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The semiconductor market, despite some dips, has been generally 

increasing for a long time, and this increase is expected to continue in the coming 

decades. A large fraction of this market is from flash memory. The flash memory 

device has attracted more and more attention in recent years due to its advantages 

of high density, low power consumption and low cost. To achieve the further 

scaling down of the memory device, nanocrystals have been widely studied as the 

floating gate in the next generation of flash memory.  

This dissertation addresses the issue of gate stack scaling and voltage 

scaling for future generations of flash memory, and proposes solutions based on 

new memory structures and new materials that are compatible with current 

CMOS process flows. Our efforts to improve the performance of flash memories 

fall in three categories. First, a multi-layered tunnel barrier (VARIOT structure) is 
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introduced, and the experimental VARiable Oxide results show that the 

programming speed of this device can be improved since the charges only need to 

penetrate a very thin barrier during the programming mode, while they face a 

much thicker barrier in the retention mode. Next, chaperonin GroEL protein 

molecules have been demonstrated to be a good candidate as the template to 

obtain a well ordered high density nanocrystal pattern. A flash memory device 

with SiC nanocrystals based on this technique is demonstrated. The retention time 

is enhanced due to the deep potential well created by SiC nanocrystals. Finally we 

demonstrate the improved chemical and electrical quality of Ge nanocrystals 

through passivation with a Si shell, whereby much better retention characteristics 

of flash memories with Ge nanocrystals having Si shell is obtained. We conclude 

with a study not to improve the device performance but to clarify a controversy 

about where exactly the trapped electrons are stored. The flash memory device 

with SiGe nanocrystals has been used to investigate the trapping site of the 

electrons in the floating gate. The experimental results show that the programmed 

electrons are stored in deep trap states of the surface of the semiconductor 

quantum dots, and those states are localized a few hundred meV below the 

semiconductor conduction band. 
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Chapter 1 

 Introduction 

 

1.1 Background 

The semiconductor market, even with some valleys and peaks, has been 

generally growing for decades, and this increase is expected to continue in the 

coming years. A large fraction of this market (~20%) is semiconductor memories 

[1.1]. The most important semiconductor memories normally are divided into 

three different categories: static random access memory (SRAM), dynamic 

random access memory (DRAM), and non-volatile memory (NVM). SRAM is 

used as a cache memory that is at the top of the memory hierarchy of a typical 

computer system including personal computer (Fig 1-1) since it offers the fastest 

write/read (8ns) speed among all memories [1.2]. The first and second level cache 

memories are inserted between CPU and the main memory which stores the most 

frequently and recently used data to speed up the overall data access. However, its 

density and size is low because a single SRAM cell consists of six transistors 

(6T). The information is stored in the SRAM cell as long as the power is on with 

very little current, but will be lost once the power is off. So SRAM is a type of 

volatile memory. The basic structure of a SRAM is shown in Fig 1.2. 
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Fig 1-1   Memory hierarchy for a typical computer system [ref 1.2] 

 

DRAM is usually used as main memory because of its low cost, high 

density and size. Unlike a SRAM cell, a DRAM cell consists of only one 

transistor and one capacitor (1T1C). It is superior to SRAMs in many aspects  

CPU 

First Level 
(L1) Cache 
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Main Memory 
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Fig 1-2   Schematic of SRAM memory cell 

 

except that the write speed is slower in the DRAM (50ns) than in the SRAM. The 

basic structure of DRAM is shown in Fig 1.3. The transistor works as a pass 

switch and the capacitor is a storage node. Unfortunately, the retention time of 

DRAM is very short and the stored information needs be refreshed after every 

80~100 ms, so its power consumption is significant.  Scaling the DRAM cell size 

down is difficult due to the large capacitor required to store data. Obviously, 

DRAM is a volatile memory as well.  
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Fig 1-3   Schematic of DRAM memory cell 

 

The memory devices that retain information once the power supply is 

switched off are called non-volatile memories. The data storage mode is either 

permanent or reprogrammable depending on the technology. Since first proposed 

in 1967 [1.3], the non-volatile memory device has attracted more and more 

attention in recent years due to its advantages of high density, low power 

consumption and low cost. Driven by digital cameras, cellular phones and other 

Word line 

Bit line 

Pass transistor 
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portable electronic equipment, the share of the non-volatile memory is expected to 

be up to 45% in the whole memory market in 2010 (Fig 1.4).  

 

 

 

Fig 1-4   Worldwide Non-volatile and Total Memory Market: 2002-2010 

 

There are mainly five types of non-volatile memory technology: flash 

memory, Silicon-Oxide-Nitride-Oxide-Silicon (SONOS), Ferro-electric Random 

Access Memory (FeRAM), Magnetic Random Access Memory (MRAM) and 

Phase Change Memory (PCM). And flash memory is rapidly becoming the most 

important non-volatile memory and weighs more than 90% of the 2005 

nonvolatile market. The schematic cross section of a floating-gate memory device 
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is shown in Figure 1.5. It is very simple and compact, and looks just like a 

MOSFET, except that it has two gate electrodes. The upper gate in Figure 1.5 is 

the control gate, and the lower gate that is completely isolated by dielectrics is the 

floating gate. The floating gate acts as a potential well; once the charges are 

injected into the potential well, it cannot move without an external electric field. 

In this device structure, the programming and erasing of the memory cell is 

implemented by applying positive and negative voltages to the control gate, 

respectively, as shown in the band diagram of Figure 1.6. Therefore, the 

programming and erasing basically depends on the applied electric field which 

results in a tunneling current through the dielectric between floating gate and 

substrate, the so-called tunneling dielectric. 

 

 

 

Fig 1-5   Schematic of conventional flash memory cell 
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Fig 1-6  Schematic energy band diagram (lower part) as referred to a 

floating gate MOSFET structure (upper part). The left side of the 
figure is related to a neutral cell, while the right side to a 
negatively charged cell. [1.1] 

 

 

1.2 Operation principles and limitation of flash memory 

There are several possible charge transfer mechanisms from and into the 

floating gate, but the most commonly used ones are channel hot electron injection 

(CHEI) [1.4-1.6] and Fowler-Nordheim tunneling. For an n-channel MOSFET, by 
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applying a positive voltage to the control gate and the drain of the cell in the write 

operation, a lateral electric field between source and drain heats the electrons up 

and a transversal electric field larger than 100kV/cm between channel and control 

gate injects those “hot” carriers through the tunnel oxide from the drain region; 

the floating gate is thus charged negatively with electrons. These extra electrons 

make it harder for the control gate to ?? the channel. As a consequence, a higher 

threshold voltage of the MOSFET is observed. In other words, when a suitable 

voltage (read voltage) between the initial threshold voltage and the changed 

threshold voltage is applied to the control gate, only negligible drain current 

flows. This state can be defined as “0”. The memory is erased when the stored 

electrons are removed from the floating gate. This can be achieved by applying a 

negative voltage pulse to the control gate of the cell with source/drain floating or 

grounded. Hence, the threshold voltage is restored to its initial value. Once the 

same read voltage is applied, a large drain current will be detected, the cell is in 

“1” state. The threshold voltage shift is known as the memory window (Fig. 1.7). 

Other programming mechanisms include Fowler-Nordheim and direct tunneling 

which will be introduced later on, and they can be used for the erase operation as 

well. 

One fundamental challenge of flash memory is that it should be possible to 

store information in a short time (<<1 s) so that the time to fully write a memory 

with millions of addresses is technically feasible. Meanwhile, the stored 
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information needs to be retained long enough, the so-called retention time - more 

than 10 years (~3 ×108 s). This requires very non-linear phenomena. For 

conventional flash memory with solid, continuous heavily doped polysilicon 

floating gate, the retention time is limited by the charge leakage through weak 

spots in the tunnel oxide. To guarantee ten years retention time, the tunnel oxide 

should be thick enough (>8nm). Recent research has showed that if the thickness 

of tunnel oxide is reduced from 8nm to 2nm, the retention time would drop to few 

seconds [1.7]. So the cells cannot easily be scaled down for the conventional flash 

memory because of trade off between the thickness of the tunneling oxide and the 

charge retention time. Table 1.1 and 1.2 show the 2005 International Technology 

Roadmap for Semiconductor flash memory, near-term and long-term 

requirements, respectively. 

