
ABSTRACT 

JAYANTI , SRIKANT. Investigation of High-k Dielectrics and Metal Gate Electrodes for 

Non-volatile Memory Applications. (Under the direction of Dr. Veena Misra). 

 

 Due to the increasing demand of non-volatile flash memories in the portable 

electronics, the device structures need to be scaled down drastically. However, the scalability 

of traditional floating gate structures beyond 20 nm NAND flash technology node is 

uncertain. In this regard, the use of metal gates and high-k dielectrics as the gate and 

interpoly dielectrics respectively, seem to be promising substitutes in order to continue the 

flash scaling beyond 20nm. Furthermore, research of novel memory structures to overcome 

the scaling challenges need to be explored. Through this work, the use of high-k dielectrics 

as IPDs in a memory structure has been studied. For this purpose, IPD process optimization 

and barrier engineering were explored to determine and improve the memory performance. 

Specifically, the concept of high-k / low-k barrier engineering was studied in corroboration 

with simulations. In addition, a novel memory structure comprising a continuous metal 

floating gate was investigated in combination with high-k blocking oxides. Integration of thin 

metal FGs and high-k dielectrics into a dual floating gate memory structure to result in both 

volatile and non-volatile modes of operation has been demonstrated, for plausible application 

in future unified memory architectures. The electrical characterization was performed on 

simple MIS/MIM and memory capacitors, fabricated through CMOS compatible processes. 

Various analytical characterization techniques were done to gain more insight into the 

material behavior of the layers in the device structure.  

 In the first part of this study, interfacial engineering was investigated by exploring 

La2O3 as SiO2 scavenging layer. Through the silicate formation, the consumption of low-k 



SiO2 was controlled and resulted in a significant improvement in dielectric leakage. The 

performance improvement was also gauged through memory capacitors. In the second part of 

the study, a novel memory structure consisting of continuous metal FG in the form of PVD 

TaN was investigated along with high-k blocking dielectric. The material properties of TaN 

metal and high-k / low-k dielectric engineering were systematically studied. And the 

resulting memory structures exhibit excellent memory characteristics and scalability of the 

metal FG down to ~1nm, which is promising in order to reduce the unwanted FG-FG 

interferences. In the later part of the study, the thermal stability of the combined stack was 

examined and various approaches to improve the stability and understand the cause of 

instability were explored. The performance of the high-k IPD metal FG memory structure 

was observed to degrade with higher annealing conditions and the deteriorated behavior was 

attributed to the leakage instability of the high-k /TaN capacitor. While the degradation is 

pronounced in both MIM and MIS capacitors, a higher leakage increment was seen in MIM, 

which was attributed to the higher degree of dielectric crystallization. In an attempt to 

improve the thermal stability, the trade-off in using amorphous interlayers to reduce the 

enhanced dielectric crystallization on metal was highlighted. Also, the effect of oxygen 

vacancies and grain growth on the dielectric leakage was studied through a multi-deposition-

multi-anneal technique. Multi step deposition and annealing in a more electronegative 

ambient was observed to have a positive impact on the dielectric performance.  
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CHAPTER 1 

 

Introduction  

 

 This chapter starts with an overview of the non-volatile memories, followed by 

motivation and challenges faced by the memory industry. Subsequently, the literature review 

is done in the background section. The later part of this chapter discusses the goal of this 

dissertation and its organization. 

 

1.1 Overview of Non-volatile memories 

 Non-volatile memories have a significant share in the semiconductor industry. Their 

applications include portable information devices like PDAs, digital cameras, solid state 

drives etc. An ideal memory device allows for low power read/write and non-volatility for 

long time retention without the need of any power supply. Several technological 

developments have been made so far in an effort to serve the growing needs for such a 

memory device. Non-volatile memory devices can be classified into non-programmable read 

only memory (ROM), UV-erasable and electrically programmable memory (EPROM), 

electrically erasable and electrically programmable memory (EEPROM) and flash memory 

[1]. Flash memory devices are electrically erasable and electrically programmable like 

EEPROM, however, they differ in the erasing. While EEPROM circuitry allows for separate 

erasing scheme for every single cell, the cells of a flash memory can be erased in blocks 
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only. Due to this trade-off in functionality, the cell structure of a flash memory device can be 

kept simple, achieving an advantage over EEPROM in density and price, thus making flash 

memory the most successful non-volatile memory device so far [1]. Several cell structures 

have been used for the fabrication of flash memory devices, most notable being floating gate 

and charge trapping devices. Both of these devices are based on charge storage/trap above 

the channel region in a MOS transistor. Depending on the amount of charge stored/trapped, 

the threshold voltage of the MOS transistor shifts accordingly. Similar mechanism can be 

observed in a MOS capacitor where the flatband voltage shifts. Traditional floating gate flash 

memories consists of ï Polysilicon Control Gate (CG) ï Oxide-Nitride-Oxide (ONO - 

Interpoly Dielectric) ï Polysilicon Floating Gate (FG) ï Silicon Oxide (Tunnel dielectric) ï 

Substrate.  Here the charge is stored in the conducting FG. On the contrary, in a conventional 

charge trapping device, commonly with SONOS device structure, the charge is trapped in a 

non-conducting nitride layer. The drawbacks of a charge trap device are slow erase speeds 

and charge spreading. Therefore, floating gate flash has been the popular flash device choice. 

The operation of a typical FG flash device is shown in Fig. 1.1. During the program 

operation, a positive voltage is applied on the CG to inject electrons from the substrate into 

the FG. In the erase operation, a negative voltage is applied on the CG to remove electrons 

from the FG and back into substrate. The memory cell retains the charge in FG after 

program/erase operation. 
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Figure 1.1 Schematic of memory structure showing the electron transport during program 

and erase operations. 

 

 

 

1.2 Motivation and Challenges 

 Due to the rapid growth of portable devices, non-volatile memories are in high 

demand. Specifically, FG NAND flash memories have a large market share in the memory 

segment. To meet the increasing demand, the traditional FG based flash memory structures 

have to be scaled both in lateral and horizontal dimensions. The lateral scaling is desirable to 

obtain a higher density of memory with advancing technology node. Also, the horizontal 

scaling is helpful in resulting in faster memory coupled with lower voltage of memory 

operation. The ITRS predictions for the lateral and horizontal scaling are shown in Fig. 1.2 

and Fig. 1.3 respectively [2]. As can be seen from the predictions, there are no 
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manufacturable solutions known beyond 20nm technology node. For the lateral scaling, 

planarization of cell structure is needed to the otherwise sidewall overlapping polySi CG 

over FG polySi, which results in loss of sidewall wall coupling capacitance [3, 4]. Also, at 

low pitch lengths, the parasitic coupling capacitance between FGs becomes significant. 

Hence, the FG thickness has to be thinned down to reduce the parasitic FG-FG coupling. 

Figure 1.4 shows the schematic of the transition from overlapping to planar cell design. To 

compensate for the loss of gate coupling factor, the thickness of interpoly dielectric (IPD) 

needs to be further reduced. However, the device performance will be severely degraded if 

the thickness of ONO based dielectrics continues into the direct tunneling regime. Hence, 

replacing the traditional ONO dielectric with high-k dielectric seems to be a necessary route 

to continue FG based flash memory in future, as predicted by ITRS [2]. Substituting the 

ONO stack with a high-k dielectric would result in a higher electric field across tunnel oxide 

(low-k SiO2). Thus, resulting in a lower program ï erase voltage operation. In a FG memory 

cell, the cycles of program and erase, correspond to the barrier seen by electron being 

injected from either substrate or FG. Similar to the scaling considerations in the CMOS field, 

the use of metal gates (as control gate) in combination with high-k dielectrics adds flexibility 

to the program erase voltages. Having a metal control gate enables the cell structure to have 

energy levels beyond the silicon band by suitably tuning the work function of the CG metal. 
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Figure 1.2 ITRS prediction showing the lateral scaling of the NAND cells with technology 

nodes in future. 

 

Figure 1.3 ITRS prediction showing the vertical scaling of the IPD to realize a lower 

write/erase voltage operation. 
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Figure 1.4 Schematic showing the transition needed from a conventional overlapping design 

to a planar structure. The desirable CG-FG capacitance reduces (green symbol) and the FG 

thickness needs to be reduced to minimize the undesirable FG-FG capacitance (red symbol). 

