (~ 5 x 1012 cm-2) 

is required; however, with such high density of NCs, spacing between the NC to NC 

decreases significantly. For example, average spacing between the NCs for maximum 

density obtained in our study is ~2.5 nm (sample S4 figure 3.6(d)). With such closely 

packed density, even though they may remain physically separated, electrically they 

behave like continuous metal floating gate [24]. Hence the proposed benefits of isolated 

charge storage nodes may not be achieved with this technology. 

(3) Reliability: NCs are formed at high temperature process; hence metal diffusion in the 

surrounding dielectric poses a serious reliability issue with this technology. 

 
These issues are very serious when the NC memory technology is considered for 20 nm or below 

technology node. There is no solution for some of these technological limitations like variability 

in NC statistics.  These issues with NC memory motivate one to explore the other possibilities of 

charge storage medium in floating gate flash memory devices. 
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3.4 Summary of the chapter  

Nanocrystal formation statistics were studied at different process conditions and it was clearly 

demonstrated that NC distribution can be controlled by controlling initial metal thickness, anneal 

temperature and anneal time. Further, it was also found that substrate temperature during initial 

metal deposition also affects the NCs statistics. NCs formed with the Pt deposited on heated 

substrates were dense and had high area coverage. Minimum size of the Pt NCs was found to be 

about 5 nm for 30 sec. Pt deposition (~2 nm) annealed at 550ºC for 30 sec. It was also 

demonstrated that nanocrystal formation process is strongly dependent on the dielectrics on 

which it is formed. Experiments done on different dielectrics clearly showed that under identical 

conditions, NCs statistics significantly differ from dielectric to dielectric. It was shown that 

Al2O3 supports the smallest diameter NCs as compared to the NCs on other dielectrics. Further, 

comparison between Pt and Ir NCs revealed that, Ir forms the smaller size NCs as compared to 

Pt. Complete Pt NC memory devices were fabricated with Al2O3 as a blocking dielectric and TiN 

as a top gate electrode. Control sample showed high breakdown field (17 MV/cm) as compared 

to Pt NC memory devices (~ 11.7 MV/cm). For complete flash stack, a memory window of 3.7 

V at ± 10 V program/erase voltage was obtained.  However, the Pt NC devices could not be 

programmed and erased further because of the poor breakdown field of the Pt NC memory 

devices. Since, it was identified that NC memories are not promising for scaled technology nodes 

due to the technical limitations associated with them, efforts were redirected towards exploring 

other charge storage layers. 

. 
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Chapter 4 

Graphene floating gate flash memory 

4.1 Introduction 

Lateral scaling of the flash memory devices results in increased capacitive coupling among the 

floating gates of adjacent cells which causes a wide distribution in threshold voltages of the 

devices [5]. Floating gate height reduction is one possible way to reduce the capacitive coupling 

[5]. Recently it has been demonstrated that conventional poly-Si floating gate thickness can be 

reduced to 7 nm [25]. However, thin poly-Si may not be able to scatter the carriers in the 

programming current and hence these carriers would be ballistically transported through the 

floating gate which would result in slower programming [25]. These ballistic carriers may also 

cause impact ionization in the blocking dielectric and thus degrade the dielectric reliability. To 

alleviate these issues with thin poly-Si floating gate, thin metal layer can be more effective to 

reduce the ballistics current component. Metal layer as thin as 1 nm thickness as a floating gate 

material is found to be capable of suppressing the ballistic current component [25, 26]. Metal 

floating gate, however, may impose its own device variability and reliability issues at high 

temperatures such as: (i) agglomeration of thin metal layers, (ii) diffusion of metal into the tunnel 

and blocking dielectrics [31], and (iii) increased leakage current through the blocking dielectric 

deposited on metal films due to higher degree of dielectric crystallization at elevated 

temperatures [32].  

Since graphene is the thinnest naturally stable sheet having metallic properties, it is possible to 

use graphene in place of poly-Si or metal as a charge storage layer (CSL) in floating gate flash 

memory. As the interlayer spacing between two graphene sheets in MLG is only 0.34 nm, 6-7 

layers of MLG sheets would be 2 - 3 nm thick.  Therefore, incorporation of MLGs as floating 

gate layer in flash memory structure would lead to substantial reduction in the vertical dimension 
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of these devices. Graphene is reported to be thermally stable upto 1500qC [94], and hence 

thermal stability issues anticipated with metal floating gate may not be a problem with graphene. 

Previously, nonvolatile memories (NVM) based on graphene [95-97, 37] and graphene oxide 

(GO) [36] have been reported. In most of these reports, with the exception of [36] and [37], the 

device structure and memory operation is different from the existing floating gate flash 

technology. In [37] gate stack consists of Si / SiO2 (5 nm) / MLG / Al2O3 (35 nm) / Ti/Al/Au. 

With this gate stack, a hysteresis of 6 V in CV characteristics of floating gate metal-oxide-

semiconductor (MOS) capacitors is reported when the gate voltage was swept from -7 V to +7 V 

and back. While in [36], a hysteresis of 7.5 V for ±14 V voltage sweep in the CV curve is 

reported with MOS capacitors having 5 nm SiO2 as a tunnel oxide, GO as floating gate and 15 

nm Al2O3 as blocking dielectric with TaN top gate electrode. Erasure of the devices is not 

discussed in [37]. Owing to the ambipolar nature of the Gr sheets, possibility of hole storage and 

hence over-erase cannot be ruled out in these memory devices. In [36], hole storage in the GO is 

discussed. In [36], charge storage capability of reduced single layer GO is also demonstrated 

with a memory window of 1.4V. However, program/erase (P/E) transients, an important figure of 

merit to qualify the speed of FG flash devices, are not discussed in these studies [36, 37]. In P/E 

transient measurements, voltage pulses of fixed voltages are applied on the gate electrode for 

exponentially increasing time (e.g. 1 µsec., 10 µsec., 100 µsec., 1msec. and so on) and a 

corresponding change in the flatband voltage (VFB) is noted. Programming speed can be assessed 

by noting the change in VFB with various pulse durations. In this chapter, we discuss the 

experimental results on graphene as a charge storage layer with three different kinds of test 

structures and program/erase transients, memory window and retention characteristics. 

The results presented in this chapter were reported at the International Memory Workshop 2011 

held in Milan, Italy and in the IEEE Electron Device Letters vol. 34, no. 9, pp. 1136- 1138, 2013. 

The work presented in section 4.3.3 was done in collaboration with Mr. Mayur Waikar. 
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4.2 Multilayer graphene as a charge storage node 

We investigate charge storage capability of multilayer graphene (MLG) sheets. Though, single 

layer graphene (SLG) has attracted more attention from scientific community due to its 

extraordinary charge carrier mobility, for charge storage application, MLG has several technical 

advantages over their single layer analogs; hence we propose that MLG is more suitable for 

memory application because of following reasons:  

(1) Material to be used as a FG purpose should have high work function to improve the 

retention of the memory devices. WF of single layer graphene is 4.2 eV. WF of graphene 

is susceptible to the number of layers, when it is less than 4. Thicker graphene sheets (> 4 

layers) WF saturates to a value of 4.6 eV [98].  Accurate control of the number of sheets 

on large areas required for electronic applications is a challenge as the layers can overlap. 

This would lead to variations in WF over the wafer. In the flash memory structure using 

graphene for charge storage, graphene sheets are to be sandwiched between two 

dielectrics thus forming a potential well. The variation in the WF of Gr sheets will cause 

a variation in the potential well depth from a value of 4.6 eV for MLG sheets to 4.2 eV 

for single layer graphene (SLG), which would cause the device to device variability. In 

addition to this consideration, high WF of MLG may be favorable for achieving long-

term data retention. 

 
(2) Density of states (DOS) in MLG is higher compared to SLG. Using the equations given 

in [99], value of DOS for single layer, bilayer and trilayer graphene can be calculated as 8 

x 1012 cm-2eV-1, 3 x 1013 cm-2eV-1 and 4.4 x 1013 cm-2eV-1 respectively. High DOS in 

MLG is favorable for large memory window.  

 
(3) Graphene has very high in plane conductivity and low conductivity in plane 

perpendicular to it. Reduced conductivity along C-axis in MLG [100] could be more 

effective in suppressing the ballistic component of the programming current through the 

floating gate.  
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4.3 Graphene flash memory device fabrication and 

characterization 

To evaluate the charge storage capability of MLG in floating gate memory structure, three test 

structures viz. flash MOS-capacitor, flash MOS-capacitor with implanted surroundings and flash 

transistors were fabricated. The Reason for three different kinds of structures is discussed in the 

respective sections. All the three test structures were fabricated with gate last process. In section 

4.3.1, experimental details of graphene flash MOS capacitors with the analysis of results is 

presented, in section 4.3.2 experimental details and analysis of results of flash MOS-capacitors 

having implanted surroundings are discussed while in section 4.3.3 experimental details and 

analysis of graphene flash transistors is discussed. 

4.3.1  Graphene floating gate flash MOS Capacitor Structure 

 4.3.1.1  Device Fabrication 

Graphene flash memory MOS-capacitors were fabricated on p-type silicon substrate with SiO2 as 

tunnel oxide, reduced MLG (rMLG) sheets as charge storage layer and Al2O3 as blocking 

dielectric [91] with TiN as the top gate electrode. A schematic of the cross section of the rMLG 

CSL devices is shown in figure 4.1. rMLG sheets, obtained after reducing graphene oxide (GO) 

with water and hydrazine [101], were deposited on thermally grown SiO2 by drop casting. More 

discussion on the structure of GO and reduced graphene oxide is given in annexure A of this 

thesis. Uniform distribution of rMLG sheets over a large area of SiO2 was confirmed by scanning 

electron microscopy (SEM) and atomic force microscopy (AFM) as shown in figure 4.2(a) and 

4.2 (b) respectively. The thickness of rMLG sheets was around 2- 3 nm (AFM image 4.2(b)) and 

this indicates that the rMLG consist of 6 - 7 layers.  
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Raman spectrum of multilayer graphene used in the devices is shown in figure 4.2(c). For 

comparison, Raman spectrum of GO is also shown. Higher ratio of D peak to G peak intensities 

(1.59 for rMLG and 0.987 for GO) signifies the reduction of GO into more graphene like 

structure [101]. The positions of rMLG sheets on the substrate were carefully noted using 

RAITH 150Two system in the SEM mode for further patterning the top gate electrode at these 

locations. This procedure affirmed the presence of rMLG sheets in memory devices. On the same 

wafer, a region without graphene sheets was also identified for control devices using the same 

SEM system. For blocking dielectric and top gate electrode, 15 nm of high quality Al2O3 and 80 

nm TiN were deposited by physical vapor deposition in Applied Materials ENDURA PVD 

system. PMMA was spin coated on the sample and circular TiN dots of 75 µm diameter were 

patterned at the already noted coordinates by electron beam lithography using RAITH 150Two 

direct write setup. Finally, dry etching of the TiN and Al2O3 was performed in Cl2/BCl3 plasma 

and rMLG sheets were etched by O2 plasma in Applied Materials Etch Centura system. Top-

view SEM image of a typical, as fabricated device is shown in figure 4.2(d). The circle in dark 

shade in figure 4.2(d) is the TiN gate and TiN, Al2O3 and rMLG were etched away from the 

surrounding ring, seen in the lighter shade. Control samples were fabricated using an identical 

procedure on the same wafer in locations where no MLGs are seen using SEM. 