 

 
 

Fig 1-7       Id-Vg curves of a floating gate device before (0 state, curve A) and 
after (1 state, curve B) program operation. [1.1] 
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Year of Production 2014 2015 2016 2017 2018 2019 2020 

Flash technology 
NOR/NAND—F (nm) 28/25 25/23 22/20 20/18 18/16 16/14 14/13 

Flash NOR highest W/E 
voltage (V) 6-8 6-8 6-8 6-8 6-8 6-8 6-8 

Flash NAN highest W/E 
voltage (V) 15-17 15-17 15-17 15-17 15-17 15-17 15-17 

Flash NOR tunnel oxide 
thickness EOT(nm) 7-8 7-8 7-8 7-8 7-8 7-8 7-8 

Flash NAN tunnel oxide 
thickness EOT(nm) 6-7 6-7 6-7 6-7 6-7 6-7 6-7 

Flash NOR control oxide 
thickness EOT(nm) 8-10 8-10 8-10 8-10 7-9 6-8 6-8 

Flash NAND control oxide 
thickness EOT(nm) 9-10 9-10 9-10 9-10 9-10 9-10 9-10 

Flash endurance (erase/write 
cycles) 106 106 107 107 107 107 107 

Flash nonvolatile data 
retention (years) 20 20 20 20 20 20 20 

 

Solution exist and 
optimized Solution known Solution NOT known 

 
 

Table 1-1    Non-volatile memory technology requirements-Near term 
predicted by 2005 International Technology Roadmap for 
Semiconductor flash memory 
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Year of 
Production 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Flash 
technology 

NOR/NAND—
F (nm) 

80/76 70/64 65/57 57/51 50/45 45/40 40/36 35/32 32/28 

Flash NOR 
highest W/E 
voltage (V) 

7-9 7-9 7-9 7-9 7-9 6-8 6-8 6-8 6-8 

Flash NAN 
highest W/E 
voltage (V) 

17-19 17-19 15-17 15-17 15-17 15-17 15-17 15-17 15-17 

Flash NOR 
tunnel oxide 

thickness 
EOT(nm) 

8-9 8-9 8-9 8-9 8-9 8 8 8 8 

Flash NAN 
tunnel oxide 

thickness 
EOT(nm) 

7-8 7-8 6-7 6-7 6-7 6-7 6-7 6-7 6-7 

Flash NOR 
control oxide 

thickness 
EOT(nm) 

13-15 13-15 13-15 13-15 13-15 10-12 10-12 10-12 10-12 

Flash NAND 
control oxide 

thickness 
EOT(nm) 

13-15 13-15 10-13 10-13 10-13 10-13 10-13 10-13 9-10 

Flash 
endurance 

(erase/write 
cycles) 

105 105 105 105 105 106 106 106 106 

Flash 
nonvolatile 

data retention 
(years) 

10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20 20 

 

Solution exist and 
optimized Solution known Solution NOT known 

 
Table 1-2    Non-volatile memory technology requirements-Long term 

predicted by 2005 International Technology Roadmap for 
Semiconductor flash memory 
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1.3  Flash memory with nanocrystal floating gate 

Using nanocrystal floating gate can significantly improve the non-volatile 

charge retention time due to the effects of Coulomb blockade, quantum 

confinement [1.8], and reduction of charge leakage from weak spots in the 

tunneling oxide [1.9]. As shown in Fig 1-8, since the feature of the nanocrystal 

floating gate is such that the nanocrystals are electrically and physically discrete 

in the memory cell, defects in the tunneling dielectric and/or the leakage current 

through lateral paths to source and drain would cause the charge loss on only 

single/few nanocrystals, maintaining the stored charges in the rest of the 

nanocrystals, thereby improving reliability. 

 

 

 
Fig 1-8  Schematic of flash memory with nanocrystal floating gate 
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One of the most important phenomena in a nanocrystal floating gate is the 

Coulomb blockade effect. Moving an electron from substrate to one nanocrystal 

will increase the electrostatic potential of this nanocrystal by e2/2C [1.10], where 

C is the self-capacitance of the nanocrystal. It is clear that the increased 

electrostatic energy ∆E (also called Coulomb charging energy) due to the 

transferred electron will block the further electron injection due to the strong 

Coulomb repulsion in the small structure (Fig 1-9). In the case of Si nanocrystal 

with 5 nm diameters, the Coulomb charging energy is around 74 meV [1.11]. 

Thus, unlike the conventional floating gate memories that will charge/discharge 

more than 50,000 electrons somewhat imprecisely to store one bit of data, there is 

a potentially better control over the number of the electrons stored in the 

nanocrystal during a write pulse. The approximate number of electrons charged in 

single nanocrystal can be estimated by following equation [1.9]: 

∆Vth= ε ox

nqD
− 










+ tt dot

SiGe

ox
ctrl ε

ε
2
1

　 　　 

　 
where tctrl  is the control oxide thickness, D is the density of the nanocrystal, tdot  is 

the diameter of the nanocrystal, ε is the dielectric permittivity, and q is the 

magnitude of the electron charge.  
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∆E

 

 

 
 
 
 
 
 
 
 
 
 

Fig 1-9   Schematic diagram of Coulomb charging energy 
 

 

Although the goal of the nanocrystal floating gate flash memory is to 

achieve comparable programming speeds to DRAM, and yet as long as have data 

retention time of conventional flash memory, in fact, it is very difficult to improve 

the programming speed and data retention characteristics simultaneously because 

both of them rely on the gate current. Thinner tunnel oxide leading to larger gate 

current will achieve faster programming speed but shorter retention time.  Since 

the first Si nanocrystal floating gate flash memory was demonstrated in 1996 [1.9, 

1.11], most efforts to improve the performance in the last ten years have fallen 

into two groups: tunnel barrier engineering and nanocrystal floating gate 

engineering, also called workfunction engineering.  
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1.4 Nanocrystal engineering 

Silicon was selected as a candidate for nanocrystal floating gate because it 

provides a compatible process to standard CMOS. But Coulomb blockade and 

quantum confinement effects limit its retention performance. One possible 

method to provide better trade-off between programming efficiency and data 

retention characteristics is to engineer the depth of the potential well at the storage 

nodes, thus creating an asymmetrical barrier between the substrate and the storage 

nodes, i.e., a small barrier for writing and a large barrier for retention. Several 

efforts have been made to replace traditional Si nanocrystal with different 

materials with smaller band gap and larger electron affinity or work function. 

Germanium with larger band offset with SiO2 tunnel barrier seems a good 

candidate of Si nanocrystal from the viewpoint of CMOS fabrication [1.12-1.14], 

but the poor native oxide of Ge creates challenges. Silicon Germanium alloy (Si1-

xGex) is another potential choice for next generate nanocrystal floating gate 

[1.15]. Direct self assembly of SiGe nanocrystal on different dielectric surface has 

been investigated by Kim, etal. [1.16, 1.17] with rapid thermal chemical vapor 

deposition (RTCVD). Recently, metal nanocrystals have attracted more attention 

[1.18-1.20]. The major advantages of metal nanocrystals over their semiconductor 

counterparts include: higher density of states around the Fermi level, stronger 

coupling with the conduction channel, a wide range of available work functions, 

and smaller energy perturbation due to carrier confinement.  
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The traditional metal nanocrystal forming method is depositing a layer of 

thin metal film called “wetting” layer, 10 to 20 nm thick on the oxide surface by 

either physical vapor deposition (PVD) or evaporation, followed by a rapid 

thermal anneal (RTA) process with a short temperature peaks close to but lower 

than the bulk eutectic temperature to cause the metal film to agglomerate into 

nanocrystals. However, the high temperature process can introduce reaction and 

diffusion of the metal atoms in the tunnel barrier to cause the tunnel oxide to leak. 

The leakage current density can be up to 103 A/cm2, which will render the 

memory devices useless. 

Doubly-stacked nanocrystal floating gate was investigated by Ohba etal.  