 

1.3 Background 

 Traditionally, polysilicon has been used as the floating gate material because of 

process simplicity and silicon oxide based dielectrics. However, when using high-k based 

dielectrics for the blocking oxide, the interface between blocking oxide and floating gate 

material needs to be more scrutinized. Native silicon oxide is always formed on silicon 

surface. So, when polysilicon is used as floating gate in combination with high-k based 

dielectrics, the native silicon oxide adds to the IPD. In which case, there would be a distinct 

SiO2 like interfacial layer (IL) between the floating gate and the IPD (Fig. 1.5). Having SiO2 

like interfacial layer, has the potential ability to change the tunneling mechanism between 

floating gate to control gate and thereby affecting the retention properties of the memory 

structure. Through simulations, it has been shown that the presence of thin layer of SiO2 at 

the floating gate ï IPD interface has degraded leakage compared to without the interfacial 
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layer (Fig. 1.6). The reason for the increased leakage in the presence of thin SiO2 like 

interfacial layer is attributed to the decreased electron tunneling distance. When there is a 

thin low-k oxide in conjunction with a high-k oxide, the field in the low-k is higher, which 

results in a greater tunneling [3]. Since SiO2 has a high barrier, when the electrons tunnel 

through the thin IL, they have a more energy and can tunnel through a longer distance in the 

high-k IPD. Alternatively, if the IL is not present, then the electron sees a thick IPD layer and 

therefore the tunneling distance will be lesser. This is really important from point of view of 

retention characteristics. Though SiO2 has high barrier, a thin layer of large band gap low-k 

material can significantly increase the effective tunneling distance. Nitridation of the surface 

to increase the dielectric constant of the IL has been suggested but even SixNy does not have 

a high dielectric constant. So, techniques to further improve the leakage characteristics are 

required. The problem of having interfacial layer could be improved by modifying the thin 

layer of SiO2 like material into a high-k lower band gap material. Having a high-k lower 

band gap material at the interface could reduce the effective tunneling distance considerably 

and improve the gate to gate leakage [3]. Capped oxygen gettering agents have been used in 

the high-k materials research on silicon substrate to remove the SiO2 like interface at the 

substrate - gate oxide interface [5]. Typically the high-k dielectric is capped with oxygen 

gettering agent. Similar efforts have not been employed directly on the polysilicon material, 

which is more relevant to the floating gate as the thickness of the high-k inter poly dielectric 

is significantly larger than for CMOS research. Another possible technique is to replace the 

polySi FG with a continuous metal FG. There has not been considerable amount of research 

done in this regard. This replacement could actually lead to certain other advantages. Firstly, 
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Figure 1.5 Schematic showing the position of SiO2 IL using a conventional polysilicon FG 

in combination with a high-k IPD. 

metals are known to have higher density of states compared to the semiconductors and 

therefore more storage capability is achievable [6]. Secondly, the fabrication process could 

be more compatible with the existing CMOS technology compared to metal nanoparticles. 

Recently, it has been shown that metal as FG has lower degree of ballistic transport than 

polySi, thus making it very promising for scaling down of the FG thickness [7]. 
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Figure 1.6 Simulated leakages showing the effect of low-k SiO2 IL on the substrate injection 

when used with 11nm Al2O3 high-k dielectric. A thicker SiO2 IL results in a lower tunneling 

distance (inset) for a given effective electric field. 

 

 In the CMOS field, significant amount of research has been done to understand the 

properties (leakage and thermal behavior) of high-k dielectrics on silicon substrate. High-k 

dielectrics like Al2O3, HfO2, HfAlOx, ZrO2 etc have been widely studied. In non-volatile 

memory field, considerably higher voltages and thicker films are used. In case of floating 

gate memory structures, the operation is based on programming, erasing and retention. 

During the program cycle, the control gate is at a higher potential with respect to substrate 
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and therefore electrons are injected into the floating gate through the tunneling oxide. During 

the erase cycle, the control gate is at a lower potential with respect to the substrate, so the 

electrons are injected back into the substrate. Hence, during the program or erase cycle high 

electric fields in the IPD and tunnel oxide are present. When the memory cell is not being 

accessed for programming or erasing, the electrons stored in the floating gate are under 

retention. Contrary to the program and erase cycles, when in retention low electric fields are 

present in the dielectrics. Hence, for floating gate memories, leakage characteristics of the 

dielectrics at high and low electric fields are important. More importantly, the process and 

material variables of the high-k dielectrics needs to be well understood to cater the 

requirements for the floating gate memory architecture. Some high-k dielectrics like Al2O3, 

HfO2, HfAlOx, ZrO2 have been employed on the floating gate and their thermal stability, 

leakage behavior has been studied [3, 4, 8-11]. Also, the effectiveness of multi-layer IPD 

structure over single layer IPD structure has been studied and the multi-layer IPD structure 

was found to be better in terms of thermal stability and leakage [3]. Simulations have shown 

that a low-high-low barrier is more effective than high-low-high barrier in terms of leakage 

[3]. However, a comparative study involving performance of other high-k dielectrics La2O3 

and Al2O3 in combination of La2O3, over existing IPD studies is not done yet. The non-ideal 

nature of dielectric materials, which were not considered in simulations, could in practice 

affect the device performance and therefore require proper process optimization. 

 Metal gates in conjunction with high-k dielectrics have been studied for CMOS field. 

With the replacement of conventional ONO dielectric with high-k dielectrics, the control gate 

could also be changed from polysilicon to metal. Changing the control gate material to metal 
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gives an added advantage of having the energy levels beyond the silicon band gap. The 

unwanted back tunneling between floating gate and control gate could be controlled by 

suitably choosing the high-k IPD and control gate metal workfunction. A higher 

workfunction metal as CG could reduce the tunneling between CG and FG. Through 

simulations, p-type and mid gap metals are found to be more effective than the conventional 

n+ poly gate used for floating gate [12].  

 

1.4 Goal of this work 

 In order to continue the FG flash scaling, the conventional FG structure needs to be 

changed to a metal gate high-k structure, as summarized in Fig. 1.7. Through this work, 

memory structure consisting of high-k dielectric as the IPD has been investigated. Also, the 

use of metal gates for the FG and CG have explored in conjunction with the high-k IPDs. 

With the novel metal FG memory structure, it is essential to have good memory behavior 

along with promising technological aspects to help in further scaling of non-volatile memory. 

For this purpose, the memory behavior was characterized through capacitors and the FG 

thickness was scaled down to reduce the FG-FG interference. Also, the challenges with 

respect to the high-k IPD and metal FG have been extensively studied through experiments 

and supported through material characterization. The use of high-k dielectrics and ultra-thin 

metal FG for realizing a unified memory, comprising both volatile and non-volatile modes of 

operation, was also explored. 
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Figure 1.7 Schematic showing the motivation and challenges in transitioning from the 

traditional memory structure to a novel high-k metal gate memory structure. 

 

1.5 Overview of Dissertation 

 For this study, electrical characterization was performed through fabrication of 

capacitors and correlated with the material characterization. Simulation study was also done 

to better understand the device structure. This work explores the use of high-k dielectrics and 

metal gates for blocking oxides and CG/FG for non-volatile memory applications. The 

organization of the thesis is briefly described below. 

 Chapter 1 (this chapter) has been an introduction to the dissertation discussing the 

challenges faced by the non-volatile memory industry and the significance of this research 

work in understanding and overcoming the challenges. Brief history of the non-volatile 

memories and the literature review leading to this work has been discussed. 
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 Chapter 2 discusses the methods of fabrication, characterization and simulations used 

to determine and understand the properties of the materials when integrated into a memory 

device. 

 Chapter 3 shows the optimization studies undertaken in realizing ALD Al2O3 

dielectric for high-k blocking oxide in memory structure. 

 Chapter 4 explores the dielectric interfacial engineering concept by using high-k 

La2O3 layers to scavenge the low-k SiO2 and resulting in a high-k silicate. The performance 

improvement was gauged through capacitor study before employing into a memory 

capacitor.  

 Chapter 5 demonstrates a novel concept of using a continuous metal FG in 

combination with high-k blocking dielectrics and showing the FG scalability down to 1nm. 

TaN was chosen as the FG material after detailed electrical and material characterizations. 

Also, high-k/low-k dielectric engineering concept was explored in improving the 

performance of the high-k dielectrics for blocking oxide. 

 Chapter 6 investigates the thermal stability of the high-k blocking oxide in 

conjunction with TaN metal FG structure though electrical and analytical characterization 

methods. The thermal stability is necessary so as to meet the high temperature steps in a 

regular flash memory fabrication process. 

 Chapter 7 explores a method of improving the thermal stability of the high-k blocking 

oxide dielectric through the insertion of an amorphous IL to suppress high-k dielectric 

crystallization on TaN metal. 
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 Chapter 8 investigates the effect of oxygen vacancy and grain growth related leakage 

instability in Hf-based dielectrics through multi-deposition-multi-anneal technique. 

 Chapter 9 discusses the use of high-k dielectric and TaN metal FG in a dual FG 

memory structure for future unified memory architectures. Co-existence of both volatile and 

non-volatile modes of memory operation in a DFG structure has been experimentally 

demonstrated for the first time. 

 Chapter 10 summarizes the research work undertaken in this dissertation and suggests 

future research work in better understanding this area. 
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CHAPTER 2 

 

Methods of Fabrication, Characterization and Simulation 

 

 This chapter discusses the fabrication and characterization techniques employed in 

this dissertation. Under fabrication, the deposition systems used and the process flows 

adopted have been mentioned. For characterization, both electrical and analytical 

characterizations were explored.  Also, the approach for modeling study has been discussed. 

 

2.1 Deposition 

 This section discusses about the techniques used for the deposition of films in this 

study. A basic memory stack consists of dielectrics, metals and polysilicon layers on top of a 

silicon substrate. To that effect, Atomic Layer Deposition (ALD) system was used for 

deposition of dielectrics. Radio-frequency (RF) sputtering was used for depositing metals. 

High temperature furnace systems were used for depositing polysilicon and growing thermal 

oxide. 

 

2.1.1 Atomic Layer Deposition 

 ALD is an emerging technique of depositing thin films for a variety of applications. 