4.3.1.2 Results and Discussion 

Charge storage capability of rMLG memory MOS-capacitors were tested by performing CV, and 

program/erase (P/E) transients using Agilent 4284 LCR meter and Agilent 4156C semiconductor 

parameter analyzer respectively. Effective oxide thickness of the gate stack of the device as 

calculated from CV plot, shown in figure 4.3(a), is 13.5 nm. CV plots after different P/E voltages 

(8V to 18V) are shown in figure 4.3(a). CV curves for the control sample (without MLG sheets) 

programmed and erased at ±10V are shown in figure 4.3(b). 

Programming was achieved by applying a positive program voltage for a predetermined time on 

the gate and subsequently measuring the CV to find the shift in flat band voltage (VFB). The 

programming intervals were varied exponentially as is the practice [26]. Since the devices were 

made on p- type silicon wafers, a positive gate voltage would result in inversion of the silicon  
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transients for the devices with rMLG are shown in figure 4.3(c). Significant change in the VFB is 

observed for all program/erase voltages except ±8 V. The difference in the slope of programming 

and erasing curves in figure 4.3(c) is due to the different kind of carriers (electrons for 

programming and holes for erasing) involved in the mechanism. In the MOS capacitor structure, 

inversion carriers, i.e. electrons for a p-type silicon substrate, have to be generated by thermal 

generation processes and this may take several 10's of micro seconds depending on the quality of 

the silicon wafer [102] and hence results in delayed programming [103].  

Difference between the VFB after 1sec. programming and the VFB after 1sec. erasing is taken as 

the memory window. Program window is defined as the difference between the VFB after 1sec. 

programming and the VFB of the device prior to programming. Similarly, erase window is 

defined as the difference between the VFB after 1sec. erasing and the VFB of the device prior to 

programming. The memory window for the control sample after 10 V program/erase (P/E) is 

only 0.16 V while for rMLG memory capacitors the corresponding memory window is 2.61 V. 

This confirms that significant charge storage is taking place in the rMLG sheets. Maximum 

memory window was observed after 18 V P/E and is 6.8 V for 1 sec. programming. Smaller 

memory window reported in [37] for reduced SLG may be because of the lower DOS in SLG. A 

memory window of 6.8 V is sufficient for reliable multi level data storage applications. The 

program and erase windows of the device for various P/E voltages are shown in figure 4.3(d). 

The total number of electrons per unit area stored in the rMLG sheets after programming was 

calculated using the equation [42]                                       

 �ൌ οࢿ�ࢿ
�

�  ……….  (4.1) 

where VMG is the midgap voltage corresponding to the midgap capacitance, ǻVMG is the 

difference in the midgap voltage of the device before and after programming, İ0 is the 

permittivity of free space, İAl2O3 is relative permittivity of Al2O3, tAl2O3 is the physical thickness 

of Al2O3, and q is the electronic charge.  
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dielectric is small, the slope of these curves should be close to 1 before saturation starts [28]. 

Here, the slope for the programmed ǻVFB is 0.7, which is slightly less than 1. Dielectric constant 

(K) of the Al2O3 used in this work is 7.8 as calculated from the CV characteristics. This slope 

value can be improved by improving the quality and K value of the blocking dielectric.  

Density of stored charge carriers (electrons and holes) (NGr) in rMLG sheets is calculated using 

equation (4.1) [42]. Density of stored electrons after 20 V, 1 sec. programming is 1013 cm-2 

which is close to the DOS for MLG i.e. 4.4 x 1013 cm-2 eV-1 already calculated in section 4.2 of 

this chapter. Similar number of stored charge density in MLG sheets is recently reported with 

MOS2 channel in memory devices [38]. Density of stored holes is less (7.8 x 1012 cm-2 eV-1) than 

the density of stored electrons after similar erase conditions. This difference can be due to the 

small asymmetry in the DOS around the Fermi level for MLG sheets [104].  

Retention of stored charges in rMLG CSL flash devices were tested at room temperature as well 

as at high temperatures as shown in figure 4.8(a). Extrapolation of the P/E states retention curves 

at room temperature and at 150°C to 10 years yields a MW of 6.9 V (74% charge retained) and 

2.8 V (30% charge retained) respectively. At room temperature, charge loss for electrons is 21% 

while for holes is 24%. The slightly higher electrons loss in the present study compared to 8% 

reported in [36] can be due to the reduced thickness of the blocking dielectric used in this work. 

This retention figure can be improved further by improving the quality of the blocking dielectric.  

Activation energies (Ea) for P/E states retention loss (at 20% VFB decay), obtained from the slope 

of the linear fit of the Arrhenius equation [8], are 1.05 eV and 1.11 eV respectively (figure 

4.8(b)). Activation energy depends on the type of CSL, on the quality of the surrounding 

dielectric and on the type of the charge loss mechanism. Activation energies reported for nitride 

based memory in [8] range from 1.01 eV to 1.88 eV depending on the nitride composition. 

Slightly low value of Ea (0.95 eV) is reported for nitride based memory in [105]. In a very recent 

work, activation energies were categorized based on different charge loss mechanisms [106]. The 

activation energies obtained in the present study agrees well with that reported in [106] for 

charge detrapping at high temperatures. However it is not clear if the fundamental process of  
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memory performance of different kinds of graphene under identical device processing 

conditions. 

4.3.3  Graphene floating gate flash Transistor  

Though the issue of slow programming with rMLG flash MOS structure, observed in the figure 

4.3(c), could be resolved with modified MOSCAP structure having implanted surrounding 

around the memory gate stack discussed in section 4.3.2 of this thesis. However, the device 

structures of the section 4.3.1 and 4.3.2 were the MOSCAPs with large area diameter (~ 80 µm). 

Some of the scaling issues discussed in chapter 2 of this thesis appear as the device dimensions 

scales down. With the extremely small gate area MOSCAPs, electrical characterizations are 

difficult because of the low capacitance values offered by these structures. These issues can be 

studied in rMLG FG flash transistor structure. Also, the CHE programming mechanism can only 

be demonstrated in a transistor structure. In order to study the performance of rMLG CSL flash 

devices in small area dimensions, flash transistor structures with different channel length were 

fabricated.  

4.3.3.1  Device Fabrication 

Long channel graphene flash transistors were fabricated using standard CMOS process flow with 

gate last step. After active area pattering, channel region was protected by thick photo resist and 

phosphorous implantation was done for creating n-type source/drain regions. After removing the 

implant stop photo resist, dopant activation anneal was performed at 950°C in Ar + O2 ambient 

for 20 sec. After this, wafers were cleaned by standard RCA cleaning and same gate stack with 

rMLG as charge storage layers, as used in the MOS-capacitor structure of section 4.3.2, was 

grown and patterned by dry etching. Images of flash transistor structure at various stages of the 

fabrication process are shown in figure 4.9(a-f). More details of the device fabrication are given 

in the annexure B of this thesis. 
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(a): After active area pattering 
and Si3N4 at the active region. 

(b): After field oxide growth and 
removal of Si3N4 from the active 

region. 

 (c): After protecting the 
channel region from thick photo 

resist before implantation. 

   

(d): After implantation.  (e): After removal of resist and 
dopant activation anneal. 

 (f): After final device 
fabrication. 

Figure 4.9:  Optical micrograms after different steps in the fabrication of the flash transistor. 

  

4.3.3.2  Results and Discussion 

ID-VGS and ID-VDS characteristics of 3 µm channel length transistors; where ID is the drain 

current, VGS is the gate source voltage and VDS is the drain source voltage,  are shown in figure 

4.10(a-c). From input characteristics (linear plot) threshold voltage of the devices is about 1.1 V. 

Figure 4. 10(d) and figure 4.10(e) show the ID-VGS characteristics of the 3 µm channel length 

devices after application of 14 V program/erase pulse for different P/E times starting from 1 

µsec. to 100 msec. Figure 4.10(d) demonstrates that devices could be programmed successfully 

with the application of program pulse for different times. A program window of 3.43 V is 

obtained after 14 V, 100 µsec. programming pulse. However, these devices could not be erased 

fully as shown in figure 4.10(e). A very negligible erase is observed even after 100 ms of -14 V 

erase pulse. This behavior is observed with all the devices tested for program/erase mechanism. 

A possible reason for this slow erase could be the high WF of the rMLG sheets used in these  
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devices, (WF of the rMLG sheets is calculated in the chapter 5 of this thesis). A FG layer with 

high WF forms the deep potential well which can cause the erase saturation. To avoid the erase 

saturation in flash devices, hybrid FG concept is proposed as discussed in the chapter 2 of this 

thesis [28-30]. Further, charge tunneling from the gate electrode during erase operation due to 

the low work function of the TiN metal (4.5 eV) could also be the reason of slow or negligible 

erase in these particular memory devices. However, these hypotheses need further investigations. 

An important point to discuss here is the observation of CHE programming in some of the 

memory devices. Figure 4.10(f) shows the ID-VDS characteristics of 3 µm channel length rMLG 

CSL memory devices with a signature of the CHE programming.  In a FG memory transistor, ID-

VDS characteristics of the devices are modified by the capacitive coupling between the drain and 

the FG of the devices. This effect is particular to the FG flash transistor only and is not seen in 

the conventional MOS transistors [42]. At higher drain voltages, hot electron injection to the FG 

causes the drain current to reduce. In these particular memory devices, drain current starts to 

reduce at about 3.5 V of VDS. 

4.4   Summary of the chapter  

In this chapter, reduced graphene is successfully demonstrated as a charge storage layer with 

three different kinds of test structures viz. MOSCAP, MOSCAP with implanted surroundings 

and flash transistors. A large memory window of 9.4 V is obtained with pseudo S/D test 

structure. Data retention at room temperature as well as at elevated temperatures is demonstrated. 

A 6.8 V remnant MW at room temperatures and 2.8 V remnant MW at 150°C after 10 years is 

extrapolated. Endurance of the devices was tested, however, devices showed poor endurance and 

large device to device variability.  

Transistor structures were fabricated with the aim to study some of the scaling issues at reduced 

device dimensions. These memory transistors could be programmed successfully to a 3.4 V 

program window at 14 V programming voltages, however, these devices could not be erased 

successfully.  High WF of the rMLG sheets or tunneling of the charge carriers from the top gate 
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electrode could be the reason for erase saturation. A signature of the hot electron programming in 

the ID-VDS characteristics of these memory devices is demonstrated.  

Though the desired aim, i.e. the study of the rMLG FG memory performance at small device 

dimensions using flash transistor structure could not be achieved due to issues in erasure and low 

throughput of these devices. Nevertheless, the process flow for working FG flash transistor 

fabrication is established and some of the interesting observations (like CHE programming) are 

reported.   