[1.21]. They demonstrated better charge retention characteristics compared to 

single Si nanocrystal floating gate. This can be explained by the leakage 

suppression between the upper nanocrystals and the channel due to the Coulomb 

blockade and confinement effects in lower nanocrystals. Metal nanocrystal/ 

nitride heterogeneous stacks of multiple layered floating gates have similar 

advantages [1.22]. 

Meanwhile, efforts have also been made to improve the uniformity and the 

distribution of the nanocrystal pattern. Self-assembled nanocrystals with 

traditional methods, such as CVD [1.15, 1.23-1.27] cannot yeild uniform size and 

spahal distribution in a large area even with some surface pretreatments. This will 

cause variation of characteristics of the memory devices. Exciting work from IBM 
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used self-assembled diblock polymers for patterning the Si nanocrystals [1.28-

1.30], thereby achieving a high uniformity of dimension, density, and distribution 

of nanocrystals. 

 

 
 
 
 

Fig 1-10 Fabrication method of the self-aligned doubly stacked dots. The 
double dot structure can be formed, because a-Si can remain only 
immediately below the upper Si dot. [1.21] 
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Fig 1-11    (a-d) Schematic diagrams of the process flow used to create an 

array of Si nanocrystals beginning with a porous self assembled 
polymer template. [1.30] 

 

 

 

 

 



 19

1.5 Tunnel barrier engineering 

Tunnel barrier engineering is another way to improve the performance of 

nanocrystal floating gate flash memory. Several efforts have been made to replace 

traditional SiO2 with various dielectrics. Most of those studies have focused on 

high-k materials such as HfO2, ZrO2 and Al2O3. Being physically much thicker 

than SiO2, the leakage current of high-k material is several orders of magnitude 

smaller than SiO2 for the same electrical oxide thickness (EOT) [1.31, 1.32], 

resulting in superior data retention behavior. On the other hand, high-k material 

may provide larger tunneling current than SiO2 when the device operates in the 

programming regime, thanks to Fowler-Nordheim tunneling due to its lower 

electron barrier height. These attractive features result in much higher 

programming-to-retention current ratio than in SiO2 and contribute to faster 

programming and longer retention.  

Other pioneering study includes oxynitrides [1.33], combination of SiO2 

and Al2O3 [1.34], and amorphous carbon on SiO2 [1.35]. Han etal. [1.12] 

demonstrated oxynitride tunneling barrier, but they focused on the improved 

nanocrystal density and uniformity on oxynitride film rather than the significance 

of its barrier structure. Fernandes etal [1.34] published the results of Al2O3 

tunneling dielectric on SiO2 film, but they discussed only the enhanced 

nanocrystal growth on Al2O3 and no discussion was given about the importance of 

its barrier structure. Baik etal [1.35] used amorphous carbon film on SiO2 to form 
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double barrier structure and explained the enhanced programming behavior and 

data retention. The idea of NON (nitride-oxide-nitride) sandwiched structure 

tunnel oxide was also introduced by their group [36] to improve the program 

speed. 

 

1.6       Objectives 

This dissertation addresses the aforementioned issue of gate stack scaling 

for future generations of semiconductor flash memory, and proposes solutions 

based on new memory structures and new materials that are compatible with the 

current CMOS process flow. We will also follow the two main streams of 

innovation in nanocrystal floating gate flash memory: tunnel barrier engineering 

and nanocrystal engineering. 

In chapter 2 we will discuss a new tunnel barrier structure which was 

theoretically introduced by Govoreanu et. al. [37], called the VARIable Oxide 

Thickness (VARIOT) structured tunnel oxide. The new memory devices based on 

VARIOT tunnel barrier was fabricated with SiGe nanocrystal floating gate. It is 

found that the writing speed of VARIOT sample is almost hundred times faster at 

a low programming voltage of 5-8V compared to the traditional flash memory 

with single layer tunnel barrier. SiGe nanocrystal deposition with RTCVD will be 

discussed in this chapter as well. 
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In the next two chapters, we will focus on nanocrystal engineering. A new 

method of self-assembly with a protein template to pattern the various 

nanocrystals on the SiO2 surface is introduced in chapter 3. Protein molecules are 

synthesized and folded into functional structures. Since the structure of the protein 

depends on the DNA code and they are identical. We use a process first 

developed by our group to fabricate inorganic nanostructures using the self-

assembly abilities of this protein, a “Bio-nano process”. The process utilizing 

biomolecules, which can directly take advantage of fast-growing biotechnology, 

may expand the field of nano-manufacturing technology. We will also discuss the 

fabricated device characterization including current-voltage characteristics, 

program and erase voltage transients, endurance and retention time. 

The Ge nanocrystal is a good candidate for floating gate as we mentioned 

before.  To suppress the poor native oxide of Ge, different materials are used to 

passivate the Ge surface. In Chapter 4, we will examine the passivation results 

and discuss their influence on memory performance. 

In chapter 5 we will study charge storage mechanisms in floating gate. 

Through the studies of the temperature dependence of retention time of SiGe 

nanocrystal floating gate flash memory with different tunnel oxide thicknesses, 

we try to clarify a long-standing controversy about where the electrons are stored 

–in the nanocrystal itself or at traps associated with the nanocrystal. 
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Finally, chapter 6 summarizes the conclusions of this research and 

presents comments on some future directions for this project,  
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Chapter 2 

Tunnel Barrier Engineering: VARIOT Tunnel Barrier 

 

2.1  Motivation 

As mentioned in the first chapter, a thick tunnel barrier can guarantee a 

long retention time of the flash memory device, but unfortunately, it will also 

slow down the programming speed. A thinner tunnel barrier will achieve faster 

programming speed but shorten the retention time. An optimal thickness of ~8 nm 

SiO2 is chosen in present devices, which use the tunneling phenomenon to trade 

off between performance constraints and reliability concerns. But how to achieve 

a variable thickness tunnel barrier which can be very thin during programming, 

but have thickness that is two or three times as much during retention is a very 

interesting research topic. In 2003, a new VARIable Oxide Thickness (VARIOT) 

structured tunnel oxide was reported by Govoreanu et. al. [2.1] for first time. 

Simulations showed that a larger injected gate current density is possible for the 

memory devices with VARIOT structure tunnel barrier compared to memories 

with only a single layered tunnel oxide [2.1, 2.2]. 

However, before we go into the details of the VARIOT tunnel barrier, the 

tunneling mechanisms used in the flash memory programming should be 

introduced first. 
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2.2  Tunneling mechanisms 

There are many solutions used to transfer electric charge from and into the 

floating gate. For both erase and program, the problem is making the charge pass 

reliably and fast through a layer of insulating material. Here we will discuss 

Fowler-Nordheim tunneling and direct tunneling. The Fowler–Nordheim 

tunneling mechanism starts when there is a high electric field across a thin oxide. 

Under these conditions, the energy band diagram of the oxide region is very steep; 

therefore, there is a high probability of electrons’ passing through the energy 

barrier – the upper triangular region (Fig 2-1). The rate of electron tunneling 

depends on the distribution of occupied states in the injecting material, the shape, 

height, and width of the barrier, and the density of available states in the collector. 

Using a free-electron gas model for the metal and the Wentzel–Kramers Brillouin 

(WKB) approximation for the tunneling probability [2.3], one obtains the 

following expression for current density [2.4]:  

]
3

)2(4
exp[

16

2/32/1*

22

23

hqF
m

h
FqJ Box

B

Φ−
Φ

=
π

 

where ΦB is the barrier height, mox
* is the tunneling effective mass of the 

electron in the forbidden gap of the dielectric, h is Planck’s constant, q is electron 

charge, and F is the electric field through the oxide. Since the field is roughly the 

applied voltage divided by the oxide thickness, a reduction of oxide thickness 

without a proportional reduction of applied voltage produces a rapid increase of 
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the tunneling current. With a relatively thick oxide (20–30 nm) one must apply a 

high voltage (20–30 V) to have an appreciable tunnel current. With thin oxides, 

the same current can be obtained by applying a much lower voltage.  