There is an increasing demand in the semiconductor industry to deposit films at a 

significantly low feature sizes. ALD is able to meet the needs for atomic layer control and 



 

18 

conformal deposition, using a sequence of pulses coupled with the self-limiting nature of the 

reactions. ALD processes are based on reaction sequences, mostly binary, wherein the 

reactions can happen only at a finite number of surface sites. If each constituting reaction 

step is self-limiting, then the deposition of the thin film will proceed in sequential fashion 

along with atomic layer control [1]. The advantages of ALD are monolayer thickness control, 

self-limiting aspect leading to excellent step coverage and conformal deposition on high 

aspect ratios. The schematic of the ALD deposition of Al2O3 using TMA and water as 

precursors is shown in Fig. 2.1.   

 For depositing thin films, commercially available Cambridge Nanotech Savannah 100 

ALD system was used. The films deposited using the ALD system were Al2O3, HfO2 and 

SiO2. The Al, Hf and Si precursors used for ALD were trimethyl aluminum (TMA), tetrakis 

dimethylamino hafnium (TDMAH) and 3-aminopropyltriethoxyysilane (APTES) 

respectively. ALD Al2O3 and HfO2 can be deposited with either water precursor or ozone 

precursor. ALD SiO2 requires both water and ozone precursors [2, 3]. Also, the chamber 

heater coil of the ALD system can be changed for depositing the films at various 

temperatures. It must be noted that the chamber temperature is very critical for the operation 

in ALD regime. Too low of a deposition temperature will cause reduction in the thermally 

activated chemisorption and reaction between the precursors on the surface [4]. A very high 

temperature will make the chemical bonding difficult and reduce the density of chemically 

reactive sites [4].  
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Figure 2.1 Schematic showing the sequence of reaction steps in the formation of ALD Al2O3 

monolayer using TMA and H2O precursors. The schematic is obtained from the website of 

Cambridge Nanotech ï www.cambridgenanotech.com. 
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2.1.2 RF Sputtering 

 Sputtering is a physical vapor deposition technique in which the target material is 

bombarded by charged species (inert) and the knocked out atoms are subsequently deposited 

on the substrate. For this study, radio-frequency sputtering with argon inert ambient was 

used. Ultra-high vacuum system was used, capable of having a base pressure of 1x10
-9
 Torr. 

This system was used to deposit metal gates for floating gate, top gate and backside contact. 

The materials sputtered were tungsten (W) and tantalum nitride (TaN). TaN was deposited by 

sputtering Ta target in N2/Ar ambient, termed as reactive sputtering.  

 

2.1.3 Furnace 

 Two furnace systems were used for a) depositing polysilicon film and b) growing 

thermal oxide. Polysilicon film was deposited using low pressure chemical vapor deposition 

(LPCVD) system. The LPCVD polysilicon was undoped in the deposited state and was 

doped using phosphorus (Phosphorofilm) spin-on dopant. Subsequently, the dopant was 

activated at high temperature anneal in a rapid thermal annealer (RTA). The deposited 

polysilicon was for the floating gate and the thickness was targeted to be around 60nm. For 

dopant activation, the film was annealed at 1000°C for 30s, which results in a doping of 

~1x10
19

 cm
-3

, as measured by 4-point probe set up. For tunnel oxide, the SiO2 was thermally 

grown in dry oxidation furnace. 
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2.2 Process Flow 

 This section discusses about the process flow employed in the fabrication of the 

capacitor structures for subsequent electrical characterization. For complete understanding, 

MIM/MIS capacitor structures were fabricated in addition to the memory capacitors, which 

have a floating gate. Also, to avoid any etch related process, a lift-off process was also 

followed whenever required. 

 

2.2.1 MIS/MIM Capacitor  

 The two terminal structures were fabricated in the form of MIS and MIM capacitors. 

The MIS capacitors were fabricated on moderately doped silicon substrates (~1-3x10
16

 cm
-3
, 

n-type or p-type). For MIM capacitors, highly doped (~1-3x10
18

 cm
-3
) n-type silicon 

substrates were used. After etching the native oxide in 1% HF, the bottom TaN was sputter 

deposited on the highly doped substrate. Subsequently, the dielectrics were deposited on the 

TaN or silicon substrate for MIM or MIS, as the case may be. At this stage a post deposition 

anneal (PDA) was performed. In order to electrically characterize the device, the capacitors 

need to be isolated as far as the top gate is concerned. Based on the etching requirement, two 

different process flows were adopted ï normal process and lift-off process. After the 

formation of isolated capacitors, the substrate backside was etched and W was deposited on 

the backside. Any post metal anneal (PMA) was performed at this stage and at the end a 

forming gas anneal (FGA) was typically performed. 
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Normal process 

 Under this process flow, etching of the top gate was performed. For this purpose, 

after the dielectric deposition, the top gate was deposited in the form of TaN capped with W. 

Then, the capacitors were patterned with light field mask (GEM-POLY mask) and positive 

photoresist. Subsequently, the top gate was dry etched in Semigroup RIE etcher in SF6/O2 

plasma. The photoresist was removed by spraying acetone to result in isolated capacitors.  

 

Lift -off Process 

 Under this process flow, the etching of the top gate was avoided. To that effect, the 

samples were patterned prior to the top gate deposition. The samples were patterned with 

dark field mask (GEM-GATE or GEM-CONTROL masks) and positive resist. Subsequently, 

the top gate was deposited, W/TaN. Then, the lift-off was performed in heated NMP or 

acetone, followed by sonication, to result in isolated capacitors. 

 

2.2.2 Memory Capacitor 

 A silicon substrate (~1-3x10
16

 cm
-3
, n-type or p-type) was used in the fabrication of 

memory capacitor. Following that, tunnel oxide in the form of 7nm thermal SiO2 was grown. 

Based on the etching requirement, two different process flows were adopted ï normal 

process and lift-off process. In case of polysi FG memory capacitor, only normal process 

flow was used. In case of TaN FG memory capacitor, both normal and lift-off process flow 

was employed. For memory controls, the FG deposition was skipped. Subsequently, the IPD 

(blocking dielectric) was deposited on the TaN FG or polysi FG or SiO2 tunnel oxide, as the 
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case may be. At this stage a post deposition anneal (PDA) was performed, as required for the 

respective study. In order to electrically characterize the device, the capacitors need to be 

isolated as far as the top control gate is concerned. Again, based on the etching requirement, 

two different process flows were adopted ï normal process and lift-off process. After the 

formation of isolated capacitors, the backside was etched and W was deposited on the 

backside. Any post metal anneal (PMA) was performed at this stage and at the end a forming 

gas anneal (FGA) was performed. 

 

Normal process 

 Under this process flow, etching of the top gate and floating gate was performed. For 

this purpose, after the tunnel oxide step, all the layers in the stack were deposited upto the top 

gate, W/TaN. Then, the capacitors were patterned with light field mask (GEM-POLY mask) 

and positive photoresist. Subsequently, the control gate was dry etched in Semigroup RIE 

etcher in SF6/O2 ambient. For polysi FG memory samples, the blocking dielectric was wet 

etched in BOE followed by wet etching of the FG in polysilicon etchant. For TaN FG 

memory samples, the blocking dielectric and the FG were dry etched in Trion in BCl3 

plasma. Then, the photoresist was removed for either FG samples by dipping in NMP or 

spraying acetone to result in isolated capacitors. In this case, the CG will be self-aligned to 

the FG.  
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Lift -off Process 

 Under this process flow, the etching for the CG and FG was avoided. In this regard, 

the samples were patterned prior to the metal gate deposition. The samples were patterned 

with dark field mask (GEM-GATE or GEM-CONTROL masks) and positive resist. 

Subsequently, the FG (TaN) or the CG (W/TaN) was deposited. Then, the lift-off was 

performed in heated NMP or acetone, followed by sonication. In this process, different masks 

can be used for the FG and CG patterning. This makes the process not self-aligned. Appendix 

A discusses the experimental results obtained by using different combination of masks for 

CG and FG. 

 

2.3 Electrical Characterization 

 Following the fabrication of the capacitors structures, the devices were electrically 

characterized. The electrical study was performed in the form of standard capacitor 

characterization and memory characterization. While the former characterization methods 

were performed for both MIM/MIS and memory capacitors, the later method was explored 

only for memory capacitors. All electrical characterization techniques were employed on the 

samples using a probe station. 

 

2.3.1 Standard Capacitor Characterization 

 The standard capacitor characterization consists of capacitance voltage (C-V) and 

current voltage (I-V) measurements. This characterization method was employed for all 

capacitor structures. Test point programs were used to collect data. 
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2.3.1.1 Capacitance Voltage Measurements 

 C-V measurements were performed using LCR meter (HP 4284) in conjunction with 

the probe station. Following the data acquisition for the capacitor samples, the C-V curves 

were fitted using NCSU CVC program to extract EOT, VFB, VT & bulk doping values 

corresponding to the sample process conditions [5].  

 

2.3.1.2 Current Voltage Measurements 

 I-V measurements were performed using semiconductor parameter analyzer (HP 

4155). Both substrate and gate injection leakage measurements were performed. Substrate 

injection measurements were performed by sweeping the top gate voltage in the positive 

voltage direction. Gate injection measurements were performed by sweeping the top gate 

voltage in the negative voltage direction. In both cases, the substrate (with backside contact) 

is kept at ground voltage. The leakage measurements give information regarding the electron 

transport caused by a single or combination of tunneling mechanisms, which comprises of 

direct tunneling, fowler-nordheim tunneling, poole-frenkel conduction or trap assisted 

tunneling. 