It is worth discussing here that quality of the graphene would affect the memory performance. In 

the present study, multilayer graphene used for charge storage purpose is obtained by thermal 

reduction of graphene oxide whose properties (e.g. work function) would depend on several 

parameters like extent of reduction, thickness etc.  Therefore, more careful experiments should 

be performed to study the effect of different parameters on the memory performance. Large 

device to device variability in the memory window, observed in these devices, can be controlled 

by controlling the quality (WF, thickness, defects) of the graphene sheets. 
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Chapter 5 

Experimental determination of work function of 

reduced graphene oxide: reduced graphene oxide 

as a gate electrode in MOS devices  

For any material intended to be used as charge storage layer, knowledge of its work function 

(WF) is very important.  Memory performance strongly depends on the well depth formed by 

charge storage layer which in turn depends on its WF. In this chapter, WF of the graphene layers 

used as a CSL in the chapter 4 of this thesis is experimentally determined using it as a gate 

electrode in a MOS structure. This experiment not only yields the WF of reduced graphene oxide 

(rGO) layers but also provides us the opportunity to explore rGO as a gate electrode for 

complementary metal oxide semiconductor (CMOS) devices, as metal gate electrodes are 

proposed for future CMOS technology [3]. However, the incorporation of metals in the front end 

of device processing is a concern because of the metallic contaminations introduced by metals 

into the surrounding dielectrics [107, 108]. The interfacial reaction between metal electrodes and 

the dielectric could also lead to fermi level pinning [109]. Graphene (Gr), because of its two 

dimensional sheet like structure, extraordinary high conductivity and high thermal stability, can 

be an interesting candidate as a gate material in MOS devices. In this chapter, first a short 

literature review on the different methods used to extract the graphene work function with a 

discussion on available literature on the graphene as a gate electrode in MOS structures is 

presented. Then, the experimental results obtained with rGO as a gate electrode under different 

contact metals are discussed.  

The results presented in this chapter were reported in Applied Physics Letters vol. 100, p. 

233506, 2012, ACS Applied Materials and Interfaces (DOI: 10.1021/am404649a) and at 

International Conference on Emerging Electronics (ICEE) 2012 held in IIT Bombay, India.  
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5.1 Graphene Work function: A brief literature review 

WF of graphene with different number of layers is studied by a number of techniques like Kelvin 

probe force microscopy (KPM) [110-113], photoelectron emission microscopy [98] and by 

measuring the open circuit voltage in graphene based solar cells [114]. WF of graphene is also a 

subject matter of intense modeling efforts [115-116]. Theoretically, the doping of graphene by 

metals modeled by Giovannetti et al. [115] predicted that the WF of graphene would increase 

(decrease) when it is doped with metals with higher (lower) work function than that of graphene 

due to electron transfer for Fermi level alignment. However Pi et al. [117] experimentally 

demonstrated that the graphene would be n-doped when in contact with Pt, contradicting the 

predictions in [115]. In other theoretical studies as well [118], charge transfer from high work 

function metal to monolayer graphene (i.e. n- type doping) is discussed, contradicting the 

observed experimental results [119]. However, most of the experimental studies performed so far 

converge to a monotonous increase in the Gr WF as the number of layers increase and saturate to 

some value for more than 4-6 layers. WF of Gr on SiC increases from 4.2 eV for single layer 

graphene (SLG) to 4.6 eV for more than 4 layers as measured by KPM method [98] while for Gr 

on Si, same trend of increasing WF from a value of about 4.35 eV for monolayer to 4.61 eV for 

more than 4 layers is reported [114]. WF of Gr on SiO2 as measured by KPM method also 

increases from 4.57 eV for SLG to 4.69 eV for bi-layer graphene (BLG) [113]. Theoretical 

studies of Ziegler et al. [116] predicted that graphene WF depends on the carrier concentration 

and doping type for 1 to 3 layers of graphene and WF is insensitive to doping for thicker layers. 

It is clear that the WF of graphene for any application should be determined in the material 

environment in which it is being used.  

Recently, Park et al. [120] proposed the use of monolayer graphene synthesized by CVD as the 

gate metal in charge trap memory devices. Since graphene is extremely thin, a metal for making 

contacts for measurements is required. Park et al. had deposited Nickel on a small area on top of 

Gr for this purpose. They have compared the performance of such devices with devices 

containing TaN as gate metal. Significant improvement in the memory performance is 

demonstrated for graphene gated devices compared to TaN gated devices [120]. The 
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performance improvement is attributed to the higher work function of the monolayer graphene 

on Al2O3 compared to the WF of TaN and reduced mechanical stress in the underlying gate 

dielectric. In another work by the same group [121], monolayer graphene as a gate electrode is 

integrated with high dielectric constant gate materials and improvement in the device reliability 

is attributed to the reduced mechanical stress in the high-K dielectrics. In [122], again by same 

group, monolayer graphene work function is evaluated with Cr/Au, Ni and Pd top metal contacts. 

It is reported that With Cr/Au and Ni contact, the work function of graphene is pinned to that of 

the contacted metal, whereas with Pd or Au contact the work function assumes a value of 4.62 

eV irrespective of the work function of the contact metal [122]. Authors have no explanation for 

these different behaviors of graphene work function under different metals. 

          In summary, even though Gr can be an interesting candidate for gate applications in MOS 

devices, no study of the WF of Gr as a function of the number of layers using MOS test 

structures is reported in available literature. In this chapter, we systematically study the electrical 

performance of reduced multi layer graphene (rMLG) gate electrodes with varying number of 

rGO sheets under different contact metals viz. Pt, Ir, Al and TiN. We find that WF of the 

graphene gate electrode devices increases as the number of graphene layers increase and 

saturates for thick graphene sheets. 

5.2  Work function determination of reduced graphene oxide 

as a Gate Electrode in MOS with different contact metals  

5.2.1  MOSCAP Fabrication and electrical characterization with 

rGO/TiN contacts metal  

5.2.1.1  Device Fabrication 

To estimate the WF of graphene of different thicknesses, MOS capacitor structures with and 

without rGO sheets were fabricated on p-type Si substrate (resistivity of 1-5 ȍ.cm) with 7.6 nm 

(± 0.2 nm) thermally grown SiO2 as the gate dielectric. Complete device fabrication procedure is 
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depicted in figure 5.1(a-e). Schematic of the cross section and the top view SEM of as fabricated 

MOS capacitors are shown in figure 5.2(a) and figure 5.2(b) respectively. Thickness of the SiO2 

films was measured using a spectroscopic ellipsometer (Sentech, SE 800). After the growth of 

gate oxide, graphene oxide (GO) obtained by Hummer’s method was deposited on gate dielectric 

with drop cast technique and it is thermally reduced to Gr at 500°C in Ar ambient for 1hr. The 

same procedure of thermal reduction of GO into Gr at the device locations was demonstrated 

earlier [123]. Raman spectra of GO and thermally reduced graphene sheets are shown in figure 

5.2(c). Thermal reduction results in an enhancement in the 2D band at ~ 2700 cm-1 and a 

suppression of the defect related D band at ~ 1350 cm-1. Further, ratio of D band intensity to G 

band intensity decreases, from 0.97 for GO to 0.40 for reduced graphene. The G band is seen to 

shift towards lower wave number from 1590 cm-1 for GO to 1580 cm-1 for reduced graphene.  

 

Figure 5.1:  Complete procedure of MOSCAPs fabrication with different rGO thicknesses under 

TiN contact metal, (a) starting Si substrate with thermally grown SiO2. (b) Si/SiO2 substrate with 

different number of rGO layers after thermal reduction of GO. A region on the same sample is 

left without rGO for control sample. Location of the different thicknesses of the rGO is identified 

in SEM equipped with lithography technique and the co-ordinates are noted for further 

MOSCAP fabrication. (c) deposition of 80 nm TiN as a top capping metal. (d) PMMA is spin 

coated and the EBL is performed at the already noted positions in step (b). (e) Final top view of 

as fabricated MOSCAPs. Regions of the MOSCAPs with different rGO thicknesses are 

demarked for better understanding of the procedure. 
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Figure 5.2: (a) Schematic of the devices with and without rGO sheets sandwiched between TiN 

gate electrode and SiO2 gate dielectric.  (b) Top view of as fabricated MOS-capacitor. (c) Raman 

Spectra of graphene oxide (GO) and graphene obtained after thermal reduction of GO. 

These observations attest to the reduction of GO into graphene like character [124, 125]. More 

discussion on the ID/IG ration in Raman spectra is given in the annexure A of this thesis.  

Different ranges of rGO thicknesses were obtained by varying the number of drop casts i.e. one 

drop cast of liquid at some locations and multiple drop casts at other locations. To make the 

devices with varying number of rGO layers under the contact metal, extensive scanning electron 

microscopy (SEM) was performed in an electron beam lithography system  (RAITH 150TWO) 

to identify the location of various thicknesses of graphene (very thin, moderate thin, and thick) 

on the gate dielectric. The co-ordinates of these locations were stored for further top gate 

patterning. SEM and atomic force microscopy (AFM) (Vecco Digital Instruments, Nanoscope 

IV) images of very thin, moderate thin and thick layer rGO sheets are shown in figure 5.3(a-f). It 

is seen that the thinnest films obtained are not continuous and as the thickness increases, closed 

films of multi layer rGO are obtained.  Figure 5.3(g - i) shows the corresponding AFM sectional 

analysis of the height profile of rGO on SiO2. Figure 5.3(g) shows the sectional analysis for the  
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50 nm. The area occupied by these spikes would be less than 5% of the overall gate dimensions 

of the MOS-capacitors and hence will not affect the characteristics of the capacitors 

significantly. TiN as top contact electrode was deposited by sputtering process (Applied 

Materials ENDURA). PMMA was spin coated on the sample and circular patterns of TiN dots of 

80 µm diameter are patterned at the already noted coordinates by electron beam lithography 

system (RAITH 150Two). This procedure affirmed the presence of graphene sheets of different 

known thickness under the TiN contact metal. Finally, dry etching of the TiN was performed in 

Cl2 + BCl3 plasma and graphene sheets were etched by O2 plasma in a reactive ion etching 

system (Applied Materials Etch Centura). On the same wafer, a region without rGO sheets was 

also identified using the same SEM system for control devices (Si/SiO2/TiN). 
 5.2.1.2  Results and Discussion 

Both kinds of MOS-capacitors (Si/SiO2/TiN and Si/SiO2/rGO/TiN) are electrically characterized 

using Agilent 4284 LCR meter and Agilent 4156C semiconductor parameter analyzer. CV and 

conductance - voltage (GV) plots of these devices are shown in figure 5.4(a) and figure 5.4(b) 

respectively. As the number of rGO layers increases, CV curves shift rightwards. This is due to 

the increasing WF of the graphene with increasing number of layers. Variation of the flatband 

voltage with increasing number of rGO layers in rGO/TiN electrode is shown in figure 5.3(c). 