When the gate oxide thickness shrinks much more, the tunneling barrier in 

the gate oxide becomes so thin that the electrons in the conduction band of Si can 

tunnel through the gate oxide and emerge in the gate, without having to go via the 

conduction band of the gate oxide (Fig 2-1). This is known as direct tunneling. 

The overall physics of direct tunneling and Fowler-Nordheim tunneling is similar, 

but some of the details are different. For instance, direct tunneling is through a 

trapezoidal barrier, while Fowler-Nordheim involves a triangular barrier (Fig 2-1) 

[2.5]. Direct tunneling has a lower voltage dependence than Fowler-Nordheim 

tunneling. 

 

 
 

Fig. 2-1      Schematic diagram of F-N tunneling and direct tunneling 
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2.3 Device Fabrication 

A VARIOT flash memory with SiGe quantum dot floating gate was 

fabricated on p-type (100) Si wafer using a local oxidation of silicon (LOCOS) 

isolation with field oxide thickness of 360 nm. A schematic structure is shown in 

Fig 2-2. After definition of the active area, the wafers were cleaned with standard 

RCA clean and immersed in a 1:40 dilute HF solution for 15 s to remove the 

native oxide, and then loaded into the furnace to grow the bottom layer of tunnel 

dielectric (SiO2) at 850 °C for 2 min in O2 atmosphere. The thickness of the SiO2 

was 20 Å. A 50 Å HfO2 film was deposited at 400 °C by rapid thermal chemical 

thermal deposition (RTCVD) using hafnium tert-butoxide (C16 H36 HfO4) 

precursor with Ar as the carrier gas as the top layer of the tunnel dielectric. SiGe 

dots were self-assembled at ~510 °C for 120 s using high purity GeH4 and Si2H6 

gas with a 650 mTorr total chamber pressure by RTCVD (base pressure of 7 × 10-

7 Torr) on HfO2 surface. (The details of the SiGe growth will be discussed in 

Chapter 5). Fig. 2.3 shows atomic force microscope (AFM) images of SiGe 

nanocrystals on SiO2 with 16% Ge with an average size of 7~10 nm and a density 

of ~ 2×1011 cm-2. After SiGe nanocrystal formation, HfO2 control oxide (~170 Å) 

was formed by reactive DC sputtering in Ar/O2 ambient (100 W, 1.2min). A 

2000Å TaN metal control gate was deposited using reactive dc sputtering (1100 

W, 4 min). After gate patterning, source/drain was implanted with phosphorus and 
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activated at 800 °C. Control sample with single layer HfO2 (~70 Å) tunnel oxide 

was prepared by exactly the same process.  

 

Fig. 2-2      Fabricated quantum dot memory structure.       

 

     

Fig. 2-3     AFM image (1 µm × 1 µm) of self-assembled Si0.92 Ge0.08 
nanocrystals on HfO2.     

 



 33

2.4  Results and Discussion 

The EOT of the fabricated devices is around 55 Å (VARIOT device) and 

40 Å (control device), respectively. Fig 2-4 (a) shows the well-behaved drain 

current-voltage (Id-Vd) curves of the transistor with VARIOT structure. The drain 

current-gate voltage (Id-Vg) hysteresis characteristics of the memory cell with 

VARIOT structure is shown in Fig 2-4 (b). A threshold voltage shift of 1.2V was 

observed with ± 5V and 100 ms program and erase stress.  
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Fig. 2-4    (a) Drain current – voltage (Id – Vd) transistor characteristics at 

gate biases of 1, 2, and 3V for a fresh device with substrate 
grounded; (b) Memory windows of fresh device. A threshold 
voltage shift of 1.2V was observed with ± 5V and 100 ms program 
and erase voltage. 

 

 

To compare the program speed between memory devices with the 

VARIOT structure and the control sample with single layer HfO2 tunnel oxide 

(a) (b) 



 34

only, we measured the threshold voltage shifts with different pulse widths for 5V 

and 8V pulses (Fig. 2-5). For the VARIOT sample, a memory window (0.5V) was 

observed with 1ms program pulse width, and the threshold voltage shift saturated 

(1.2~1.5V) when the program pulse width was larger than 10ms, for both 5V and 

8V pulse. In comparison, for the control sample, we observed 0.4V threshold 

voltage shift only after the program width increased to 100ms. This result 

indicates that the writing speed of the memory with VARIOT structure is more 

than 100 times faster than the writing speed of the control sample. Due to the 

asymmetric stack structure of tunneling barrier of VARIOT device, the erase 

speed of the VARIOT device is not as fast as its writing speed. To improve the 

erasing properties, the low-k/high-k/low-k structured tunnel barrier could be 

studied in the future because of the symmetric structure [2.1]. 

The results can be understood in the following way. First, a large part of 

the applied program bias Vg will drop over the low-k barrier during the writing. In 

our case, when Vg is 8V, then the voltage drop across the SiO2 layer is around 

2.3V and the total VARIOT tunnel oxide is around 3.3V, which is much larger 

than the voltage drop across the single layered HfO2 tunnel oxide (2V). When a 

sufficient voltage drops across the SiO2 film, it forces the conduction band edge 

of the Si substrate to be higher than the conduction band edge of HfO2. The  
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Fig. 2-5   Writing and erasing transient characteristics of (a) HfO2 control 
sample, (b) VARIOT sample 
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tunneling current will then be mainly determined by strong direct tunneling 

contribution. On the other hand, the tunneling current density of a memory cell 

with single layer tunnel oxide is determined by a much smaller Fowler-Nordheim 

current. Fig 2.6 shows the band diagram including the valence band of the 

VARIOT structure. Simulations of direct tunneling current in this structure were 

done using Medici [2.6]. The simulation results based on self-consistent modeling 

of direct tunneling current wherein the direct tunneling current acts as a self-

consistent boundary condition for the electron and hole currents across the 

semiconductor/insulator interface is shown in Fig 2-7. By self-consistent 

modeling in this case, we mean that the Poisson equation, the electron and hole 

continuity equations and direct tunneling current expression as are solved together 

[2.6]. The potential from the Poisson equation for example is fed back into the 

continuity equations to get the carrier density which are further used for 

calculating the tunneling current. The results from these solutions are fed back to 

update the potential in the next step in the Poisson equation and so on. The 2~3 

order higher injecting current in the VARIOT device in the low voltage range 

agrees with our experimental data.  
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Fig 2-6 (a) 
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Fig 2-6 (b) 

Fig. 2-6    Schematic energy band diagram of memory devices: (a) control 
sample at flatband condition and after writing, (b) VARIOT 
sample at flatband condition and after writing 
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Fig. 2-7    Self-consistent modeling of direct tunneling current wherein the 
direct tunneling current acts as a self-consistent boundary 
condition for the electron and hole currents along 
semiconductor/insulator interfaces. 

 

With the programming voltage increasing, from the band diagram we can 

foresee that the valence band electron tunneling will dominate the tunneling 

current at high program voltage [2.1]. This will happen when the voltage dropping 

over the SiO2 layer is around 3V. But in our case, the valence band electron 

tunneling is negligible. 

The retention time comparison between the VARIOT sample and control 

sample is shown in Fig 2-8. All the measurements were made at 85°C. The fresh 

samples were erased at -5V, 1s to empty the electrons initially in the floating 

gates before the positive program voltage was applied; then it was written with 
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5V, 1s. At the initial retention stage (1s ~ 103s), the charge loss rate of the 

VARIOT sample is faster than the control sample. But after 103s, the charge loss 

rate of VARIOT sample is observed to slow down; the decay rate is around 

0.026V/decade. Meanwhile, the control sample shows a constant charge loss rate 

of 0.11V/decade. As a result, the VARIOT sample is expected to have a 0.59V 

memory window after 106s at 85°C. Under the same conditions, the control 

sample can only retain a 0.31V memory window. This result indicates that the 

SiO2 in the VARIOT structure plays a very important role because of the higher 

band offset during retention condition. The large charge loss in the initial stage of 

VARIOT sample might be attributed to the charges stored in the interface states 

between the SiO2 and HfO2 in the VARIOT structure.  