 

2.3.2 Memory Capacitor Characterization 

 Only memory capacitors were characterized under this methodology. Through this 

characterization, the program-erase (P-E) window, pulsed P/E characteristics, endurance 

behavior and retention characteristics were determined. All these methods were performed on 

the two terminal memory capacitor structures, with the substrate contact at ground potential. 
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In all the measurements, C-V sweeps were done to obtain information on the program/erase 

state of the devices by its VFB value. Figure 2.2 shows the schematic of memory 

characterization techniques. For these measurements, Keithley system (HP 4200) with built-

in pulse generator, switching matrix and LCR meter were used in conjunction with probe 

station. 

 

2.3.2.1 P/E Window 

 The P/E window shows the VFB shifts during program and erase with incremental 

voltage magnitudes. This is realized in two different measurement techniques. In the first 

technique, the hysteresis window is determined by symmetrically increasing the maximum 

voltage sweeps. In the second technique, pulsed program or erase was performed, and then 

the VFB value was extracted. The process is repeated with increasing voltages, starting with a 

program and following it with an erase at the same voltage magnitude. This characterization 

method shows the electron storage as a function of voltage. 

 

2.3.2.2 Pulsed P/E Characteristics 

 The pulsed P/E characteristics were obtained by measuring the VFB after applying 

program or erase pulse. In this measurement, for a given program or erase voltage, the pulse 

times were changed from short time (~100ns) to long time (~1s), extracting the VFB after 

each pulsing. This characterization method gives information on the speed of the memory 

device. 
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Figure 2.2 Schematic showing various measurement techniques employed for characterizing 

the memory behavior of the FG capacitor. 
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2.3.2.3 Endurance Behavior ï P/E Cycling 

 The endurance behavior was obtained by cycling the device with an erase following 

every program operation. The VFB values were obtained after various numbers of cycles 

typically separated in regular intervals in logarithmic scale (upto 10
5
 P/E cycles). This 

characterization method shows the memory reliability of the device. 

 

2.3.2.4 Retention Characteristics 

 The retention characteristics were obtained either after program or erase operation. 

This is done by programming or erasing the device and measuring the VFB of the capacitor as 

a function of time elapsed. The C-V measurement for VFB extraction is done at regular 

intervals, on a logarithmic scale. This measurement can be done either at room temperature 

or at elevated temperature. At elevated temperature, the charge loss would be faster. This 

characterization method shows the capability of the memory device in retaining the state over 

long periods of time. 

 

2.4 Analytical Characterization 

 Analytical characterization was performed to obtain information regarding the 

material properties of various metal dielectric structures. For this purpose, x-ray diffraction 

studies (XRD) and transmission electron microscopy (TEM) techniques were mainly used in 

this dissertation. Fourier transform infrared (FTIR) spectroscopy was also done for obtaining 

information related to the change in chemical bonds or structures in the stack. 

 



 

29 

2.4.1 XRD 

 XRD technique allows for the determination of the microstructure of the materials by 

observing the diffraction spectra. While an amorphous film will not show any peaks in the 

XRD spectra, a crystallized film will have one or more peaks. Different peak locations 

correspond to different lattice spacing in the film, related by the Braggôs Diffraction Law. 

Based on the process conditions, same material can crystallize in different orientations and 

phases. Here, the XRD spectra is obtained versus 2-theta to obtain the microstructure of a 

polycrystalline film, generally under symmetric setup with incidence angle (ɋ) at 20Á and 2-

theta centered at 40°.  However, such a setup will have large penetration depth. In order to 

obtain more information from the top layers on a stack, grazing incidence XRD (GI-XRD) 

can be performed. This requires the incidence angle ɋ to be reduced to glancing incidence, 

so that the x-ray passes through a large amount of the top film and hence, preferably more 

information from the top film [6]. Under this setup, the penetration depth would be 

significantly reduced compared to the symmetric setup. For this study, Bruker XRD system 

with large area detector was used. For GI-XRD, the films were compared for an incidence 

angle of 2°, while the 2-theta can be centered as required. While the tool was not optimized 

to operate under true glancing incidence, the low incidence angle significantly boosts the 

sensitivity to the top films in the stack. Hence, the microstructures of the films after various 

process conditions were compared for the same setup. 
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2.4.2 TEM 

 TEM characterization allows for the determination of material properties of the metal 

dielectric stack to nanometer scale. Because of the high energy of the electrons used for the 

imaging, higher resolution is achieved. TEM imaging can be used to obtain information 

about the crystallinity, interface reactions and uniformity of the various layers in the metal 

dielectric stack. This technique can be studied as HRTEM and Z-contrast imaging. In a 

HRTEM image, the intensity is phase contrasted, while in Z-contrast, the intensity is 

proportional to the average Z (atomic number) of the material. Also, cross-section and plan 

view imaging can be performed. However, the sample needs to be very thin for imaging 

through TEM. Typically, focused ion beam or ion milling is used to thin down the sample, as 

needed. 

 

2.4.3 FTIR 

 Changes in chemical bonds during the thermal process are studied by using in situ 

infrared absorbance spectroscopy. Double side polished, float-zone grown, and lightly doped 

(~10 ɋ-cm) Si(100) is used as the substrate. The samples were annealed in N2 ambient (~ 

100 Torr) in a chamber connected to a FTIR spectrometer (Thermo Nicolet 670 

interferometer). Single-pass transmission geometry was used with an incidence angle close to 

the Brewster angle and normal incidence to help distinguish polarization of infrared 

vibrational modes in absorbance spectra. The substrate temperature during FTIR 

measurements was maintained at 60°C with a temperature control within 0.5°C to suppress 

any thermal artifacts from bulk Si phonon vibrations. 
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2.5 Modeling 

 Modeling study was undertaken through band diagram studies and tunneling 

simulations. 

 

2.5.1 Band Diagram Studies 

 This study was explored through an energy band diagram software program, available 

for research [7]. Using this program, the electric fields in a multi-layered dielectric stack at 

different voltages can be visually represented and numerically obtained. Also, for the 

memory capacitor structures, the VFB shifts for different charge storage density can be 

obtained. 

 

2.5.2 Tunneling Simulation 

 The tunneling simulations were performed through a numerical tunneling model that 

incorporated both direct and fowler-nordheim tunneling mechanisms. The numerical model 

was obtained from ref. 8. The model simulates the leakage density as a function of the oxide 

voltage drop. For this simulation, the band offsets, the dielectric constants and the electron 

effective mass are required to be given. A brief overview of the tunneling model used for 

simulating single, double and triple layered dielectric stacks is given in Appendix B. 

 

2.6 Summary 

 Through this chapter the techniques employed in fabricating, characterizing and 

simulating the metal dielectric structures for the memory application have been discussed.
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CHAPTER 3 

 

Optimization of ALD Al 2O3 for High-k Blocking Oxide 

 

 

3.1 Introduction 

 Traditional floating gate (FG) consists of oxide-nitride-oxide (ONO) as the interpoly 

dielectric (IPD) and polysilicon as the FG. However, with advancing technology nodes, 

scaling of ONO dielectric beyond 10nm is limited [1]. Here, high-k dielectrics are predicted 

to replace the ONO IPD due to their ability to result in lesser leakage for the same EOT and 

also provide an improved coupling between the FG and control gate (CG) [1]. The main 

requirement of the IPD is to minimize the unwanted FG-CG tunneling. ALD Al2O3 can be 

seen as a prospective candidate for high-k IPD, due to its higher-k compared to SiO2 and 

large bandgap [2]. However, in order to replace the existing IPD choice, it has to demonstrate 

desirable attributes which would not degrade the memory behavior. In this regard, it is 

desirable to have low-leakage across the dielectric and minimal charge trapping behavior in 

the dielectric. A lower leakage would result in a better program-erase characteristics and 

better charge retention. Lower charge trapping in the dielectric would also be beneficial for 

the leakage by minimizing any trap assisted tunneling and also not interfere with the charge 

storage in the FG. Hence, it is important to characterize the ALD Al2O3 films before 

exploring as IPD in the memory stack. Also, it has been reported that anneal condition of the 
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dielectric plays an important role in obtaining the desirable attributes in the high-k oxide [3]. 

Additionally, the ALD deposition conditions have also been studied to affect the quality of 

the resulting film [4]. Hence, experiments were carried out to optimize the process conditions 

for ALD Al 2O3. For this experimental study, many process parameters were varied to 

observe the effect of each process condition on the dielectric property. In this regard, the 

process variations that were explored are: a) post deposition anneals (PDA) or post metal 

anneals (PMA) temperature b) ALD deposition temperature c) oxidizing precursor for ALD 

Al 2O3 and d) substrate type. The performance of ALD Al 2O3 was gauged by fabricating MIS 

capacitor structures and characterizing the leakage and charge trapping properties. In 

addition, analytical characterization was also performed to investigate any material changes 

occurring in the dielectric stack. In the later part of this chapter, ALD Al2O3 was 

incorporated as IPD and the memory behavior with polysilicon FG and SiO2 tunnel oxide 

was studied. 

 

3.2 MIS Capacitor Study 

 For this study, ALD Al2O3 was subjected to a range of anneal conditions from óAs 

Depositedô state to PDA or PMA of 1000ÁC. Different substrates, ALD deposition conditions 

were explored in this regard. In all structures, W capped TaN was used as the gate material. 