Work function for the gate electrode was calculated using the equation [126]  
 ൌ  െ 


�…….. (5.1) 

Where,    ൌ  െ� …….. (5.2)     

where VFB is the flatband voltage, ĭms is the WF difference between the gate electrode and the 

semiconductor substrate, Qox is the oxide charge and COX is the oxide capacitance. WF for TiN 

electrode as calculated from the given equation is 4.45 eV while for rGO/TiN stack, it has a 

value of 4.6 eV, 4.74 eV and 4.91 eV for thin rGO, moderate thick rGO and thick rGO 

respectively. In these calculations a substrate doping of 3 x 1015 cm-3 is used (calculated from  
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few layer (4.57 eV for SLG, 4.69 eV for bi-layer graphene) [113] and multilayer (4.93 eV to 

4.95eV for MLG) exfoliated graphene on SiO2, all obtained by KPM method [110]. In [120], 

work function of monolayer graphene is reported to be about 5.2 eV-5.3 eV on Al2O3 which has 

a higher dielectric constant than that of SiO2. These results suggest that the role of TiN in a 

rGO/TiN stack is to provide contact whereas the rGO layers decide the WF. This may be an 

important technique for the WF tuning of the gate electrode in MOS devices provided that a 

methodology to deposit Gr films with control on the number of layers is developed.     
Another observation in CV plots is that the accumulation capacitance is higher for SiO2/TiN 

stack compared to the SiO2/rGO/TiN, irrespective of the thickness of the rGO. Effective oxide 

thickness (EOT) calculated from the accumulation capacitance for TiN electrode is 6.6 nm while 

the EOT for rGO/TiN electrode is 7.5 nm to 7.3 nm. The EOT of the gate dielectric for TiN 

electrode is about 1 nm less than the value obtained from ellipsometry while EOT for rGO/TiN 

electrodes is less by only about 0.1 to 0.3 nm. This indicates the consumption of the dielectric by 

some chemical reaction at the SiO2/TiN interface. Any chemical reaction at dielectric/metal 

interface is undesirable as it could lead to Fermi level pinning [109] and causes contamination in 

the thin gate dielectrics and thus degrade the device reliability [107, 108]. The reduction of EOT 

with metal gate electrode via chemical reaction at dielectric/metal interface is also reported in 

literature [128].  In our study, the chemical reaction at the dielectric/metal interface ceases to 

happen even when 1-3 layers of rGO are sandwiched between metal and the dielectric.  

Inclusion of rGO between metal and dielectric also improves the interface quality as clearly seen 

in GV plots shown in figure 5.4(b). Conductance peak in the GV plot indicates the amount of 

interface states at the Si/SiO2 interface and the peak position occurs around the flatband voltage 

of the devices. With the increasing number of rGO layers in the device, GV peak height reduces. 

The peak position also shifts towards right and this is in accordance with the increasing WF of 

the rGO with increasing number of layers.  Interface states calculated as per the equation given 

in [129] are plotted in figure 5.4(c). Values of the interface states reduce from 2.7 x 1011 cm-2eV-1 

for only-TiN electrode to a value of 8 x 1010 cm-2eV-1 for the devices with more than 5 layers of 

rGO under TiN. In the present study, TiN is deposited by sputtering process which invariably 

causes some damage to the Si/SiO2 interface. An improvement in the Si/SiO2 interface quality 
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suggests that graphene, because of its superior mechanical properties, shields the Si/SiO2 

interface from sputtering damage. 

Robustness of the gate stacks to thermal annealing is also investigated for these devices. CV 

characteristics of the Si/SiO2/TiN and Si/SiO2/rGO/TiN before and after forming gas anneal 

(FGA) at 420°C for 20 minutes are shown in figure 5.4(d). Improved slope of the CV curves after 

FGA signifies the reduced interface state density [126]. The CV curve of the Si/SiO2/TiN stack 

has shifted to the right after FGA, indicating an increase in negative fixed charges in the oxide or 

an increase in the WF or both [127]. This is likely due to an increased interaction between SiO2 

and TiN at the temperature used for the FGA. However the Si/SiO2/rGO/TiN is seen to be robust 

against FGA, except for the (beneficial) improvement in interface state density.  

The rGO gate electrode also results in much improved breakdown characteristics of the devices. 

Figure 5.4(e) compares the current density versus gate voltage plots for TiN electrode and 

rGO/TiN electrode before and after FGA. The rGO/TiN electrode devices have lower leakage 

compared to TiN electrode devices. This improvement in the breakdown characteristics of the 

devices is independent of the number of rGO layers in the rGO/TiN electrode. Average 

breakdown field for TiN and rGO/TiN devices are 17 MV/cm and 20.5 MV/cm respectively 

before FGA, while after FGA, breakdown fields for TiN and rGO/TiN electrode devices are 16.1 

MV/cm and 19.7 MV/cm respectively. Further, charge to breakdown (QBD) is an important 

figure of merit for qualifying the dielectric reliability [130]. We performed QBD measurements 

on TiN and rGO/TiN electrode devices under identical constant current stress. Figure 5.4(f) 

shows the QBD characteristics for both kinds of devices. Average value of QBD for 

Si/SiO2/rGO/TiN devices is about 6 C/cm2 while QBD value for Si/SiO2/TiN devices is only 2 

C/cm2.  

5.2.2  Exact determination of rGO work function after correcting 

for the charges in the gate stack 

        In the previous experiment (section 5.1.1), we have demonstrated the shifts of upto 0.5 V in 

flatband voltage of MOS capacitors with SiO2/rGO/TiN gate stack compared to SiO2/TiN gate 



82 

 

stack, under the assumption that the charges in the dielectric are negligible and that the work 

function of the Si substrate is a constant and also the flatband voltage shift is equal to the work 

function shift. However it is of particular importance to justify this assumption in the present 

study as the processing of graphene, especially its integration in the MOS system could 

potentially introduce charges in the gate dielectric. A thickness series method is widely used to 

eliminate the effect of charges in the determination of work function from MOS devices [126]. 

Equation 5.1 can be re written as 

 ൌ  െ 


ൌ � െ ሺሻ
ࢿࢿ

 …….. (5.3) 

where İ0 is the absolute permittivity of free space, İOX is the relative permittivity of the SiO2 and 

tOX is the thickness of SiO2 calculated from the CV data. Other terms are already explained in 

equation 5.1. In this technique, MOS devices are fabricated with at least three different dielectric 

thicknesses. Assuming that the charges in the dielectric are independent of thickness and that the 

charges are at or near the interface, the work function difference between the gate and the 

semiconductor can be determined by plotting VFB versus tOX. The intercept of the linear fit of the 

data on the VFB axis gives the work function difference. The slope of the plot can be used for 

estimating the total charge. The goodness of the fit is a test of the assumptions stated above. 

5.2.2.1  Device Fabrication 

MOSCAPs were fabricated with similar experimental procedure as discussed in the previous 

section but with three SiO2 thicknesses i.e. 7.3 nm, 10 nm and 14 nm and only reduced 

multilayer GO under TiN contact metal as a gate electrode. Multilayer rGO was chosen for this 

experiment to avoid any flat band voltage variation due to different number of graphene layers.  

5.2.2.2  Results and Discussion 

Figure 5.5(a) shows the high frequency CV curves of the MOS capacitors with and without rGO 

sheets and three different SiO2 thicknesses in each case. The flatband voltage and oxide thickness 

were determined from the CV and these are plotted in figure 5.5(b). It is seen that the VFB versus  
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stack and 0.03 V for SiO2/rGO/TiN stack for the 7.3 nm thick oxide work function of multilayer 

rGO sheets after neglecting the contribution of fixed oxide charges is 4.90 eV, 4.88 eV and 4.87 

eV respectively for the three thicknesses (i.e. 7.3 nm, 10 nm and 14 nm) of SiO2, while it is 4.93 

eV after correcting for the contribution of the charges. Neglecting the second term (charge) in 

equation (5.1) causes an error of 30 mV in the work function calculation for the smallest oxide 

thickness used. In the previous experiment (section 5.1.1), the flat band voltage shift of the rGO 

gate electrode devices with varying number of rGO layers was calculated. In that calculation, 

contribution of charges to the flat band voltage was neglected. Now, the work function of 

different rGO layers is recalculated by taking into account the flat band voltage shift caused by 

charges as obtained in the present experiment. The dielectric and interface charges are assumed 

to be identical as in the present case since the devices were fabricated in the same batch using 

identical processing. However the EOTs values obtained for the experiment reported in section 

5.1.1 were slightly different but close to the lowest value shown in figure 5.5. The work 

functions extracted from CV by ignoring the contribution of the charges and by correcting for the 

charges are shown in figure 5.5(c). Table 5.1 summarizes the difference in work function values 

for different number of rGO layers when the contribution of charges is included and when this 

contribution is corrected for. The error in work function estimation by ignoring the contribution 

of charges is also listed. 

Table 5.1: Work function (WF) values for the different layers of rGO with and without 
ignoring the contribution of charges and the error values in the WF estimate when charge is 
ignored. 

No. of rGO 
layers 

WF (eV) (corrected 
for charges) 

WF (eV) (ignoring  
charges) 

Error when the charges 
are ignored (meV) 

No graphene 4.47 4.44 30 

1-3 layers of 
rGO 

4.63 4.59 40 

3-5 layers of 
rGO 

4.76 4.73 30 

> 5 layers of 
rGO 

5.04 4.91 130 
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It is evident from the two values obtained that the error when the charge contribution is ignored 

is not significant. The work function tuning obtained by different number of layers reported in 

the previous experiment is confirmed. However correction for charges results in a slightly higher 

work function tuning range than reported in previous experiment.  

5.2.3  Device Fabrication and electrical characterization of rGO gate 

electrode devices with Pt/TiN, Ir/TiN and Al/TiN metal contacts 

5.2.3.1  Device fabrication 

The p-type <100> wafer with resistivity of 1-5 � cm was RCA cleaned, and SiO2 of different 

thicknesses (6.3 nm, 8.5 nm, 10 nm and 15 nm) were thermally grown in high purity oxygen 

ambient at 850°C and subsequently annealed at 900°C for 15 minutes in high purity nitrogen 

ambient. Type of the rGO and deposition method is same as reported in the previous section. Top 

contact metals (Pt, Ir, Al) were deposited by sputtering at sufficiently reduced power to prevent 

any plasma damage in the rGO sheets as well as in the gate dielectric. The thickness of Pt and Ir 

metals was kept at 20 nm and 80 nm thick and TiN was deposited on top. Such a structure would 

be easier to etch for device fabrication than a structure with thick Pt or Ir.  Other device 

fabrication details are same as adopted in section 5.2.1. Complete device fabrication procedure is 

depicted in figure 5.6(a-f). Extensive use of the SEM combined with EBL system facilitates the 

making of the devices on the different thicknesses of rGO sheets. Thickness of the thick, 

moderate thick and very thin rGO sheets is about 7 nm, 2.5 nm and 1.7 nm respectively as 

obtained by cross section high resolution transmission electron microscopy (HRTEM) images 

(figure 5.7(a-c)). Different layers of the MOS gate stack are clearly visible in figure 5.7. Top 

metal layers (Pt/TiN) are appearing as dark contrast in the TEM image and rGO sheets as layered 

sheets. For TEM sample preparation, thickness of the Pt metal was reduced to 5 nm. The samples 

were prepared by mechanical polishing followed by ion milling. The stack with 20 nm Pt did not 

withstand the sample preparation procedure due to the poor adhesion of thick Pt films on the 

SiO2 dielectric. Thin metal films also have the poor adhesion, however when capped with thick 

TiN, these could sustain the sample preparation procedure. The thicknesses of the rGO sheets 
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Figure 5.7: Cross section HRTEM images of fabricated MOSCAPs. (a) Without any rGO under 

Pt/TiN contact metal (b) Thick rGO (~20 layers) under Pt/TiN contact metal. (c) Moderate thick 

rGO (3-5layers) under Pt/TiN contact metal (d) Thin rGO (1-3 layers) under Pt/TiN contact 

metal.  
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Figure 5.8: AFM images of typical (a) thin, (b) moderate thick and (c) thick rGO sheets on SiO2 

used to fabricate the MOSCAPs, (d-f) height profile of the AFM images shown in (a-c) 

respectively. 