 

Fig. 2-8     Data retention characteristics of the VARIOT device at 85 °C. 
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The endurance characteristics were also measured at 85°C (Fig 2-9). We 

noticed that VARIOT memory has quite a good endurance performance. After 103 

write/erase cycles with±5V, 100ms programming stress, there is only 0.17V 

shift. This is believed due to the contribution of interface states between SiO2 and 

HfO2. Then for up to 106 write/erase cycles, no further degradation is observed. 
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Fig. 2-9   Endurance characteristics of the VARIOT device at 85 °C. Pulses 
of ±5 V for 100ms were applied.   
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2.5.  Conclusion 

In this chapter, we demonstrated the significant advantages of the newly 

proposed nonvolatile memory with VARIOT tunnel barrier. The experimental 

results showed that a VARIOT tunnel stack is very attractive as a replacement for 

the traditional single layer tunnel barrier for improving the data retention and 

programming speed simultaneously. 
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Chapter 3 
 

Nanocrystal Engineering (I):  

Nanocrystal with Protein-mediated Assembly 

 

3.1 Motivation 

 
There are several requirements for preparing the nanocrystals on dielectric 

materials to get properly working flash memory devices. The density of 

nanocrystals should be around 1012 cm2
 [3.1-3.3] and the diameters of the 

nanocrystal should be uniform to minimize the variation of the electrical 

characteristics of the memory devices. So good process control of nanocrystals is 

needed with regard to size distribution, inter-dot spacing (lateral isolation), and 

spatial uniformity of crystal density. Furthermore, the fabrication process should 

be simple and be CMOS process compatible. However, as we mentioned in 

Chapter 1, with conventional methods such as chemical vapor deposition (CVD), 

the self-assembled nanocrystals cannot yield uniform size distribution over a large 

area even with some surface pre-treatments [3.4-3.14]. Since conventional 

methods face difficulties, a novel biological method for self-assembly was used 

here. This technique was first developed in our group by Dr C. Mao and S. Tang. 
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3.2 Protein engineering in Microelectronic application 

Every cell in a living organism is like a nanoscale factory. Protein 

molecules are synthesized and folded into functional structures. A certain type of 

protein molecule is made from a certain DNA code through two steps: 

transcription and translation [3.15]. A large amount of protein molecules can be 

produced by biochemical or genetic methods very easily, and the structures of 

those protein molecules made from the same DNA code are identical. 

Furthermore, some proteins have an ability called bio-mineralization that enables 

them to make inorganic materials on their surfaces. Such an ability can be used to 

fabricate inorganic nanostructures. Currently, two kinds of protein molecules have 

been reported for nanoelectronic applications: ferritin and chaperonin GroEL.  

Ferritin, a globular protein with nano-cavity of cage-shaped structure (Fig 

3.1), is found mainly in the liver, which can store about 4500 iron (Fe3+) ions in a 

hollow shell made of 24 identical sub-units. The inner cavity, like a nanoscale 

reactive chamber, can be used to artificially synthesize an iron oxide core 

(5Fe2O3·9H2O) in vivo or other inorganic materials in vitro [3.16–3.21], such as 

Co, Ni, and Cr. After synthesis is finished, the protein shell can be removed by 

ultraviolet or high temperature treatment. Since the cavity size is identical, the 

synthesized cores will have the same size as well (Fig 3.2) [3.22-3.27]. With this 

method, the size of the nanocrystals could be well controlled, but a highly ordered 

nanocrystal pattern on the dielectric surface is still a “must-be-solved” problem. 
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Fig. 3-1.  The schematic drawing of a ferritin molecule. Cage protein shell 
with a diameter of 12 nm and core of ferric oxide with a diameter 
of 7 nm. 

 

 

 

 

Fig. 3-2.  SEM image of ferritin core nanocrystals monolayer after 10 min of 
heat treatment at 500_C with RTA under oxygen gas. The 
nanocrystals are independent. [3.27] 
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Molecular chaperones are proteins that function to prevent or reverse such 

improper associations, particularly in multi-domain and multi-subunit proteins. 

They comprise several unrelated classes of proteins that have somewhat different 

functions. The chaperonins are one group that always forms large, multi-subunit, 

cagelike assemblies, and their exposed surfaces are hydrophobic. Chaperonin 

GroEL, which could form a large cavity, have been demonstrated to have an 

ability to form highly-ordered patterns by self-assembly recently [3.28-3.30]. The 

X-ray structure of GroEL (Fig 3-3) shows that GroEL has 14 identical 547-

residue subunits which form a porous thick-walled hollow cylinder that consists 

of two 7-fold symmetric rings of subunits attached back to back with 2-fold 

symmetry. The X-ray structure also suggests that GroEL enclosure is around 45 Å 

in diameter. And both electron microscopy based images and neutron scattering 

studies indicate that the channel between the two rings is obstructed, as shown in 

Fig (3-3 C). In other words, if we consider the cavity of the ring is a chamber; one 

GroEL molecule has two identical but independent chambers. 

We will not discuss more detailed biological information or application of 

chaperonin GroEL protein. What we are interested in are: first, the fact that 

GroEL has a large cavity that can be used as a chamber to hold one nanocrystal 

during the patterning; second, the GroEL had been demonstrated to form a highly 

ordered pattern by self-assembly. We will discuss the details of GroEL protein 

template formation in the following device fabrication section.  
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                              (a)                                                    (b) 

 

 

 

 

 

 

(c) 

 

Fig 3-3  X-ray structure of the chaperonin GroEL molecule. (a) Side view 

and (b) Top view with 7-fold symmetric structure. (c) The channel between the 

upper ring and bottom ring is obstructed. 
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3.3 Device fabrication 

The memory devices were fabricated on n-type Si (100) substrates. After 

thermal oxidation for tunnel oxide growth, the wafer was immersed in PTS 

(phenyltriethoxysilane) solution in order to pre-treat the surface. One end of PTS 

chain will form a bond with SiO2 surface; the other end could guarantee that the 

chaperonin GroEL stays on SiO2 surface with same orientation. Next, the wafer 

was floated on the chaperonin protein solution with the oxide side down for 3~5 

mins. By blow-drying the wafer, the wafer was immersed in the nanocrystal 

solution for another 3~5 min. The process flow is shown in Fig 3-4 and Fig 3-5. 

The nanocrystals we used here are either obtained through chemical synthesis at 

the University of Texas by Prof. Johnston’s group or bought from a commercial 

company. The size of the nanocrystals are limited to 5~8 nm to fit the cavity size 

of the protein molecule. As we mentioned before, the exposed surface of 

chaperonin GroEL is hydrophobic; meanwhile, normally the surface of 

nanocrystals will be pre-treated to be hydrophobic during the synthesis to avoid 

nanocrystals aggregation into big clusters. So the chemical environment of each 

chaperonin’s central cavity is suitable to trap a nanocrystal. Once nanocrystals 

were trapped in the chaperonin template, the template was removed by annealing 

in O2 at 400oC. The nanocrystals patterned with and without a protein template are 

shown in Fig 3-6. The density of nanocrystals up to 1012/cm2 has been 
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demonstrated based on different nanocrystals. The thicknesses of tunnel oxide and 

control oxide of our memory devices are 4nm and 12nm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-4 Self-assembly of Chaperonin Protein on SiO2 Surface. Key 
parameters are: PTS concentration and interaction time; Protein 
concentration and interaction time 
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Fig 3-5 Schematic illustration of nanocrystals self-assembled with the 
chaperonin protein template 
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    (a) 

                      

     (b) 

 

Fig 3-6 PbSe nanocrystals on oxide surface: (a) with protein template, and 
(b) without protein template.  

 

50 nm 
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3.4 Results and Discussion 

A protein template lets us achieve a method to choose a better nanocrystal 

to be used as floating gate. With conventional CVD methods, different 

nanocrystals were obtained with different methods that have different thermal 

budgets. In some high temperature processes, the tunnel oxide has a chance to 

react with the nanocrystals, especially for metal nanocrystals which damage the 

tunnel oxide to an extent depending on the temperature and the material being 

used as nanocrystals. The densities of the nanocrystals vary from 1010 to 1012/cm2. 