The capacitors were patterned under the regular process flow using GEM ï POLY. A FGA 

450°C 30mins was performed as the last processing step. Electrical characterization of the 

devices was subsequently done. The electrical study consists of standard capacitor 

characterization and charge trapping measurements. 
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3.2.1 Electrical Characterization using p-Si substrate  

 Initially, MIS capacitors were fabricated on p-Si substrate using the default recipe for 

Al 2O3, TMA and H2O as precursors at 200°C chamber temperature [5]. Prior to ALD 

deposition, 1% HF was used to etch the native SiO2 on the silicon surface. The target 

thickness of ALD Al2O3 was 11nm. The various anneals explored were: 450°C 1min, 600°C 

1min, 750°C 1min & 900°C 15s, all in nitrogen ambient. The charge trapping behavior was 

determined by measuring hysteresis over a large voltage range. The obtained variation of the 

hysteresis window for various sample conditions is shown in Fig. 3.1. Among all the sample 

conditions, PDA 750°C 1min was observed to result in the lowest charge trapping window 

(~100mV). The leakage characteristics of the samples are shown in Fig. 3.2. While all PDA 

anneal conditions result in essentially similar leakages, high temperature PMA anneal 

conditions (750°C 1mins, 900°C 15s) seems to degrade the leakage. In the case of high 

temperature PMA, there could be some reaction or crystallization at the top TaN / ALD 

Al 2O3 interface that could be responsible for the deteriorated leakage. It should be noted that 

the PMA conditions did not have any sort of PDA for Al2O3. Based on the observed 

leakages, a PDA anneal seems to be required in order to have a stable dielectric, so as to 

withstand any high temperature anneal towards the end. Since, PDA 750°C condition was 

observed to result in low charge trapping hysteresis and low leakage with a characteristic 

fowler-nordheim behavior (F-N), it was chosen as the optimum anneal condition for ALD 

Al 2O3. 
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Figure 3.1 Hysteresis windows obtained for various sample conditions under charge trapping 

measurements using ALD Al2O3 (H2O precursor, 200°C). PDA 750°C 1min results in the 

lowest hysteresis. 

 

Figure 3.2 Leakage characteristics for various sample conditions using ALD Al2O3 (H2O 

precursor, 200°C). 
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3.2.2 Comparison of p-Si and n-Si capacitor results 

 The optimum anneal condition was determined to be PDA 750°C from the capacitor 

study on p-Si substrates. However, the charge trapping hysteresis measurements were done 

under dark conditions. In order to determine if the behavior would be any different under 

light, the anneal optimized sample condition was characterized with light on during the 

charge trapping measurement. The charge trapping window measurements under dark and 

light conditions are shown in Fig. 3.3. From the results, even the optimized dielectric 

condition showed a large trapping window under light. Based on the shift of flat band with 

voltage, it was observed that the dielectric had largely electron traps. A probable reason for 

not seeing this effect in the dark measurements could be due to insufficient minority carrier 

concentration (i.e. electrons) in the p-Si. However, it is not clear if the large trapping window 

observed under light is caused as a result of insufficient electron concentration or creation of 

more electron traps. Since, in a final memory structure we will be injecting electrons across 

tunnel oxide and storing electrons in the FG, it is important to optimize the dielectric for 

electron traps. 

 Experimental conditions were repeated on n-Si substrate (electrons are the majority 

carriers) to completely characterize the trapping behavior of the dielectric. It was observed 

that there is a large trapping window even for dark measurements (Fig. 3.4). Also, in case of 

n-Si substrate, the hysteresis window remains similar for measurements under light and dark. 

This indicates that the hysteresis obtained on the n-Si substrate is indeed the trapping 

behavior of the Al2O3 dielectric and that creation of more electron traps with light is indeed 

not the case here. A similar large trapping window was observed for other PDA conditions as 
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Figure 3.3 Charge trapping measurements of the optimized anneal p-Si sample under dark 

and light conditions. Significantly larger hysteresis was observed under light measurements. 

 

Figure 3.4 Charge trapping measurements on n-Si substrate under dark and light conditions. 

Both conditions result in essentially similar hysteresis. 

well. Therefore, alternate ALD deposition conditions must be explored in order to obtain 

desirable attributes in the Al2O3 dielectric. 
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3.2.3 Electrical Characterization on n-Si substrate  

 Since, ALD Al2O3 using H2O did not result in a small hysteresis window; other 

variations to the ALD Al2O3 process were explored. One of them is to change the oxidizing 

precursor to ozone and the other is to increase the ALD deposition temperature to higher 

temperatures. It has been reported that the hydrocarbon impurities could be reduced by using 

higher ALD temperature using ozone precursor [6]. Figure 5 shows the charge trapping 

hysteresis window obtained for ALD Al2O3 with ozone precursor at 300°C chamber 

temperature. A large charge trapping hysteresis was observed with predominantly electron 

trapping behavior, positive shift with increasing positive gate voltage sweep.  The substrate 

injection leakages are shown in Fig. 3.6 for various oxidizing precursors and ALD deposition 

temperatures. High leakage was observed for all the sample conditions. The leakage is 

unusually high even at low electric fields, which could be attributed to trap assisted tunneling 

[7]. Leakage values are re-plotted in Fig. 3.7 to understand the mechanism. However, the 

improvement in the Al2O3 dielectric with either of the process variations was minimal.  

 

Figure 3.5 Charge trapping behavior of annealed n-Si sample compared to low voltage C-V 

curve. Due to the positive VFB shift with incremental voltage, electron traps were found to be 

predominant. 
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Figure 3.6 Leakage characteristics for different ALD Al2O3 process conditions on n-Si 

substrate. High leakages were observed with the leakage rising steeply at less than 3 MV/cm. 

The high leakages at low fields do not follow a Fowler-Nordheim behavior. 

 

Figure 3.7 Re-plotting of MIS leakage characteristics with Al2O3 dielectric. (a) Fowler-

Nordheim plot and (b) Poole-Frenkel (P-F) plot for leakages obtained at different bias 

temperatures, showing a better fit for the trap related P-F mechanism. 
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3.3 Analytical Characterization 

 In order to further understand the behavior of the ALD Al2O3 dielectric, material 

characterization was performed in the form of Fourier transform infrared spectroscopy 

(FTIR) and TEM study.  

 

3.3.1 FTIR   

For the FTIR characterization, double side polished low doped silicon substrates were used 

and the ALD Al2O3 films were deposited on it after HF dip. Due to the measurement 

constraints, a thin film (~5nm) of Al2O3 was deposited. The films were loaded into the FTIR 

characterization system and the spectra were analyzed after each in-situ anneal. Figure 3.7 

shows the FTIR spectra of various sample conditions in as received state i.e. no anneal. From 

the spectra, significant SiO2 IL growth was observed in the case of ozone precursor at 300°C 

chamber temperature, indicated by the green arrow. While H2O precursor at 200°C chamber 

temperature does not form much SiO2 IL (blue arrow), H2O precursor at 300°C forms a SiO-

Al -O like material at the interface (red arrow). Additionally, the FTIR spectra were obtained 

for H2O precursor at 200°C and ozone precursor at 300°C as a function of in-situ anneal 

treatment and the results are shown in Figs. 8 and 9 respectively.  While minimal SiO2 IL 

growth was observed for H2O precursor till 770°C, significant SiO2 growth was observed in 

the case of ozone precursor. Based on the FTIR study, it can be seen that ALD Al2O3 using 

H2O precursor results in lesser SiO2 IL growth compared to ozone precursor or higher ALD 

deposition temperatures. Regardless, the electrical behavior of ALD Al2O3 using H2O 

precursor at 200°C also results in a degraded charge trapping behavior. It is important to note 
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Figure 3.8 FTIR spectra of different ALD Al2O3 processes in as-received condition. ALD 

Al2O3 (H2O precursor, 200°C) shows minimal SiOx IL growth, indicated by the blue arrow. 

Both ALD Al2O3 (H2O precursor, 300°C), indicated by red arrow and ALD Al2O3 (Ozone 

precursor, 300°C), indicated by green arrow, show significant SiOx IL formation. 

 

 

Figure 3.9 FTIR spectra obtained for ALD Al2O3 (H2O precursor, 200°C) as a function of 

anneal. No significant IL growth was observed. 

that due to the tool limitations, the exact process conditions of the electrical capacitor stack 

could not be replicated for the FTIR characterization. Some of the major differences being 

the thickness of the Al2O3 film (5nm vs 11nm), anneal pressure (vacuum anneal compared to 

atmospheric pressure anneal) and anneal ambient. 
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Figure 3.10 FTIR spectra obtained for ALD Al2O3 (Ozone precursor, 300°C) as a function of 

anneal. Significant IL growth was observed. 

 

3.3.2 TEM  

 To further understand the Al2O3 dielectric films deposited on silicon substrate, TEM 

study was performed on the MIS sample. The process conditions of the sample are: HF last 

silicon surface, 11nm ALD Al2O3 using H2O precursor at 200°C chamber temperature, PDA 

750°C 1min in N2 ambient, TaN capped W gate and FGA of 450°C 30mins in 5% H2 

ambient. The HRTEM image of the W/TaN/Al2O3/Si stack is shown in Fig. 3.10. A distinct 

interfacial layer is seen at the Al2O3/Si interface. Also, the IL was observed to be non-

uniform along the interface. Though the exact composition of the interfacial layer cannot be 
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Figure 3.11 HRTEM image of W/TaN/ Al2O3/Si stack. The ALD Al2O3 was deposited using 

H2O precursor at 200°C. PDA 750°C 1min and FGA 450°C 30mins were performed. 