5.2.3.2  Results and Discussion 

MOS capacitors (with and without rGO sheets) were electrically characterized using Agilent 

4284 LCR meter and Agilent 4156C semiconductor parameter analyzer. CV plots for rGO gate 

electrode devices with different capping metals (Pt/TiN, Ir/TiN and Al/TiN) are shown in figure 

5.9. CV curves for the corresponding control sample (without rGO sheets) are also shown in the 

same figures. From the minimum capacitance value (Cmin) of the CV plot, doping concentration 

of the semiconductor substrate is calculated as 1.5 x 1016 cm-3 which in turn gives semiconductor 

WF as 4.96 eV.   Flat band voltage for Si/SiO2/Pt/TiN stack is 0.05 V while it decreases to -0.6 V 

and -0.2 V for very thin and moderate thin rGO sheets respectively and again increases to 0.29 V 

for thick rGO layers below Pt/TiN contact metal. Equation (1) implies that the shift in flatband 

voltage can have contributions from charges in the oxide and the interface. To accurately 
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determine the WF of a gate electrode in MOS system, the contributions of the charge should be 

properly taken into account. Estimation of the oxide charges becomes even more important in the 

present study as the processing of rGO, especially its integration in the gate stack of a MOS 

structure could potentially introduce charges in the gate dielectric. In order to extract the value of 

WF of various layers of rGO under contact metal, thickness series experiment with four SiO2 

thicknesses (6.3 nm, 8.5 nm, 10 nm and 15 nm) has been performed. The flatband voltage vs. tOX 

data obtained from these experiments is plotted in figure 5.9(c). WF of Pt/TiN, very thin 

rGO/Pt/TiN and thick rGO/Pt/TiN gate electrodes, extracted using equation (5.3), are 5.04 eV, 

4.35 eV and 5.28 eV respectively. This shows that the WF of the gate electrode can be varied 

from 4.35 eV to 5.28 eV by varying the number of rGO layers under Pt/TiN contact metal as 

shown in CV plot of figure 5.9(a). Total oxide charge densities, calculated using the slope of VFB 

vs. tOX plot and equation (5.3), are 9 x 1010 cm-2, 8.4 x 1010 cm-2 and 1 x 1011 cm-2 for Pt/TiN, thin 

rGO/Pt/TiN and thick rGO/Pt/TiN gate electrodes respectively.  In conductance vs. gate voltage 

(GV) plot of a MOS structure, conductance peak (GPeak) occurs close to flatband voltage and 

hence the variation in the flatband voltage with different number of rGO layers under Pt/TiN 

contact metal can also be verified by noting the position of conductance peak as shown in figure 

5.8 (b). GPeak position shifts towards positive gate voltage from a value of -0.61 V for very thin 

rGO to 0.3 V for thick rGO, which is consistent with the flatband voltage values, obtained from 

the CV curves. Decreasing height of the conductance peak in GV plot signifies the reduced 

interface state density at the gate dielectric/semiconductor interface. Graphene, because of its 

superior mechanical properties, protects the gate dielectric from any plasma damage during top 

metal deposition (by sputtering in the present study), which results in an improved gate 

dielectric/semiconductor interface for graphene gate electrode devices. 

The results of bi-directional (+ve as well –ve) modulation of VFB, (and hence the gate electrode 

WF) are also obtained with Si/SiO2/rGO/Ir/TiN stack. For calculating the WF of different 

number of rGO layers under Ir/TiN contact metal, VFB shift is directly equated to the ĭms. Here it 

is assumed that the amount of oxide charges for Ir/TiN contact metal devices would be same as 

for Pt/TiN contact metal as all the devices were processed under identical process conditions. 

These oxide charges would shift the VFB by only ~ 0.04 V for Ir/TiN and rGO/Ir/TiN gate  
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reactive sputtering, is not clear. We anticipate that the metal deposition conditions or the 

different interactions of TiN with graphene play some role in this.   

 Table 5.2: Modulation of WF of top gate electrode with varying number of rGO layers with 

different top contact metals. Values in the bracket (bold) in the Pt/TiN column are the WF 

values obtained for rGO/5nm Pt system using UPS. 

 

No. of rGO layers 

WF (eV) with different top contact metals 

Pt/TiN Ir/TiN Al/TiN 

No rGO 5.04 (5.08) 5.06 4.04 

1-3 layers of rGO 4.35 (4.28) 4.4 4.46 

3-5 layers of rGO 4.75 (4.43) 4.71 4.74 

Thick (> 5) layers of rGO 5.28 (5.16) 5.21 5.16 

The trend of WF variation of rGO layers under Pt metal was also verified by ultraviolet 

photoelectron spectroscopy (UPS). For UPS analysis, rGO with different thicknesses were 

deposited on 4 nm SiO2 and a 5 nm Pt layer was deposited by sputtering on top of them. Pt 

thickness has been deliberately limited to 5 nm for UPS analysis as the energy of the 

photoelectrons is very low and usually very thin films are deposited for WF measurements by 

UPS [131]. A thick Pt (50 nm) sample on SiO2 is also prepared for reference. UPS spectra are 

collected using a Thermo VG Scientific Multilab 2000 Photoelectron Spectrometer, which is 

equipped with a high photon flux He gas discharge source (modes: He I 21.2 eV and He II at 

40.8 eV). UPS spectra supports the thickness dependent WF of the rGO/Pt system (figure 5.9 

(f)). WF values obtained by CV measurements for different rGO thickness with different contact 

metals and by UPS measurements for rGO/Pt system are plotted in figure 5.10. In the present 

study, WF values by UPS measurements are lower than that obtained by CV measurements. UPS 

technique is known to detect the lower limit of the WF of a system [132]. Hence, WF values 

obtained by UPS measurements are in general lower than the standard WF values [131- 133]. 

Even though the WF values obtained from the two methods differ marginally, the trend of WF 

shift with varying number of rGO layers under Pt metal is same in both the measurement 
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techniques. WF of different rGO sheets under different contact metals is tabulated in table 5.2 of 

this chapter. 

A possible explanation for the experimental observations of the WF tuning reported above is as 

follows. WF of the graphitic structure increases when the graphene layers increase from 

monolayer to multilayers  as measured by different techniques like photoelectron spectroscopy 

and Kelvin probe force microscopy (KFM) methods [98, 113, 116]. Further, in a very recent 

theoretical study [134], WF of the rGO is calculated using molecular dynamics simulations and 

density functional theory. This theoretical study reports that the WF of rGO increases with 

increasing oxygen concentration in the different groups like carbonyl, hydroxyl and epoxy 

attached to it.  Structure of graphene oxide is discussed in annexure A of this thesis. A range of 

WF values of GO with different oxygen concentrations i.e. 4.4 eV - 6.8 eV for carbonyl group, 

4.35 eV - 5.6 eV for epoxy group and 4.25 eV - 4.95 eV for hydroxyl group is reported. WF 

values obtained in our experiments (minimum 4.35 eV for very thin layer rGO and maximum 

5.28 eV for thick layer rGO) are well within the range of these theoretical WF values.  

When the thermal reduction of GO is performed, thin layer GO can be expected to reduce more 

readily and loose its oxygen faster as compared to that of the thick GO layers. In multilayer GO, 

the layers below the top layers can be expected to reduce less effectively. Hence the oxygen 

concentration would increase from thin rGO to thick rGO. To confirm this hypothesis, Fourier 

Transform Infrared Spectroscopy (FTIR) and XPS analysis is performed on different thicknesses 

of GO sheets before and after thermal reduction. 

Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

FTIR analysis is performed with a Bruker 3000 Hyperion Microscope with Vertex 80 FTIR 

system, spectral resolution 0.2 cm-1) and is shown in figure 5.11(a-b). For FTIR analysis, GO 

sheets of different thicknesses were drop casted on Si/SiO2 substrate and annealed at 550°C for 1 

hr in Ar ambient. Peaks corresponding to different functional groups viz. hydroxyl (C-OH), 

epoxide (C-O-C), carboxyl (COOH) and ketonic (C=O) attached to the GO are marked in FTIR 

spectra shown in figure 5.11(a-b). The peaks are identified based on [135]. For very thin GO, 
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different functional groups are marked in the figure 5.12(a-d). The peak assignment is as per 

[136- 138]. For GO, figure 5.12(a, c), peak at binding energy of about 284.8 - 285.1 eV is 

assigned to sp2 carbon – carbon (C=C or C-C) bonds while the peaks at 285.76 eV, 286.78 eV, 

287.55 eV and 288.81 eV are assigned to C-OH, C-O-C, C=O and COOH groups respectively. 

After the thermal reduction, peak positions slightly decrease to lower binding energies which is 

consistent with other reported studies [136]. After the thermal reduction, peaks corresponding to 

C-OH and C-O-C for very thin rGO cannot be deconvoluted and are assigned as a single peak at 

285.70 eV while for very thick rGO sheets, both peaks can be assigned separately. However, the 

intensity of these peaks decreases significantly after thermal reduction. 

 

Figure 5.12: C1s peaks of XPS spectra for very thin and very thick GO before annealing (a and 

c) and after annealing (b and d). 

Figure 5.12(a-d) clearly demonstrates that peaks corresponding to different oxygen containing 

functional groups decreases faster for very thin rGO sheets as compared to those in very thick 

rGO sheets. Oxygen concentration, obtained after dividing the area of all peaks corresponding to 

oxygen containing functional groups to the total area of C1s peak, in very thin and very thick GO 

(figure 5.12(a and c)) is about 46% and 55% while it reduces to 21% and 34% for very thin and 

very thick GO sheets after thermal reduction (figure 5.12(b and d)). This variation in oxygen 

concentration, according to [134], would cause the WF of the rGO layers to vary from low value 
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to high value. The observed WF modulation in the present study can be attributed to the 

combined effect of the two factors, namely a thickness dependent WF and the oxygen 

concentration dependent WF. 

5.2.4  Oxygen concentration dependent work function calculation 

To further confirm that change in oxygen concentration would change the WF of rGO sheets,   

thick GO layers were reduced at different temperatures ranging from 450°C to 750°C and the 

MOSCAPs were fabricated with rGO under Al gate electrode. Other device fabrication details 

were same as mentioned previously in section 5.2.3.1 of this chapter. Thick GO layers were 

chosen to exclude the layer dependent WF. XPS spectra of thick GO layers reduced at different 

temperatures are shown in figure 5.13(a-d). Remnant oxygen concentration in the rGO sheets 

and its WF under Al contact metal is plotted in figure 5.14(a). Change in GO WF with oxygen 

concentration is also plotted in figure 5.14(b).  