So a fair comparison among different nanocrystals that are obtained by different 

methods is not possible because too many parameters that are influence the 

programming and reliability performance of the memory device vary. However, 

with protein templates, the density of nanocrystals should be determined by the 

density of the protein molecules alone. Meanwhile, the size of nanocrystals will 

be selected by the diameter of the cavity of the proteins; this will guarantee that 

the selected nanocrystals having very sharp size distribution. In this situation, 

there is a good chance to focus the investigation on the materials themselves. Here 

we select SiC nanocrystals and compare them with the most widely used 

nanocrystal – Si nanocrystals – in flash memory. 

As we expected, both memory devices showed clear memory 

characterization with a large flatband voltage shift (1.5~1.7 V) that is a clear 

effect of the charge storage in the nanocrystals (Fig 3-7), after being programmed  
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Fig 3-7 Memory effect obtained from HFCV characterization of (a) SiC 
nanocrystals and (b) Si nanocrystals. Both memory devices 
showed flatband voltage shift larger than 1.5 V. 
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with a positive pulse and erased with a negative pulse, and then followed by a 

small voltage range sweep of HFCV around the flatband voltage.  Fig 3-8 shows 

the memory programming and erasing speed characteristics with ±8V and ±10V 

pulse for SiC nanocrystals memory and ±8V and ±15V pulse for Si nanocrystals 

memory. SiC nanocrystals memory device has a slightly faster programming 

speed. After program and erase, 0.3 V flatband voltage shift can be observed even 

when the pulse width shrinks to 100µs.  

The SiC flash memory shows very good retention characteristics at both 

room temperature and 85°C (Fig 3-9). After excess charge loss in the initial step, 

the charge loss rate is keep to as small as 0.005 V/decade at 85°C and a memory 

window larger than 1V can be expected after 108 s (10 years). Meanwhile, the 

memory device with Si nanocrystal only showed good retention characteristics at 

room temperature, where it has a 0.01/decade of charge loss rate; however at 

85°C, the charge loss rate increases to 0.2 V/decade that is forty times larger than 

the charge loss rate of memory device with SiC nanocrystals, and the memory 

window is completely closed after 106 s. The reason for the better retention 

characteristics of memory devices with SiC nanocrystals floating gate is, 

compared to the band offset between Si and SiO2 (3.1 eV), the band offset 

between SiC and SiO2 is larger ~ 3.6 eV. That means that the trapped charges in 

the SiC nanocrystal face larger potential well than the charges in Si nanocrystals, 

leading to a longer retention time.  
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Fig 3-8 Writing and erasing transient characteristics of (a) SiC 
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Fig 3-9 Data retention characteristics at room temperature and 85 °C: (a) 
SiC nanocrystals memory, (b) Si nanocrystals memory. At 85 °C, 
the memory window of Si nanocrystals memory will be closed 
after 105 sec. 
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Fig 3-10 Schematic energy band diagram of SiC nanocrystals memory 

devices: (a) at flatband condition, (b) at programming mode, and 
(c) at erasing mode. 
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(b) (c) 
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The schematic band diagram of SiC nanocrystal devices is shown in Fig 3-

10. In the endurance measurement, after up to 105 program/erase cycles with 

±10V 10ms pulse, the memory device with SiC nanocrystals did not show an 

obvious shrink or shift of memory window (Fig 3-11).  We also demonstrated 

working transistors with SiC nanocrystals floating gate (Fig 3-12). 
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Fig. 3-11   Endurance characteristics of the SiC nanocrystal devices at room 
temperature. Pulses of ±10 V for 10ms were applied.   
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3.4 Conclusion 

The chaperonin protein has been demonstrated successfully as a useful 

template to make the highly ordered nanocrystal patterns. We have also 

experimentally proved the significant advantages of the SiC nanocrystal floating 

gate for long retention and good endurance characteristics compare to Si 

nanocrystals. 
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Chapter 4 
 

Nanocrystal Engineering (II):  

Germanium Nanocrystal with Silicon/Carbon shell 

 
4.1 Motivation 

Germanium is a promising material to replace Silicon in the floating gate 

of the flash memory due to the smaller bandgap and compatibility with the 

standard complementary metal-oxide-semiconductor (CMOS) technology 

currently used. Germanium nanocrystals can be synthesized by various methods, 

including Ge ion implantation [4.1], the oxidation of SiGe [4.2, 4.3], thermal 

annealing of Ge grown by electron-beam evaporation [4.4, 4.5], or co-sputtering 

[4.6] with the dielectric mixture layers, low-pressure chemical vapor deposition 

(LPCVD) [4.7] or plasma enhanced chemical vapor deposition [4.8]. However, all 

these studies mostly focused on the synthesis methods of Ge nanocrystals, 

although in some cases flash memory devices with SiO2 or high-k gate dielectric 

were fabricated [4.1-4.20]. They either just showed hysteresis of HFCV to prove 

the charge trapping in the Ge nanocrystals without any reliability characterization 

data [4.5-4.13], or used unrealistically thick tunnel dielectric layer, for instance 10 

nm [4.19, 4.21]. this is not consistent with the scaling requirement for next 

generation of flash memory. Since 1996, the Ge nanocrystals flash memory was 

reported first time [4.1], an impressive work in this area is from Berkley group 
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[4.3]. They demonstrated good retention and endurance characteristics of memory 

devices with Ge nanocrystal floating gate. But, the initial memory window is only 

0.4 V which is too small to be useful. And in most published papers, the HFCV 

curves were distorted that indicated a high density of interface states between Ge 

nanocrystals and tunnel dielectric layer. A primary problem with Ge integration is 

the rapid formation of low quality, unstable germanium oxides GeOX at the Ge 

surface. The formation and the stability of germanium oxides has been studied for 

Ge(100) substrate [4.22]. It has been shown that germanium oxide is highly 

volatile and can easily diffuse into the dielectric layer and form interface states 

between the Ge nanocrystals and tunnel dielectric layer. So a method is needed to 

stabilize the Ge nanocrystal surface that (1) will prevent oxidation (2) be 

thermally stable for subsequent processing (3) be compatible with Ge and the gate 

dielectric, and (4) will create an electrically favorable interface, i.e. low fixed 

charge, low defect density, and low trap density. Using Si or C to passivate the Ge 

nanocrystal surface in an ultra high vacuum (UHV) chamber in situ immediately 

after Ge nanocrystals integration is a method under development. 

 

4.2 Experimental method 

Before the nanocrystal growth, the p-type Si wafers were cleaned with 

standard RCA clean and immersed in a 1:40 dilute HF solution for 15 s to remove 

the native oxide. HfO2 film was prepared by dc reactive magnetron sputtering 
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using a HF (99.9% purity) target, using Ar and O2 ambient at a chamber pressure 

of 40 mTorr. Prior to the sputtering process, the base pressure of the dc sputtering 

chamber was maintained less than 5x10-7 Torr. The post-deposition-annealing 

(PDA) was performed in a N2 ambient with a trace amount of residual oxygen at 

500 °C for 5 ~ 10 min. The final thickness of HfO2 film is around 50 to 60 Å.  

Then the samples are transferred to the lab of Professor John. G. Ekerdt in 

chemical engineering department of University of Texas at Austin. Samples were 

loaded into an UHV system and degassed at 600 °C for 10 min prior to any 

analysis or growth. Ge nanocrystals were deposited on the HfO2 surface (Fig 4-1) 

by hot-wire chemical vapor deposition (HWCVD) for 20 min with 4% GeH4 in 

helium as source gasses, obtained from Voltaix Inc. After Ge nanocrystals 

deposition, the samples are cooled and in situ X-ray photoelectron spectroscopy 

(XPS) was used to analyze depositions using Al K_ radiation and a ThermoVG 

CLAM2 hemispherical analyzer with 50 eV pass energy. The control sample was 

subsequently exposed to air at room temperature overnight in order to oxidize the 

nanocrystals. The selective Si or C shell deposition used led to only on the top 

surface of the Ge nanocrystals, but not on the HfO2 surface. These samples were 

grown by CVD with either 1x10-4 Torr SiH4 at 600 °C or 5x10-4 Torr C2H4 at 500 

°C, respectively [4.23-4.29]. 