Distinct non-uniform IL was observed at the Al2O3/Si interface. 

ascertained from the HRTEM image, it is speculated to be some kind of SiOx IL. Since the 

electrical capacitors have underdone the process flow similar to that of the TEM sample, the 

non-uniform IL is expected to be present in the electrical samples as well. 

 

3.4 Memory Capacitor Study 

 The ALD Al2O3 films deposited were found to show significant charge trapping and 

high leakage on n-Si substrates. Regardless, it was incorporated into the memory stack as 

IPD and the memory behavior was characterized. 7nm thermal SiO2 was grown on n-Si 
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substrate for tunnel oxide. Polysilicon film was deposited in furnace and doped with 

phosphorus. For this study, ALD Al2O3 using ozone precursor at 300°C was used, as it is 

expected to result in lower hydrocarbon impurities [6]. Anneal in the form of PDA 750°C 

1min was performed. The top gate is TaN capped with W. The capacitors were patterned 

using GEM-POLY mask and fabricated under regular process flow through layer-by-layer 

etch. Finally, FGA 450°C 30mins was performed at the end. For comparison, a sample with 

the same metal dielectric stack but with no polysilicon FG, referred to as the memory control, 

was also included in the study. Figure 3.11 shows the hysteresis window obtained for 

memory control and the memory capacitor. While minimal hysteresis was observed for the 

memory control, significant hysteresis was observed for the memory capacitor sample. 

However, the hysteresis direction seems to indicate that the phenomena observed is electron 

detrapping, which is opposite of the expected electron trapping for a FG memory stack. 

Figure 3.12 shows the memory window variation for the polysilicon FG sample. The 

variation in the memory capacitor results may be caused due to etch-process related effects. 

Nevertheless, the trend of reverse memory (i.e. electron detrapping) cannot be neglected. 

Speculating the high leakage of the Al2O3 IPD being a critical factor for the memory 

behavior, the thickness of the Al2O3 was increased in an effort to reduce the leakage. The 

thicker Al2O3 film (24nm) was deposited to serve as IPD and the obtained hysteresis window 

is shown alongside the 12nm Al2O3 IPD in Fig. 3.13. Interestingly, a negative memory 

window still persists even with thicker Al2O3 IPD. Therefore, increasing the thickness of 

Al 2O3 IPD did not result in an expected memory behavior. 
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Figure 3.12 Hysteresis windows obtained for Memory control (No FG) and Memory 

capacitor (PolySi FG) for different voltage sweeps. While the control sample shows minimal 

hysteresis window, PolySi FG sample shows significant window indicating reverse memory 

behavior. 

 

 

Figure 3.13 Memory window obtained from various capacitors on the sample with PolySi 

FG and ALD Al2O3 IPD. 
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Figure 3.14 Hysteresis windows obtained for different ALD Al2O3 IPD thicknesses. Reverse 

memory window behavior was observed for both IPD thicknesses. 

 

 Further study was performed in order to substantiate the findings of the memory 

capacitor. Figure 3.14 shows the band diagram of the memory capacitor under program 

operation. The amount of charge stored in the FG is dependent on the relative leakage levels 

across the Si/SiO2 and Polysi/Al2O3 interfaces. For a typical FG memory device, the leakage 

across the tunnel oxide is expected to be larger than the FG/IPD leakage. Therefore, the 

leakage across various interfaces was considered in this study through IPD and tunnel oxide 

(TO) controls. For comparison purposes, the phosphorus doped polysi is assumed to result in 

similar electrical behavior as of n-Si substrate. The controls consist of W/TaN/Al2O3/n-Si 

(for IPD) and W/TaN/SiO2/n-Si (for TO). To replicate the anneal conditions in the memory 



 

48 

capacitor, annealing at 750°C 1min was carried out in the form of PDA and PMA for IPD 

and TO control samples respectively. Figure 3.15 shows the capacitance-voltage 

measurements obtained for the control. A significantly more positive VFB is observed for the 

IPD control, indicating the presence of large amounts of negative charge at the interface. The 

substrate injection leakage characteristics of the control samples are shown in Fig. 3.16.  At a 

given CG voltage, the field in the IPD would be lesser than the field in tunnel oxide. 

Therefore the leakage characteristics of IPD control were normalized and plotted alongside 

the TO control for one-to-one comparison. The leakage characteristics, both original and 

normalized to tunnel oxide field, are shown in Fig. 3.17. Since, the IPD leakage is observed 

to be significantly higher for any given TO electric field, loss of charge through the IPD is 

expected during program, which consequently results in a reverse memory.  On the same 

page, the non-observance of expected memory behavior with a thicker IPD can be explained 

using the theoretical understanding of the device. Figure 3.18 shows the variation of the CG-

FG coupling ratio (GCR) as a function of Al2O3 IPD thickness, for 7nm SiO2 TO. A thicker 

Al 2O3 IPD would result in a lower GCR. Figure 3.19 shows variation of gate voltage and IPD 

field vs TO field. A higher CG voltage is required in the case of thicker IPD to result in a 

given TO electric field, owing to its lower GCR. However, the electric field in the IPD would 

be the same for either IPD thicknesses for a given TO electric field. Also, the leakage 

characteristics as a function of electric field remain more or less similar for different Al2O3 

thickness, owing to the same bulk of the dielectric material. In other words, even for the 

thicker Al2O3 IPD condition, a higher IPD leakage would be observed compared to TO 

leakage. Increasing the thickness of the Al2O3 IPD does not necessarily overcome high 
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Figure 3.15 Electron band diagram of the memory stack under programming condition. The 

net electron charge stored in the FG is determined by the relative values of the leakage 

across the highlighted interfaces. 

leakage issue, thereby confirming the experimentally obtained results. Therefore, the leakage 

characteristics of the dielectric stack need to be improved to effectively result in a lower 

leakage for a given field compared to TO oxide leakage, so as to result in an expected 

memory device behavior. 
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Figure 3.16 C-V comparison of the IPD and TO controls. 

 

Figure 3.17 Substrate injection leakage characteristics of the TO and IPD controls. 
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Figure 3.18 Leakage comparison of the TO and IPD controls under their respective electric 

fields and corresponding tunnel oxide electric field. 

 

Figure 3.19 Variation of the gate coupling ratio with the Al2O3 IPD thickness for 7nm 

thermal SiO2 as the tunnel oxide. A thicker IPD will result in lower GCR. 

 

 



 

52 

 

Figure 3.20 Simulated plot of gate voltage and IPD electric field (EIPD) as a function of 

tunnel oxide electric field (ETO) for different IPD thicknesses.  While a higher gate voltage is 

necessary in case of thicker IPD for the same ETO, the corresponding EIPD values are the 

same for both IPD thicknesses. 

 

 

3.5 Summary 

 Through this study, the electrical behavior of ALD Al2O3 deposited under various 

process conditions was investigated through capacitor structures. Process optimization was 

performed by varying the substrate type, ALD deposition temperature, ALD oxidizing 

precursor and dielectric anneal temperature. While the process optimization study using p-Si 

substrate resulted in F-N leakage characteristics, study using n-Si substrates revealed the 

large charge trapping behavior and high leakage of the oxide, which are undesirable for IPD. 

The large charge trapping behavior and the leakage did not reduce significantly by varying 

the other process parameters. Through the analytical characterization, the degraded electrical 
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characteristics were attributed to the SiOx IL between Al2O3 and Si substrate. Memory 

capacitors fabricated with Polysi FG and ALD Al2O3 IPD resulted in a reverse memory 

behavior and increasing the thickness of IPD did not overcome the issue. Hence, in order to 

obtain desirable electrical properties in ALD Al2O3 and thereby realize an expected memory 

behavior when substituted in IPD, the suspected IL needs to be eliminated. 
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CHAPTER 4 

 

Technique to Improve Performance of Al2O3 Interpoly Dielectric 

using a La2O3 Interface Scavenging Layer 

 

 

4.1 Introduction 

 As studied in chapter 3, the dielectric performance of ALD Al2O3 when deposited on 

silicon substrate is marked by significant charge trapping and high substrate injected leakage 

behavior. Such characteristics are highly unsuitable for interpoly dielectric (IPD) in a floating 

gate FLASH memory structure, since it would degrade the program/erase characteristics 

along with poor retention and compromised reliability. Since, the gate injection leakage 

measurements follow a fowler-nordheim (F-N) behavior, the primary cause of the high 

substrate leakage observed in the MIS capacitors could be related to the bad interface 

with/near the silicon substrate and not the bulk of ALD Al2O3. Therefore, in order to achieve 

the desirable attributes of IPD, the overall performance of the ALD Al2O3 dielectric need to 

be improved. Also, it has been reported that the presence of low-k SiO2 interlayer (IL) in 

combination a high-k dielectric causes worse leakage behavior compared to the high-k 

dielectric at moderately large voltages, due to the band offset that exists between the SiO2 

and Al2O3 [1]. This low-k SiO2 IL typically grows on the surface of polysilicon floating gate 

(FG) or silicon, which can potentially degrade the retention characteristics of the memory 
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device. Since the band offset results from the different band gaps (Eg) of the IL and the IPD, 

having a high-k/low-k (i.e. low-Eg/high-Eg) barrier near the substrate (higher k close to 

substrate) is expected to result in better leakage compared to a low-k/high-k barrier [1, 2]. 

Therefore, the removal of the low-k SiO2 or its replacement with a higher-k material is 

critical in improving the leakage characteristics of Al2O3 IPD stacks.   