As the reduction temperature increases, peak heights corresponding to different oxygen 

containing functional groups and hence oxygen concentration decreases. For GO, oxygen 

concentration is about 55% while it decreases to 37%, 34%, 28% and 20% after thermal 

treatment at 450°C, 550°C, 650°C and 750°C temperatures respectively. WF of the rGO sheets 

also depends on the reduction temperature as determined from the CV measurements of 

Si/SiO2/rGO/Al MOSCAPs. As the reduction temperature increases (from 550°C to 750°C), WF 

of the rGO/Al stack decreases. WF of the rGO/Al stack reduces from 5.14 eV for 35% O2 

concentration (reduced at 550°C) to 4.42 eV for 20% O2 concentration (reduced at 750°C) as 

shown in figure 5.14(b). This experiment clearly demonstrates that oxygen concentration plays a 

significant role in determining the reduced graphene oxide work function.  
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It is important to isolate the contribution of the two factors in the rGO WF i.e. thickness 

dependent WF and the oxygen defect dependent WF. However, with GO as a starting material, it 

may be misleading as any number of rGO layers (thin or thick) would have some amount of 

oxygen which would contribute to the rGO WF. This can only be achieved by using the pristine 

graphene as a starting material and then introducing some known amount of oxygen in this 

before performing the electrical measurements. 

5.3 Summary of the Chapter  

Work function of the rGO sheets is experimentally determined under different contact metals. It 

is demonstrated that the WF of the rGO sheets strongly depends on the oxygen concentration 

attached to the rGO. This oxygen concentration can be controlled either by controlling the 

thickness of the rGO sheets or by performing the reduction at different temperatures. By varying 

the thickness of the rGO sheets, a minimum of about 4.35 eV and a maximum of about 5.28 eV 

WF values are obtained with very thin and very thick rGO sheets under Pt/TiN contact metal. 

This variation in the WF is attributed to the two factors, namely thickness dependent WF and the 

oxygen concentration dependent WF. Thick rGO is supposed to have higher oxygen 

concentration which results in the large values of the WF.  

Further, thermal reduction of the thick GO is carried out at different temperatures to control the 

overall oxygen concentration in the rGO sheets. WF of these rGO sheets, reduced at different 

temperatures, depends on the reduction temperatures. As the reduction temperature increases, 

oxygen concentration and hence the WF of the rGO sheets decreases. The obtained electrical 

data are well supported by the physical characterizations like XPS, FTIR and UPS. 
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Chapter 6  

Investigation of metal/dielectric interaction and 

thermal stability of reduced graphene oxide gate 

electrode devices 

In the metal gate electrode technology, it is well known that the metal reacts with the top of the 

gate dielectric and hence reduces the effective oxide thickness [107]. In the previous chapter, in 

section [5.1.3], it is noticed that effective oxide thickness (EOT), as obtained from capacitance in 

accumulation, of the rGO and non rGO gate electrode devices differ. EOT of the rGO gate 

electrode devices is close to the physical thickness, as obtained from the ellipsometer, of the gate 

dielectric while EOT of the non rGO gate electrode devices is about 1 nm less than the physical 

thickness. In this chapter, we performed high resolution transmission electron microscopy 

(HRTEM) analysis to analyze this difference in EOT. Further, the thermal stability of the 

different techniques adopted for WF modulation in CMOS technology is an important 

consideration [139, 140]. Hence, we also examined the thermal stability of the WF values as 

obtained with the technique proposed in the chapter 5 of this thesis. 

The results presented in this chapter are published in ACS Applied Materials and Interfaces 

(DOI: 10.1021/am404649a) and are under review in IEEE Transactions on Nanotechnology. 

6.1 Suppression of the metal/dielectric interaction with 

rGO incorporation between metal and dielectric 

To study how the incorporation of rGO sheets affects the metal dielectric interaction, MOSCAPs 

were fabricated with three different gate dielectric (SiO2) thicknesses with rGO/TiN gate  
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Figure 6.1: (a) CV curves for different thickness of gate oxide (7.3 nm, 10 nm and 14 nm: all 

measured by ellipsometry) with TiN and rGO/TiN as a gate electrode material, (b) Comparison 

of the EOT values as obtained from the accumulation CV plot and physical thickness obtained 

from the ellipsometer. 

electrode. For all the 3 sets of devices, physical thickness and effective oxide thickness is 

compared. CV plots for 3 different dielectric thicknesses with rGO/TiN and only TiN gate 

electrode devices are shown in figure 6.1(a). For all the thicknesses, it is clear that rGO/TiN 

devices results in the lower accumulation capacitance and hence larger EOT. In fact, the EOT 

values obtained for the rGO/TiN devices are close to the physical thickness (PT) of the gate 

dielectric obtained from the ellipsometer while EOT for the only TiN gate electrode devices are 

about 1 nm less than the physical thickness as plotted in figure 6.1(b). This indicates the 

consumption of the dielectric by some chemical reaction at the TiN/SiO2 interface which ceases 

to happen when rGO is incorporated between the metal and the dielectric. 

We proposed that rGO is impermeable to TiN. The impermeability of graphene for TiN can be 

explained by considering the area of the graphene hexagon and the size of TiN molecule. The 

distance between the opposite edges of Gr hexagon is about 2.46 Å [141] which suggests that the 

maximum diameter of a sphere which can permeate through the Gr hexagon is about 2.46 Å. Ti-

N has a bond length of about 1.57 Å [142] and Ti and N have atomic diameters of 2.84 nm and 

1.36 nm respectively [143]. This implies that TiN, being larger than the Gr hexagon, would not 
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permeate through Gr film as demonstrated in figure 6.2. As a result, even a single defect free Gr 

layer would prevent the metal diffusion into the dielectric and hence the metal/dielectric reaction  

 

Figure 6.2: Schematic showing the impermeability of TiN through graphene hexagon. 

would be suppressed. Possibility of diffusion of metals like Co, Ni and Au in Gr is also ruled out 

in the literature [144]. To confirm our hypothesis, elemental analysis along the cross section of 

the gate stack in HRTEM equipment is performed as shown in figure 6.3(a,b).  A detectable 

signal of Ti is found in SiO2 in non rGO gate electrode device while in Si/SiO2/rGO/TiN devices, 

Ti signal dies very fast in the rGO. This result indicates that the TiN metal cannot diffuse 

through the graphene sheets and hence graphene prevents any metal/dielectric interaction. As a 

result, the EOT values and physical thickness of the gate dielectric for rGO gate electrode 

devices are almost same. This elemental mapping data supports our hypothesis based on the 

geometrical considerations that graphene prevents the metal (TiN) / dielectric interaction.   
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Figure 6.3: Dark filed cross section HRTEM image of (a) Si/SiO2/TiN, (b) Si/SiO2/rGO/TiN 

MOSCAP devices. A detectable Ti signal can be seen in the SiO2 of figure 6.3(a) while in figure 

6.3(b), Ti signal dies quickly in the top few nanometers of rGO layers. This shows that rGO 

sheets can be used as a diffusion barrier for metal atoms.   

 

6.2 Thermal stability of the WF values obtained for rGO 

gate electrode devices  

In order to test the thermal stability of the rGO/Pt/TiN gate electrode, MOSCAPs (same devices 

fabricated in chapter 5 of this thesis) were subjected to rapid thermal annealing in nitrogen 

ambient for temperatures ranging from 400°C to 950°C for 5 sec. each. The same sample from 

each split in the rGO thickness was subjected to an anneal–electrical measurement–anneal–

electrical measurement...sequence.  
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6.2.1.1 HRTEM investigation of rGO/Pt/TiN gate electrode devices after 

thermal treatment 

To investigate the cause of this VFB change after high temperature processing, cross-section 

HRTEM analysis of the sample annealed at 900°C is performed.  High temperature (900°C) 

thermal anneal causes the Pt to diffuse through the rGO sheets as shown in figure 6.6. For thick 

and moderate thick rGO (figure 6.6(a) and 6.6(b)), Pt could not pass through the rGO sheets 

completely while for very thin rGO (figure 6.6(c)), Pt diffuses entirely through the rGO sheets 

and reacts with the SiO2. As the Pt could not reach to the SiO2 dielectric after annealing for the 

devices having thick rGO under Pt metal, the VFB for these devices remains stable even after 

900°C anneal. VFB for thin rGO devices approaches to the VFB of SiO2/Pt/TiN stack as the Pt is 

now in direct contact with SiO2 after passing through the rGO sheets as clear from the HRTEM 

image of figure 6.6(c). 

 

Figure 6.6: Cross section HRTEM images of Si/SiO2/rGO/Pt/TiN stack after thermal annealing 

at 900°C for 5 sec. in N2 ambient, (a) For thick rGO (b) for moderate thick rGO and (c) for very 

thin rGO. Hollow arrows demarcate the rGO while solid arrows indicate the region of Pt 

diffusion in rGO/SiO2. For thick and moderate thick rGO (a and b), Pt could not cross the full 

rGO thickness while for very thin rGO, Pt pass through the rGO and reacts with SiO2. 
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6.3  Summary of the chapter  

In this chapter, effect of incorporation of rGO sheets between metal and gate dielectric (SiO2) is 

discussed. It is demonstrated that rGO sheets in between the top metal and the gate dielectric not 

only allow to modulate the WF but also prevents any dielectric contamination by the top metal. 

Elemental mapping along the cross section of the gate stack clearly demonstrates that signal of 

top TiN metal dies out very fast in the top few nanometers of the rGO sheets and hence could not 

react to the SiO2 dielectric. Further, high temperature stability of the WF values obtained with 

rGO as a gate electrode is also investigated and it is found that obtained WF values are thermally 

stable till 800ºC annealing conditions. HRTEM analysis reveals that diffusion of metal through 

rGO sheets, as a result of high temperature processing, is the main cause of WF instability. 
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Chapter 7 

Summary of the thesis and future directions 

In the initial part of the thesis, NC formation statistics and Pt nanocrystal memory effects are 

discussed. It is demonstrated that the NC distribution (size, density and area coverage) strongly 

depends on the parameters like initial metal thickness, anneal time, anneal temperature and 

underlying dielectric. Memory results of Pt NC memory devices are also demonstrated. A 

memory window of about 3.6 V at ± 10 V P/E voltages is obtained. Further, based on the recent 

advancements in the flash memory research, it is concluded that the metal NC memory 

technology is not a viable option for technology node 20 nm and below. In this wake, novel 

material like graphene is proposed and experimentally investigated as a charge storage layer in 

conventional floating gate flash memory structure.  Further, as it is necessary to know the WF of 

the CSL, WF of reduced graphene oxide sheets (which are used as a CSL in this thesis) was 

experimentally determined using it as a gate electrode in MOS devices.  