All the samples with GeOx, Si shell or C shell were processed for device 

fabrication. Thicker (120 Å ~150 Å) HfO2 with the same sputtering method 
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discussed earlier was then deposited on the top of the nanocrystals, followed by 

TaN control gate deposition. MOSCAP devices were fabricated using lithography, 

dry etch and piranha clean.  

 

 

 

Fig 4-1    SEM image of Ge nanoparticles grown on HfO2 surface by CVD 
 

 

4.3 Discussion 

Control sample was introduced into the UHV chamber after overnight 

oxidization and XPS scans were taken before and after annealing at various 

temperatures, as shown in Fig 4-2. The samples with Si shell and C shell were 

also sulgeted to XPS scans by the Prof Ekerdt group, after shell deposition and 
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after annealing at same temperature (Fig 4-3, 4-4). Comparing the XPS scans of 

Fig 4-2 to Fig 4-4, it is obvious that for the control sample, after oxidization 

overnight, the Ge feature is greatly reduced in area and split from the initial one 

peak to two peaks, both shifted to higher binding energy. The area decrease after 

air exposure is somewhat artificial, i.e., the amount of Ge present is actually the 

same but the Ge peak is attenuated due to physically adsorbed multi-layers of 

atmospheric gasses and water vapor. Heating at 400 °C for 10 min in the UHV 

chamber removes this overlayer and the two peaks 1220.0 eV and 1218.6 eV 

indicate that the Ge nanocrystal surfaces are oxidized to a mix of sub- 

stoichiometric oxides. With the increasing annealing temperature from 400 °C to 

700 °C, there is a continuous reduction of the amount of Ge due to decomposition 

and GeO desorption, eventually leaving primarily the Ge0 core. If the Ge retention 

in a qualitative fashion is defined as the ratio of the Ge 2p3/2 peak area measured 

before air exposure and after the final annealing at 700 °C, for the bare Ge 

nanocrystals, the Ge retention is 42%. (We need to remind ourselves that the term 

“retention” here does not mean the same thing as used it in the reliability 

measurements of memory device.) As seen above, the Ge nanocrystals are very 

easily oxidized and create oxides that are thermally unstable. 
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Fig 4-2 XPS data of bare Ge nanocrystals, it can be oxidized very easily. 

(From Prof. Ekerdt group) 
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Fig 4-3 XPS data shows less oxidation of Ge nanocrystal with Si shell 
deposition. (From Prof. Ekerdt group) 
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Fig 4-4 XPS data of Ge nanocrystal with C shell, more oxidation is 
observed. (From Prof. Ekerdt group)  
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XPS data from the Ekerdt group are shown for Si shell deposition in Fig 4-

3 and C shell deposition in Fig 4-4. One extra step process for only the sample 

with Si shell is annealing at 600 °C (the Si shell deposition temperature), in order 

to verify that no Ge loss or bonding changes occur. This verification is not 

necessary for C shell sample because the C shell growth temperature is as same as 

the Ge nanocrystal growth temperature (500 °C). For the Si shell, the Ge feature 

in Fig 4-3 becomes sharper and shifts to a slightly lower binding energy compare 

to the bare Ge nanocrystals in Fig 4-2, and the degree of the oxidization is less 

severe based on the relative peak size and peak position after heating to 400 °C to 

remove surface adsorbates from air exposure. Meanwhile, more contribution from 

Ge0 to 2p3/2 feature is observed with increasing annealing temperature up to 700 

°C. The Ge retention for the Si shell nanocrystals of 57% is also much higher. 

Surprisingly, results from C shell nanocrystals indicate that the C shell is actually 

less stable than the bare Ge nanocrystals. The Ge retention for the C shell 

nanocrystals is only 31%, and a large fraction of the remaining Ge is oxidized. 

The electrical quality of the Ge interface was then examined through 

memory characterization measurements. All memory devices with three different 

core-shell show the storage characteristics (Fig 4-5) as expected. Clear hysteresis 

of flatband voltage shift can be observed from the high frequency capacitance-

voltage (HFCV) characteristics, which is a clear effect of the charge stored the 

nanocrystals. The gate voltage is swept from inversion to accumulation to get 



 75

forward HFCV and from accumulation back to inversion to get reverse HFCV. 

The memory device with C shell Ge nanocrystals has a hysteresis of around 2.0 V 

which is almost as same as the result from bare Ge nanocrystals device. 

Meanwhile, a 1.5 V flatband shift is observed from device with Si shell Ge 

nanocrystals. That means that Si shell Ge nanocrystals has lower density of 

charge traps than the other two samples. A fact that needs to be noted is that both 

the Si and C shell is only a monolayer covering the Ge nanocrystal, so the number 

of charges trapped in the Si or C shell is negligible. Considering that the charges 

in the floating gate either stay in the Ge core or are trapped at the interface states 

between Ge nanocrystals and HfO2, the Si shell likely reduces the surface charge 

traps to improve the Ge nanocrystal surface, but C shell does not affect the overall 

charge storage amount. 
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         (b) 

              (c) 

Fig 4-5  HFCV hysteresis of memory devices with (a) bare Ge 
nanocrystals; (b) Ge nanocrystals with Si shell; and (c) Ge 
nanocrystals. With smaller amount charge storage, Si shell 
likely reduces surface charge traps, and stabilizes Ge 
nanocrystal surface, but C shell does not affect overall charge 
storage amount. 
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The retention characteristics of all three memory devices were also 

measured at room temperature. Again, the device with C shell showed similar 

performance as the device with the bare Ge nanocrystals. The charge loss rates are 

0.25 V/decade and 0.31 V/decade respectively. That means that even with a 

memory window larger than 2 V at the starting point, the closure of the window 

will happen after 106 s. However, for the device with a Si shell, although the 

initial memory window is smaller (1.5V), it only reduce one third to around 1.0 V 

after 106 s. A large fraction of charge loss happens in the first 103 s, possibly due 

to the much higher energy level caused by Coulomb blockade and quantum 

confinement effects. The final charge loss rate of the memory device with Si shell 

is only 0.037V/decade, which is almost one order of magnitude smaller than 

results from devices with C shell or bare Ge nanocrystals. 
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                                                      (c) 

Fig 4-6 retention characteristics of the memory devices with (a) bare Ge 
nanocrystals; (b) Ge nanocrystals with Si shell; and (c) Ge 
nanocrystals with C shell. Compare to the charge loss rate of 0.31 
V/decade from bare Ge nanocrystals and 0.25 V/decade from the 
Ge nanocrystals with C shell, the device with Ge core-Si shell 
nanocrystals has much better retention performance with 0.037 
V/decade charge loss rate at room temperature.  

100 101 102 103 104
-1.0

-0.5

0.0

0.5

1.0

V FB
 (V

)

Retention Time (sec)

100 101 102 103 104
-1.0

-0.5

0.0

0.5

1.0

V FB
 (V

)

Retention Time (sec)

(b) 



 79

4.4 Conclusion 

Through the study of the oxidation and thermal stability of Ge 

nanocrystals and core-shell nanocrystals with Si and C shells, the Si shell Ge 

nanocrystal is demonstrated to result in significantly less oxidation of the Ge core, 

increased thermal stability, and higher retention of Ge. The C shell actually results 

in more extensive Ge oxidation, less thermal stability, and less Ge retention. 

Furthermore, the memory device with Si shell Ge nanocrystals shows an 

improved nanocrystal surface with lower density of interface states, and much 

better retention characteristics of storing charge, but no improvement from C shell 

memory device. This result agrees with the data obtained from XPS. 
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Chapter 5 

Charge storage mechanism 

5.1  Motivation 
 

As we discussed previously the nanocrystals floating gate has been 

investigated widely, and results in dramatically improvements of flash memory 

performance. But for a long time, there has been a controversy about where the 

electrons are stored, in the semiconductor nanocrystals themselves or at trap sites 

on the surface of the nanocrystals. Some reports claim that the electrons are stored 

in deep traps below the Si/SiGe conduction band [5.1, 5.2], the reasons being that 

a large temperature dependence of experimental charge retention times is 

observed. A very short retention time would be expected if charges were stored in 

the conduction band because Coulomb blockade and quantum confinement effects 

tend to push the particle-in-a-box states up [9]. Hiramoto et al showed that after 

annealing in a H2 environment, the memory window shrinks due to the H-

passivation effect [5.3]. This indicates that the traps play a very important role in 

long-term retention. Meanwhile, other results suggest that the electrons are stored 

in the Si/SiGe conduction band [5.4]. Only after the storage mechanism is 

clarified, can a further retention time improvement study be done. 