 Rare earth metal oxides are known to consume SiO2, and form rare-earth silicates 

which have higher-k and lower Eg values than SiO2 while also reducing the equivalent oxide 

thickness (EOT) for MOS gate scaling [3-5]. However, employing such a technique to 

remove the IL completely for the purpose of improved IPD leakage for FLASH memories 

has not yet been investigated so far. The focus of this study therefore is to investigate the 

impact of the SiO2 IL  removal by rare earth scavenging and study its effect on the electrical 

characteristics of the IPD stack. To this end, ultra-thin layers of La2O3 were used to scavenge 

the SiO2 IL and form silicates [4-5]. A combination of electrical, material and simulation 

studies were performed to gain insight into the effectiveness of rare-earth scavenging of SiO2 

layers. The initial part of this chapter discusses the scavenging technique study on MIS 

capacitors and exploring the thermal stability of the proposed method. To have a complete 

understanding, a part of the section has been devoted to showing the process issues which 

might affect the effectiveness of this approach. Subsequently, the impact of the scavenging 

route was implemented in a memory capacitor and the memory behavior has been 

demonstrated. Finally, the results and possible solutions to overcome the issues have been 

discussed in the end.  
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4.2 MIS Study 

 Initially, MIS capacitors were fabricated and characterized to explore the scavenging 

approach. N-type silicon substrates were used for the study. To observe the impact of lesser 

native oxide to start with, a surface treatment in the form of HF-last was used. Subsequently, 

ultra-high vacuum (UHV) molecular beam epitaxy (MBE) system was used to deposit 

controlled amounts of La2O3. Different thicknesses of La2O3 were deposited to obtain either 

partial or complete scavenging of the SiO2 IL. In-situ reaction anneal at 350°C in oxygen 

(PO2 ~ 5 x 10
-7
 Torr) was done to react with native silicon oxide to form lanthanum silicate 

(LaSiO). Then, the samples were transferred ex-situ to atomic layer deposition (ALD) tool 

for Al2O3 deposition. La2O3 films are known to be hygroscopic and form hydroxides when 

exposed to air [6, 7], which deteriorate the permittivity and electrical properties of dielectric. 

However, LaSiO is relatively more stable when exposed to air [8]. Hence, the amount of time 

involved in transferring the samples ex-situ was minimized to limit any atmospheric reaction 

of the excess unreacted La2O3 or LaSiO. ALD Al2O3 of 11nm target thickness was deposited 

using different oxidizing precursors i.e. H2O and ozone. The control sample received ALD 

Al 2O3 deposition on the native oxide without any La2O3 deposition. For some thickness 

conditions, post deposition anneal (PDA) was done to observe the thermal stability of the 

scavenging layer technique. The PDA was done at 750°C for 1min in N2 ambient using rapid 

thermal annealing (RTA). TaN capped with W was deposited using UHV RF sputtering to 

serve as the top gate electrode for the capacitors. Finally, a forming gas (N2/H2) anneal was 

done at 450°C for 30mins in 5% H2.  
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 Following the fabrication of the MIS capacitor, electrical characterizations of the 

capacitors were done. To corroborate the finding and better understanding, material 

characterization in the form of TEM analysis and F-N simulation of different stacks were 

done. 

 

4.2.1 Electrical Characterization 

 Standard capacitor characterization methods were employed to study the electrical 

behavior of the resulting dielectric. Capacitance-voltage (C-V) measurements were used to 

obtain EOT, VFB and estimate the charge trap behavior of the dielectric. And current-voltage 

(I-V) measurements were performed to estimate the leakage characteristics of the dielectric. 

The electrical characterization was performed under two different studies. In the initial case, 

ALD Al 2O3 deposited at 200°C chamber temperature using water as the oxidizing precursor 

was studied. In the second case, ALD Al2O3 deposited at 300°C chamber temperature and 

using ozone as the oxidizing precursor was explored. 

 

4.2.1.1 Using water precursor for ALD Al2O3 

 To estimate the amount of the La2O3 desirable for the scavenging approach, two 

thicknesses of La2O3 ï 10Å and 30Å, were deposited in MBE chamber. Subsequently, the 

samples received ALD Al2O3 dielectric deposited using H2O as the oxidizing precursor at a 

chamber temperature of 200°C. A control sample, which did not receive any La2O3 prior to 

Al 2O3 deposition, has also been included in the study. 
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 Figures 4.1 & 4.2 show the C-V behavior of the 10Å and 30Å cases respectively, for 

different HF treatments and PDA conditions. Considering the 10Å case, while there is 

frequency dispersion even after FGA anneal, a significantly low hysteresis behavior is 

observed for all conditions. Also, corresponding to the óHF lastô counterparts, óNo HFô 

conditions result in lower Dit related bump in the CV. A native SiO2 present will result in a 

better LaSiO, consistent with the finding in literature [8]. Interestingly, the behavior observed 

in case of 30Å samples are markedly different from the 10Å case. The 30Å conditions result 

in a degraded frequency dispersion and wide hysteresis showing charge trap behavior. Table 

4.1 lists the nomenclature used in naming the samples corresponding to the different process 

conditions come across by the samples. Figure 4.3 shows the variation of the hysteresis 

window obtained from the C-V measurements for different samples. All the 30Å samples 

result in a significantly higher charge trapping than the 10Å samples. Figure 4.4 shows the 

EOT and VFB information obtained from the 1Mhz C-V measurements. The EOTs of all the 

La2O3 samples are observed to be higher than the control, suggesting the addition of extra 

layers in the stack. However, with the addition of higher-k dielectric and consumption of 

SiO2, such an increment is more than expected.  A higher EOT increase is observed for the 

30Å conditions. Also, the VFB of all the La2O3 samples were found to be negative, indicating 

the presence of positive charge in the film or due to dipole effect [9]. In this regard, the more 

negative VFB obtained for the 30Å conditions suggest the possible formation of unwanted 

lanthanum hydroxide, which would cause significant charge trap, positive charge and Dit in 

the film [10]. The hydroxide formation could be resulting due to the excess unreacted La2O3 

which can react readily either in the atmospheric humidity or with the H2O precursor in ALD 
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Figure 4.1 C-V curves showing the frequency dispersion and hysteresis behavior of 10Å 

La2O3 sample conditions and using ALD Al2O3 (H2O precursor, 200°C). Hysteresis direction 

is clock-wise. 

chamber. Nevertheless, as shown in Fig. 4.5, the leakage characteristics of all the La2O3 

cases were obtained to be better than the control sample. While 10Å La2O3 conditions result 

in a better overall leakage behavior, the 30Å La2O3 conditions show a higher low-field 

leakage, which is detrimental for the retention behavior when employed as IPD in memory 

stack. A possible route to avoid the hydroxide formation in the ALD tool is by employing an 

alternative precursor, other than H2O precursor. 
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Figure 4.2 C-V curves showing the frequency dispersion and hysteresis behavior of 30Å 

La2O3 sample conditions and using ALD Al2O3 (H2O precursor, 200°C). Hysteresis direction 

is clock-wise. 

 

Table 4.1 Nomenclature used to name the sample conditions using ALD Al2O3 (H2O 

precursor, 200°C). 
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Figure 4.3 Hysteresis windows obtained for various sample conditions using ALD Al2O3 

(H2O precursor, 200°C). 30Å La2O3 sample conditions result in larger hysteresis. 

 

Figure 4.4 EOT and VFB values obtained for various sample conditions using ALD Al2O3 

(H2O precursor, 200°C). The control did not receive any La2O3 deposition. 
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Figure 4.5 Leakage characteristics for various sample conditions using ALD Al2O3 (H2O 

precursor, 200°C). The control did not receive any La2O3 deposition. 

 
 

4.2.1.2 Using ozone precursor for ALD Al2O3 

 In an attempt to improve the La2O3 scavenging technique, ozone was used as the 

oxidizing precursor in the ALD Al2O3 deposition.  To assess the amount of La2O3 adequate 

to scavenge the low-k SiO2 IL completely, three thicknesses of La2O3 were deposited ï 5Å, 

10Å and 25Å, followed by in-situ silicate anneal. Then ALD Al 2O3 was deposited using 

ozone as the oxidizing precursor at 300°C chamber temperature. The C-V measurements 

showing the frequency dispersion and hysteresis behavior of different La2O3 thickness 

conditions ï 5Å, 10Å and 25¡ are shown in Figs. 4.6, 4.7 and 4.8 respectively. The óHF lastô 
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Figure 4.6 C-V curves showing the frequency dispersion and hysteresis behavior of 5Å 

La2O3 sample conditions and using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction 

is clock-wise. 

conditions exhibit a greater degree of frequency dispersion compared to óNo HFô conditions, 

similar to the findings from the earlier study. Nevertheless, the hysteresis was observed to be 

minimal for all of the thickness conditions. Interestingly, the 25Å La2O3 conditions 

especially óNo HFô cases show significant improvement in the C-V behavior over the 30Å 

conditions from the earlier study with H2O precursor, indicating the superior quality of the 

resulting films with ozone as the oxidizing precursor.  
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Figure 4.7 C-V curves showing the frequency dispersion and hysteresis behavior of 10Å 

La2O3 sample conditions and using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction 

is clock-wise. 
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Figure 4.8 C-V curves showing the frequency dispersion and hysteresis behavior of 25Å 

La2O3 sample conditions and using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction 

is clock-wise. 