Height reduction of the flash memory gate stack is one of the key solutions to reduce the 

parasitic coupling among the neighboring FGs of flash memory devices. We demonstrated that 

the graphene (reduced graphene oxide is used in this thesis) can be used as charge storage layer 

in conventional FG flash memory structure. Graphene as a charge storage layer would offer the 

ultimate scalability to the vertical dimensions memory gate stack. A large memory window of 

9.4 V is demonstrated with reduced graphene oxide as a charge storage layer. Retention of the 

stored charges is tested at room temperature as well as at elevated temperatures. A 6.9 V remnant 

memory window at room temperature and 2.8 V remnant memory window at 150°C is 

demonstrated. Activation energies are calculated for the first time for graphene charge storage 

devices. One issue that is encountered with these devices is the device to device variability and 

poor endurance. The devices could be programmed/erased for about 1000 cycles at 20V, 1ms 

P/E operation. Endurance of the devices can be improved by improving the quality of the 
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blocking dielectric. However, to minimize the device to device variability, precise control on the 

graphene thickness and reduction conditions is needed.  

As the memory performance strongly depends on the WF of the CSL, the WF of the rGO sheets 

is also experimentally determined by integrating them as a gate electrode in MOS structure. It is 

demonstrated that WF of the rGO sheets can be varied by varying the number of rGO sheets as 

well as by controlling the amount of oxygen concentration in the rGO sheets.  A wide range of 

work function modulation (from n-type to p-type) is demonstrated with varying number of rGO 

layers under the contact metals.  WF of the gate electrode in a MOS structure could be 

modulated from 4.35 eV (n-type metal) to 5.28 eV (p-type metal) by sandwiching different 

numbers of rGO layers between top contact metals and gate dielectric SiO2. WF of the gate 

electrode shows strong dependence on the number of rGO sheets and is seen to be nearly 

independent of the contact metals used. The dependence of the WF on the number of rGO sheets 

is verified by ultra violet photoelectron spectroscopy. The observed WF modulation is attributed 

to the different amounts of oxygen concentration in different thicknesses of rGO layers. This is 

experimentally verified by X- ray photoelectron spectroscopy (XPS) analysis and by Fourier 

Transform Infrared Spectroscopy (FTIR) analysis. XPS analysis yields different amounts of 

oxygen concentration in different thicknesses of rGO sheets annealed under identical conditions. 

The difference between the WF values for various thicknesses of rGO layers under different 

capping metals (Pt, Ir, Al) lie within 0.12 eV. This suggests that the WF of gate electrode is 

predominantly determined by the thickness of the rGO layers and the amount of oxygen present 

in the different functional groups attached to it.  

It is also demonstrated that for very thick rGO sheets where layer dependent WF no longer 

comes in to picture, WF can be modulated by reducing rGO sheets at different temperatures. 

Reduction at different temperatures causes different amounts of remnant oxygen (high oxygen 

concentration at low reduction temperature and vice versa) in the rGO sheets which in turn 

changes the WF from low to high value. The obtained WF values are thermally stable up to 

800°C. Post annealing, X-HRTEM analysis of the samples reveals that the diffusion of metal 

through rGO layers at higher temperature is the main cause of WF instability.  
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This information on the WF of rGO sheets is very important to optimize the overall performance 

of rGO CSL flash memory devices. The study, in a very distinct manner, suggests that by 

controlling the oxygen concentration in the rGO sheets, depth of the potential well formed by 

rGO sheets and hence the memory performance of the rGO CSL flash devices can be tailored. 

7.1 Future Directions 

x Density of states (DOS) in the graphene is very low (1 x 1012 – 1 x 1013 cm-2), low DOS is 

undesirable for a material intended to used as a charge storage layer.  One possible way to 

enhance the DOS of graphene is combining it with some metal. Hence a combination of 

graphene and thin metal layers can be further examined for floating gate application. 

 

x The rGO sheets can also be investigated as a hybrid floating gate i.e. low WF of the bottom 

rGO sheets which are in the direct contact with the tunnel oxide and the high WF of the top 

rGO sheets which are in contacts with the blocking dielectric. Such combination of the FG 

layer would allow to have the efficient program/erase. 

 
x Endurance characteristics of the graphene charge storage devices are to be studied rigorously. 

 
x Chemical vapor deposited (CVD) graphene is expected to have less defect density compared 

to that in graphene obtained after reduction of the graphene oxide, therefore, it would be 

interesting to compare the memory performance of two kinds of graphene, i.e. CVD grown 

graphene and rGO.  

 
x As demonstrated in the thesis, oxygen concentration plays a significant role in determining 

the WF of the graphene sheets, hence, controlled oxidation of the CVD grown graphene and 

study of its memory performance would be interesting to pursue. This will again allow us to 

modulate the WF and hence the P/E characteristics of the graphene FG devices. 

 
x Graphene can also be examined as a diffusion barrier for different metals (e.g. copper) at 

high temperatures. 
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Annexure A 

Structure of Graphene Oxide (GO) and Reduced Graphene Oxide (rGO) 

Graphene oxide is obtained by oxidative exfoliation of graphite films. In fact the graphite oxide 

also has layers of carbon atoms networks similar to that of graphite, however the interlayer 

distance among the planes is large compared to the graphene interlayer distance (0.7 nm to 1 nm 

compared to 0.34 nm in graphene) and the carbon atoms are decorated by the various oxygen 

containing functional groups. Structure of the GO can be thought of as individual graphene 

sheets decorated with oxygen functional groups on both basal planes and edges [136, 145] as 

shown in figure A1 (a, b). These oxygen functional groups are mostly hydroxyl (C-OH) and 

epoxy (C-O-C) groups attached on the basal plan and carboxy (COOH), carbonyl (C=O) and 

phenol, attached to the sheet edges. These functional groups can be easily identified by physical 

characterization techniques like XPS and FTIR. These oxidized carbon layers are hydrophilic 

and can be easily exfoliated in water that produces the mono or few layered graphene oxide 

flakes. These graphene oxide flakes can be further reduced to graphene like flakes by the 

removal of the oxygen containing groups. Binding energies of the different oxygen containing 

functional groups attached to the GO, calculated from ab initio simulations, are tabulated in table 

A1 [135]. Some of these binding energies are relatively low and hence the corresponding 

functional groups can be very easily removed by mild chemical or thermal treatment. The so 

achieved (chemically or thermally derived) graphene flakes are most commonly known as 

reduced graphene oxide (r-GO) sheets. 

 

Figure A1: structure of (a) Gr [146] and (b) GO [136]. Different functional groups attached to 

GO are shown in (b).  
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Table A1: Binding energies of different oxygen containing functional 

groups attached in GO [135]. 

Chemical species Binding energy (eV/functionality) 

Hydroxyl (C-OH) 1.5 eV/OH 

Epoxide (C-O-C) 3.1 eV/O 

Carboxyl (COOH) 5.8 eV/COOH 

Ketonic species (C=O) 8.0 eV/O 

Ether species (C-O) (non aggregated) 4.9 eV/O 

Aggregated cyclic edge ether (-O-) 9.1 eV/O 

Electronic, optical and mechanical properties of the graphene oxide can be tuned by controlling 

the reduction extent. For example, experimentally, it is demonstrated that the band gap of the GO 

sheets can be tuned from 2 eV to 0.02 eV by different level of reduction [147]. Theoretically 

also, by using density functional theory, Huang et al. demonstrated that total density of states and 

band gap of GO can be varied by varying the oxygen to carbon (O/C) ratio. Band gap of the rGO 

with different O/C ratio is shown in figure A2 [148]. 

 

Figure A2: The band gap of the rGO with different O/C ratio [148]. 

GO is considered as an important precursor to obtain the graphene sheets by chemical or thermal 

reduction of the GO. In chemical reduction process, hydrazine treatment of the GO is the most 
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common method to reduce the GO to more graphene like character [136, 145, and 149]. In this 

method reduced graphene oxide (rGO) agglomerates are obtained in the aqueous or in some 

polar solvents polar solvents like N-Methylpyrrolidone (NMP) or dimethylformamide (DMF) 

[149].  

GO can also be reduced to more graphene like nature by thermal treatment. GO starts losing its 

different oxygen functional groups at temperatures starting from 200°C [136]. One way to 

achieve this is to deposit the GO sheets (either by drop casted or by spin coating) on some 

suitable substrate (Si or Si/SiO2) and place it in some heated chamber. A range of temperatures 

starting from 200°C to 1000°C under different ambient conditions like Argon (Ar), Nitrogen 

(N2) and vacuum are proposed for efficient reduction of GO sheets [120, 136, 137]. Figure A3 

shows the evolution of C1s spectra of GO thermally reduced at different temperatures. 

 

Figure A3: High-resolution C1s XPS spectra of thermally reduced GO sheets at different 

temperatures [136]. 
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In the present study graphene oxide was thermally reduced to graphene (rGO) at 5500C in Ar 

ambient for 1hr. Different ranges of reduced graphene oxide (rGO) thicknesses were obtained by 

using pre-optimized solution of different concentration of GO in DI water. A solution of 1mg of 

GO in 20 ml of DI water for very thin rGO sheets, 1mg of GO in 10ml of DI water for moderate 

thick rGO sheets and 1mg of GO in 5ml of DI water for very thick rGO sheets was prepared. 

Different number of drops of these liquids combined with the SEM and AFM techniques was 

used to obtain the different thicknesses of rGO sheets.   

This procedure (thermal reduction of the GO sheets at the device location) is suited for MOS 

technology as GO is easily dispersed in de-ionized (DI) water. Because of the presence of the 

negative charge on GO sheets, it remains well separated for long time in DI water. Reduced 

graphene oxide and graphene agglomerates in DI water and polar solvents like N-

Methylpyrrolidone (NMP) or dimethylformamide (DMF) are used as solvents to avoid 

agglomeration [149]. However, these chemicals can potentially contaminate the gate dielectric 

while on the other hand DI water is regularly used in CMOS device processing without any 

detrimental effect on the gate dielectric quality. 

It is worth discussing here that ID/IG ratio decreases for thermally reduced GO sheets figure 

5.2(c), while ID/IG ratio increases for chemically reduced GO sheets as shown in figure 4.2(c) of 

this thesis. There are several reports where an increase or decrease or even no change in the ID/IG 

ratio after reduction is observed. In [136, 137], a reduction in the ID/IG ratios is observed for 

chemically or thermally reduced GO while a negligible change in the ID/IG ratio has been 

observed by D. Zhan et al. [150]. In [136], it is mentioned that ID/IG ratio is a measure of the 

distance between defects (LD) in graphene. This ratio may have a high value as well as a low 

value depending on the distance between the defects. 
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Annexure B 

Process recipes for pseudo source drain rGO flash transistors fabrication 

Step 
No. 

Process step Tool used Process recipe Any other 
comment 

1 RCA Clean 

 

Wet process 
bench 

x 2% HF dip -- 1152ml 
DI water + 48ml 
(49%HF) for 30 sec. 

x RCA1-- NH4OH : H2O2 
: DI water in the ratio 
125ml : 250ml : 875ml 
@750°C, duration: 1200 
sec.; 

x 2% HF dip -- 1152ml 
DI water + 48ml 
(49%HF) for 30 sec. 

x RCA2-- HCL : H2O2 : 
DI water in the ratio 
125ml : 250ml : 875ml 
@750°C, duration: 1200 
sec.; 

x 2% HF dip -- 1152ml 
DI water + 
48ml(49%HF) for 30 
sec. 