  

 

 

 Subsequently, the charge trapping behavior of different dielectric conditions were 

studied by sweeping voltages of 6V (effective electric field >10MV/cm) from the VFB on 
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either side of the C-V curve. The purpose of these measurements were to observe the amount 

of charge that would be trapped in the dielectric when subjected to large electric fields, 

comparable to the fields experienced in the IPD layer in a full memory stack.  Ideally, a zero 

charge trap is desirable for a high-k IPD in FG FLASH memory stack, so as to prevent any 

charge trap assisted tunneling leakage. The obtained measurements have been shown in Figs. 

4.9, 4.10, 4.11 & 4.12 corresponding to control, 5Å, 10Å and 25Å respectively. The control 

sample is found to show a large charge trapping window (~2.7V) and hysteresis remains 

large (~2.5V) even after PDA. However, a significant reduction in charge trapping 

characteristics is observed for all the La2O3 incorporated samples (< 0.21V). The minimal 

hysteresis obtained in all the La2O3 samples indicate that the bulk of the Al2O3 dielectric may 

not be the main cause of trapping charges, as observed in the control sample. The interfacial 

defects between Al2O3 and SiO2 seem to be a major source of the trapping behavior, in the 

absence of La2O3.  
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Figure 4.9 Hysteresis behavior obtained for control sample conditions under charge trapping 

measurements using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction is clock-wise. 

Large hysteresis was obtained for all the control sample conditions. 
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Figure 4.10 Hysteresis behavior obtained for 5Å La2O3 sample conditions under charge 

trapping measurements using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction is 

clock-wise. 
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Figure 4.11 Hysteresis behavior obtained for 10Å La2O3 sample conditions under charge 

trapping measurements using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction is 

clock-wise. 
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Figure 4.12 Hysteresis behavior obtained for 25Å La2O3 sample conditions under charge 

trapping measurements using ALD Al2O3 (O3 precursor, 300°C). Hysteresis direction is 

clock-wise. 
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 Table 4.2 shows the nomenclature of the samples prepared for this study. Figure 4.13 

shows the EOT and the VFB values of different samples extracted from the C-V 

measurements. The EOTs of all the La2O3 samples were observed to be similar to that of the 

control sample. The fact that no increase in the EOT was observed even with the addition of 

La2O3 suggests that the loss of SiO2 IL was indeed occurring, resulting in the growth of 

higher-k silicate. It is known that lanthanum hydroxide films have lower-k (~10) and are 

responsible for large hysteresis [10]. Since, neither large hysteresis nor significant EOT 

increase with addition of La2O3 films were observed here, the amount of lanthanum 

hydroxide incorporation into the dielectric is believed to be negligible. The large positive 

flatband observed in case of control (Figure 4.9) is due to negative charge at the Al2O3/SiO2 

interface, and adding La2O3 shifts the flatband to negative voltage. The negative shift can be 

attributed to significant positive fixed charge in the lanthanum silicate film, or an interface 

dipole formation [9]. Figure 4.14 shows the leakage characteristics of all the samples under 

substrate injection plotted versus the gate voltage. The control sample shows high leakage, 

which could possibly be due to i) the presence of interfacial SiO2 and/or ii) defective 

interface of Al2O3/Si which causes traps that could contribute to trap assisted tunneling. 

Through the insertion of La2O3 layers between the ALD Al2O3 and Si substrate, significant 

improvement in the leakage is observed, correlated with the formation of a high-k LaSiO 

close to the Si interface. For the as-deposited dielectric stacks, with an increasing thickness 

of La2O3, more interfacial SiO2 is scavenged and therefore the proximity of high-k silicate to 

the silicon interface increases, coupled with the increased thickness of silicate. Hence, a 

leakage reduction with increasing amounts of La2O3 is observed, with 25Å La2O3 (as-
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Table 4.2 Nomenclature used of naming the sample for various process conditions with 

ALD Al 2O3 (O3 precursor, 300°C).  

 

deposited) sample yielding the best leakage (3 orders lower than the 10Å La2O3 case). 

However, a significantly higher leakage was observed for the PDA 750°C conditions 

compared to the as-deposited counterparts especially for 25Å, which will be discussed later 

in this section. The gate injection leakage characteristics of all the samples versus gate 

voltages are shown in Fig. 4.15. All the samples show a similar leakage trend evident by the 

similar slopes of the I-V curves, indicating the barrier for F-N tunneling is essentially similar 

across all samples. This is expected since the La2O3 scavenging technique was employed 

only on the substrate interface and therefore only the substrate injection would be affected 

and not the gate injection. For better clarity, the substrate leakage characteristics for some 

critical sample conditions are replotted versus the effective electric field, as shown in Fig. 

4.16. These include control, all as-deposited conditions and PDA condition of the 25Å case, 

only with óNo HFô treatments.  
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Figure 4.13 EOT and VFB values obtained for various sample conditions using ALD Al2O3 

(O3 precursor, 300°C). 

 

 

Figure 4.14 Substrate Injection Leakage characteristics for various sample conditions using 

ALD Al 2O3 (O3 precursor, 300°C). All La2O3 samples showed lower leakages compared to 

controls. 

 



 

75 

 
Figure 4.16 Substrate Injection Leakage characteristics versus effective field for some 

sample conditions with óNo HFô treatment and using ALD Al2O3 (O3 precursor, 300°C). All 

La2O3 samples showed lower leakages compared to controls. 

 
Figure 4.15 Gate Injection Leakage characteristics for various sample conditions using ALD 

Al2O3 (O3 precursor, 300°C). All samples show a similar leakage slopes.  
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Figure 4.17 FTIR differential vibrational spectra obtained for the 10Å La2O3 No HF 

condition using ALD Al2O3 (O3 precursor, 300°C) as a function of in-situ anneal.  

4.2.2 FTIR Study 

 For the FTIR study, fils were deposited on the double side polished silicon substrate 

with the native oxide unetched.  Two thicknesses of La2O3 were studied in this regard i.e. 

10Å and 25Å. Subsequently, they were in-situ annealed at 350°C, similar to the electrical 

capacitors. Then, 5nm ALD Al2O3 was deposited on top of the silicate and loaded into the 

FTIR system for in-situ anneal study characterization. The spectra obtained for 10Å and 25Å 

La2O3 through this study are shown in Figs. 4.17 and 4.18 respectively.  
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Figure 4.18 FTIR differential vibrational spectra obtained for the 25Å La2O3 No HF 

condition using ALD Al2O3 (O3 precursor, 300°C) as a function of in-situ anneal. 

 At 600°C more silicate formation occurs for both cases (910 cm
-1
), though to a higher 

degree in the case of 25Å La2O3. At 750°C, it is speculated that incorporation of La or Al 

into the underlying SiO2 occurs. At 1000°C, the silicate crystallizes for both conditions.  

Based on this study, the interfacial oxidation of silicon is not observed. Nevertheless, it 

shows that a significant change in the dielectric happens at the 750°C anneal temperature, 

which needs to be further investigated. 
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4.2.3 TEM Analysis 

 From Fig. 4.16, the substantial leakage improvement in case of 25Å La2O3 indicates 

that the interfacial SiO2 is largely scavenged and produces an abrupt high-k silicate/Si 

interface. However, after a high temperature PDA at 750°C for 1 min, the same dielectric 

deposition condition shows a higher leakage. To understand these results, TEM analysis was 

carried out on these samples. Initially, HRTEM imaging was performed to look at the overall 

structure of the MIS and is shown in Fig. 4.19 corresponding to samples a) 10Å La2O3 as-

deposited, b) 25Å La2O3 as-deposited, and (c) 25Å La2O3 PDA 750°C. While the crystalline 

silicon substrate and predominantly amorphous dielectric can be clearly observed, not much 

information can be obtained about the SiO2 interfacial layer and La2O3 scavenging layers. To 

obtain more information regarding the interfacial changes, Z-contrast imaging was performed 

for the above three conditions, shown in Fig. 4.20 along with their respective intensity 

profiles. In case of 10Å La2O3 as-deposited condition, a distinct interfacial layer is observed 

between the silicon substrate and the La rich LaSiO layer. The nature of the IL, which is 

darker than the silicon substrate, suggests that the IL is indeed SiO2 due to its lower average 

atomic number (<Z>SiO2 = 10, <Z>Si=14), though the actual composition of the IL is 

unknown. In the as-deposited condition, the 25Å La2O3 sample does not show a darker layer 

(compared to the substrate) at the interface indicating that there is no significant SiO2 IL. 

However, after a 750°C PDA, there is subsequent re-growth of low Z IL (~0.4nm) as 

displayed by the dark interface region. The growth of low-k SiO2 during PDA is likely 

responsible for increased leakage in case of 25Å La2O3 PDA 750°C sample. Since 10Å 



 

79 

 
Figure 4.19 HRTEM images of the 25Å La2O3 - AsDeposited & PDA 750°C condition and 

10Å La2O3 ï AsDeposited condition. 

La2O3 layer does not scavenge the SiO2 IL completely, it is anticipated that even the 5Å 

La2O3 would not scavenge the SiO2 IL completely, although the SiO2 is substantially thinned 

compared to the control sample without La2O3. 
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Figure 4.20 Z-Contrast TEM images and their respective intensity profiles for 25Å La2O3 - 

AsDeposited & PDA 750°C condition and 10Å La2O3 ï AsDeposited condition. 

 