This can be 
escaped as 
the second 
step is 
directly for 
alignment 
mark 
patterning 

2 Alignment mark 
patterning  

(To expose the 
alignment marks 
region and protect the 
rest of the wafer) 

Double side 
aligner (EVG 
620) 

x Dehydration—300°C on 
hot plate for 300 sec. 

x Resist used -- S1813; 
Spin recipe — Step 1 = 
500 rpm, 30 sec. step 2 
= 6000 rpm, 45 sec. step 
3 = 300 rpm, 10 sec. 

x Expected resist 
thickness ~ 1.2 µm 

x Prebake: 90°C, 120 sec.  
x Exposure : 50mJ/cm2, 

soft contact, 1um 
separation 

x Development : MF 
319(vertical), 25 sec. 

x Post development bake : 
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90°C, 60 sec. 

3 Si etching from the 
alignment marks 

STS RIE x Power = 400W, SF6 = 
40sccm, pressure = 
100mTorr, Time 7min 

 

4 Ashing for Resist 
removal from rest of 
the wafer 

AMAT Ash 
chamber 

x Power 1400W, O2 = 
300sccm, Time 2Min 

 

5 Pirahna Micro 1 wet 
bench 

x H2SO4 : H2O2 in the 
ratio 910ml : 390ml for 
3600 sec. 

 

6 RCA Micro 1 wet 
bench 

x Same as in step 1  

7 Pad oxide growth Ultech furnace, 
stack 1, tube 1 - 
Dry oxidation 

x Same as in step 2; only 
growth time is 1500 sec. 

x Target thickness = 8nm 

Thickness 
needs to 
recheck 
before 
doing any 
fresh run. 

(This May 
not be 
required as 
the 
implantation 
in the next 
step is to be 
done on non 
active 
region. In 
that case 
step 6 can 
also be 
escaped) 

8 Active area patterning  

(To protect the actual 
MOSCAP region with 
resist)) 

Double side 
aligner (EVG 
620) 

x Dehydration—300°C on 
hot plate for 300sec. 

x Resist used -- S1813; 
Spin recipe — Step 1 = 
500 rpm, 30 sec. step 2 
= 6000 rpm, 45 sec. step 
3 = 300 rpm, 10 sec. 

x Prebake: 90°C, 120 sec.  

To increase 
the resist 
thickness, 
main 
spinning 
speed can 
be reduced 
to 2000 rpm 
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x Exposure : 50 mJ/cm2, 
soft contact, 1um 
separation 

x Development : MF 
319(vertical), 25 sec. 

x Post development bake : 
90°C, 60 sec. 

for 45 sec. 

 

9 Implantation PIII (Micro 2) x Power = 1000W, 
pressure 0.12mbar, 
frequency = 5KHz, 
duity cycle = 10%, On 
time = 20µs, implant 
duration = 30 sec. bias 
= -2KV. Distance 
between plasma and 
wafer = 9cm. 

Power can 
be reduced 
to 950W or 
even 900W 

10 Ashing for Resist 
removal 

AMAT Ash 
chamber 

x Power 1400W, O2 = 
300sccm, Time 2Min 

 

11 Pirahna 

 

Micro 1 wet 
bench 

x H2SO4 : H2O2 in the 
ratio 910ml : 390ml for 
3600 sec. 

 

12 RCA Micro 1 wet 
bench 

x Same as in step 1  

13 Tunnel oxide growth Ultech furnace, 
stack 1, tube 1 - 
Dry oxidation 

x Same as in step 2; only 
growth time is 1500 sec. 

x Target thickness = 8nm 

Thickness 
needs to 
recheck 
before 
doing any 
fresh run 

14 GO drop cast Hot plate at 
120°C 

 Can be tried 
at other 
temperature 
like 70°C to 
100°C 

15 GO thermal reduction in high-K 
chamber 

x At 550°C, Ar flow 
2000sccm, pressure 
100torr 

 

16 Blocking dielectric 
Al2O3 deposition 

AMAT 
ENDURA, 

x Power = 200W, Ar:O2 =  
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Chamber 1 10:14, time 20min 

17 Top metal deposition AMAT 
ENDURA, 
Chamber D 

x Power = 350W, Ar:N2 = 
20:20, time 15min 

 

18 Final MOSCAP 
patterning 

 

Double side 
aligner (EVG 
620) 

x Same as in step 4,   

19 Metal + gate stack 
etching 

AMAT etch 
tool 

x RF/bias = 1000/130, 
Cl2:BCL3 = 100:40, 
pressure = 9 mtorr, 
helium pressure = 
4000mtorr 

 

20 Ashing AMAT etch 
tool 

x Same as in step 6  

21 Back side etching Micro 1 wet 
bench 

x 2% HF  

22 Back side 
metallization 

Aluminum 
evaporator 
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Annexure C 

Process recipes for rGO flash transistors fabrication   

Step 
No. 

Process step Tool used Process recipe Any other 
comment 

1 RCA Clean 

 

Wet process 
bench 

x 2% HF dip -- 1152ml DI 
water + 48ml (49%HF) 
for 30 sec. 

x RCA1-- NH4OH : H2O2 
: DI water in the ratio 
125ml : 250ml : 875ml 
@750°C, duration: 1200 
sec.; 

x 2% HF dip -- 1152ml DI 
water + 48ml(49%HF) 
for 30 sec. 

x RCA2-- HCL : H2O2 : 
DI water in the ratio 
125ml : 250ml : 875ml 
@750°C, duration: 1200 
sec.; 

x 2% HF dip -- 1152ml DI 
water + 48ml(49%HF) 
for 30 sec. 

 

2 Thin dry oxide (Pad 
oxide) 

 

Ultech furnace, 
stack 1, tube 1 - 
Dry oxidation 

x Pre-growth step – 
850°C, O2 gas flow = 50 
sccm, N2 gas = ON, 
duration = 120 sec. 

x Growth step-- 850°C, O2 
gas flow = 5000 sccm, 
N2 gas = OFF, duration 
= 1800 sec. 

x Post growth anneal = 
900°C, O2 gas flow = 
0seem, N2 gas ON, 
duration 300 sec. 

x Expected thickness 10  
nm 

Thickness 
needs to 
recheck 
before 
doing any 
fresh run 

3 Silicon Nitride Ultech furnace, 
stack 2, tube 3 - 

x Ramp up step-- 300 
sec., temperature 

3 to 4 
dummy 
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deposition 

 

LPCVD. 

 

Stabilization step: 120 
sec., pressure 
Stabilization step : 300 
sec. 

x Deposition step -- SiH4 
gas flow: 80 sccm, NH3 
gas flow: 100 sccm, N2 
gas flow: 1000 sccm, 
temperature: 780°C, 
pressure: 0.3 torr, 
duration: 3900 sec. 

x Expected thickness = 60 
nm, RI = 1.99 

runs 
require to 
get the RI 
of 1.99 

4 Active area patterning Double side 
aligner (EVG 
620) 

x Dehydration—300°C on 
hot plate for 300 sec. 

x Resist used -- S1813; 
Spin recipe — Step 1 = 
500 rpm, 30 sec. step 2 
= 6000 rpm, 45 sec. step 
3 = 300 rpm, 10 sec. 

x Prebake: 90°C, 120 sec.  
x Exposure : 50mJ/cm2, 

soft contact, 1um 
separation 

x Development : MF 
319(vertical), 25 sec. 

x Post development bake : 
90°C, 60 sec. 

 

5 Silicon Nitride etch STS RIE x CF4 gas flow : 40 sccm, 
O2 gas flow : 4sccm, RF 
Power for Selective 
Etch (SE) = 50W, 
Chamber pressure(SE) = 
110 mTorr 

RI should 
be exactly 
1.99 for 
this to 
happen 
nicely 

6 Ashing for Resist 
removal 

AMAT Ash 
chamber 

x Power 1400W, O2 = 
300sccm, Time 2Min 

 

7 Pirahna 

 

Micro 1 wet 
bench 

x H2SO4 : H2O2 in the 
ratio 910ml : 390ml for 
3600 sec. 
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8 Filed oxide growth 

 

Ultech furnace, 
stack 2, tube 1 - 
Pyrogenic 
oxidation 

x Growth step: H2 gas 
flow = 8000 sccm, O2 
gas flow = 6000sccm, 
temperature = 
1000°C,torch 
temperature: 735°C, 
Time: 2400 sec. 

 

9 Silicon Nitride etch 

 

Micro 1 wet 
bench 

 

x Hot phosphoric acid, 
80°C, time ~ 45minute 

RI should 
be exactly 
1.99 for 
this  

10 RCA Micro 1 wet 
bench 

x Same as in step 1  

11 Gate area patterning 

(GATE level 
lithography for 
Dummy gate for 
implant stop layer) 

 

Double side 
aligner (EVG 
620) 

x Same as in step 4,  To increase 
the resist 
thickness, 
main 
spinning 
speed can 
be reduced 
to 2000 
rpm for 45 
sec. 

12 Implantation PIII (Micro 2) x Power = 1000W, 
pressure 0.12mbar, 
frequency = 5KHz, 
duity cycle = 10%, On 
time = 20µs, implant 
duration = 30 sec. bias = 
-2KV. Distance between 
plasma and wafer = 
9cm. 

Power can 
be reduced 
to 950W or 
even 900W 

12 Ashing for Resist 
removal 

AMAT Ash 
chamber 

x Same as in step 6  

13 Pirahna 

 

Micro 1 wet 
bench 

x Same as in step 7  

14 Activation anneal Annealsys RTP 
(Nano lab) 

x Temperature = 950°C, 
time = 5 sec., N2 gas 
flow = 1000sccm 
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15 RCA Micro 1 wet 
bench 

x Same as in step 1  

16 Tunnel oxide growth Ultech furnace, 
stack 1, tube 1 - 
Dry oxidation 

x Same as in step 2; only 
growth time is 1500 sec. 

Thickness 
needs to 
recheck 
before 
doing any 
fresh run 

17 GO drop cast Hot plate at 
120°C 

 Can be 
tried at 
other 
temperature 
like 70°C to 
100°C 

18 GO thermal reduction in high-K 
chamber 

x At 550°C, Ar flow 
2000sccm, pressure 
100torr 

 

19 Blocking dielectric 
Al2O3 deposition 

AMAT 
ENDURA, 
Chamber 1 

x Power = 200W, Ar:O2 = 
10:14, time 20min 

 

20 Top metal deposition AMAT 
ENDURA, 
Chamber D 

x Power = 350W, Ar:N2 = 
20:20, time 15min 

 

21 Gate area patterning 

(Final gate patterning) 

 

Double side 
aligner (EVG 
620) 

x Same as in step 4,   

22 Metal + gate stack 
etching 

AMAT etch 
tool 

x RF/bias = 1000/130, 
Cl2:BCL3 = 100:40, 
pressure = 9 mtorr, 
helium pressure = 
4000mtorr 

 

23 Ashing AMAT etch 
tool 

x Same as in step 6  

24 Back side etching Micro 1 wet 
bench 

x 2% HF  

25 Back side 
metallization 

Aluminum 
evaporator 
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