In this chapter, we investigated the retention time of flash memory with 

SiGe quantum dot floating gate at different temperatures, to try to clarify the 
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storage mechanism through the studies of activation energy as a function of tunnel 

oxide thickness. However, at first, the details of the rapid thermal chemical vapor 

deposition (RTCVD) system used for SiGe nanocrystal growth are introduced. 

   

5.2 Rapid thermal chemical vapor deposition (RTCVD) 
 

Our home-made RTCVD system was used to grow SiGe nanocrystal on 

different dielectric surface. Figure 5-1 shows the schematic diagram of RTCVD. 

The RTPCVD system consists of one main chamber and one load lock chamber. 

The main chamber is connected to the turbo pump, which maintains the chamber 

pressure at <10-8 Torr, during idle status, and one dry pump, which pumps out the 

gases during the growth process. The load lock chamber is connected to one turbo 

pump and one Roots pump, which pumps the load lock chamber out from 

atmospheric pressure to < 10-1 Torr. Our RTPCVD system uses six gases 

including hydrogen (100%, 3000 sccm), dichlorosilane (100%, 200 sccm), silane 

(100%, 20 sccm), germane (10%, 150 sccm), diborane (1000 ppm, 20 sccm), 

phosphine (50 ppm, 20 sccm) and methylsilane (100%, 20 sccm). Among these 

gases, dichlorosilane and silane gas are used only alternatively.  

The schematic diagram for the RTCVD reactor is shown in Figure 5-2. 

The reactor wall is made of stainless steel and is water-cooled. A lamp module is 

mounted on top of the reactor. A 4 inch wafer placed on three quartz fingers is 

heated by radiation through the upper quartz window. Therefore, the wafer is 
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surrounded by materials which are a lower temperature from the wafer itself. 

Ideally, all of the inner surfaces of the reactor remain at room temperature during 

wafer processing. But in fact, the upper quartz will be having a big chance to get a 

coating at the inner surface due to some heating, which will influence the accurate 

of the temperature control during a long time, high temperature process.  

Normally, the quartz can be cleaned with poly etching solution. 

 

 

 
 
 
 
Figure 5-1  Top view of RTPCVD system 
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There are nine 2 kW halogen lamps which are radially placed and air 

cooled by forced convection to heat the silicon wafer to up to above 1000ºC. The 

temperature measurement system for our RTPCVD system uses infrared light 

(1.33 µm, 1.5 µm) absorption by the silicon wafer as a measure of the wafer 

temperature. In particular the 1.3 μm wavelength has a much higher absorption 

so that the transmission at 1.3 μm is reliable for low temperature region (480 ~ 

680 °C) and the 1.55 μm is easy to measure for high temperatures (650 ~820 °C) 

of silicon wafers. 

 

 
 
Figure 5-2  Schematic diagram of the main chamber of RTCVD. 
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Table 5-1 A typical text file recipe for SiGe nanocrystals growth 

 

The computer-control program based on the programming language of 

LABVIEW was written by Taehoon Kim [5.5] initially, and then upgraded by 

Sung-Bo Hwang [5.6]. The recipe file is a normal text file, and the collection of 

many text lines. Each text line of the text file contains the information about the 

process conditions (the temperature condition and the flow rates). One example 

for the recipe file is shown in Table 5-1. The first column of each line is the time 

period. The number in the first column is in multiples of 0.25 second. The second 

column of each line is the percentage of lamp power (from 0 to 100). The third 

column of each line is a target lock-in signal percentage for 1.33 µm (= lock-in 

10.0 0.0 100.0 20.0 10.0 -1.0 15.0 -1.0 -1.0 -1.0 

15.0 15.0 30.70 20.0 10.0 0.0 0.0 0.0 0.0 0.0 

20.0 25.0 30.70 20.0 10.0 0.0 0.0 0.0 0.0 0.0 

15.0 32.0 30.70 20.0 10.0 0.0 0.0 0.0 0.0 0.0 

15.0 23.0 30.70 20.0 4.0 0.0 0.0 0.0 0.0 0.0 

6.0 23.0 30.70 85.0 4.0 50.0 0.0 0.0 0.0 0.0 

2.0 23.0 30.70 85.0 4.0 0.0 0.0 100.0 0.0 0.0 

120.0 23.0 30.70 85.0 4.0 0.0 0.0 0.0 0.0 0.0 

10.0 0.0 100.0 100.0 10.0 -1.0 -1.0 -1.0 0.0 0.0 

40.0 0.0 100.0 100.0 10.0 0.0 30.0 0.0 0.0 0.0 
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signal amplitude / lock-in in signal amplitude before the run * 100). The fourth 

column of each line is a target lock-in signal percentage for 1.55 µm. The 

estimated temperature vs. certain lock-in signal percentage is shown in Fig 5-3 

[5.4]. The fifth column is called “selector” column. When the number of that 

column is 10, the program just uses the value of the first column to set the lamp 

power. When the number of that column is 4, the program uses the value of the 

second column as a target value and will adjust the lamp power so that the lock-in 

signal percentage for 1.33 µm can be as close to the target value as possible using 

the feedback algorithm. 

 

 
Figure 5-3  The wafer temperature versus the lamp power (percent). 
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5.3  Device Fabrication 

P-type metal-oxide-semiconductor (P-MOS) capacitors with SiGe 

nanocrystal floating gate on SiO2 were fabricated on n-type Si (100) substrate. A 

schematic structure is shown in Fig. 5-4. After standard RCA clean and dilute HF 

etch, thermal oxides were grown at 800 ºC or 900 ºC to get different tunnel oxide 

thicknesses. SiGe dots were self-assembled at ~520 ºC for 120 s using high purity 

GeH4 and Si2H6 gas in a rapid thermal chemical vapor deposition (RTCVD) 

system (base pressure of 7 x 10-7 Torr) on a SiO2 surface. Fig. 5-5 shows AFM 

images of SiGe dots on SiO2 with 8% Ge concentration, an average size of 7~10 

nm and a density of ~ 2×1011 cm-2. The control oxide was deposited by low 

pressure chemical vapor deposition (LPCVD) with SiH4 and O2 at 530 ºC, and 

followed by TaN control gate formation by physical vapor deposition (PVD). 

Different tunnel oxide thickness (t1) and control oxide thickness (t2) are used for 

different memory devices: sample A (t1=30Å, t2=90Å); sample B (t1=50Å, 

t2=150Å); sample C (t1=70Å, t2=200Å) and sample D (t1=90Å, t2=200Å). 

 
Figure 5-4 Fabricated quantum dot memory structure 
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Figure 5-5 AFM image (1 µm × 1 µm) of self-assembled Si0.92 Ge0.08 QD dots 

on SiO2 
 

 

5.4  Results and discussion 

The devices were tested at 27 ºC, 50 ºC, 100 ºC and 150 ºC. The negative 

bias (-3V or -6V) was applied on the control gate to accelerate the charge loss 

from the floating gate for the devices with tunnel oxide of 70Å and 90Å. The 

retention time was defined as the time that the threshold voltages decreased by 

factor of 20% compared to initial threshold voltage window.  The activation 

energy of retention time can be estimated from the Arrhenius plots (Fig. 5-6, Fig. 

5-7 and Fig. 5-8). Fig.5-6 and Fig.5-7 show the Arrhenius plots of retention test of 
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the devices with 7nm and 9nm tunnel oxide at different negative gate bias. No 

difference was observed. In Fig.5-9, we notice that the activation energy 

decreases when the tunnel oxide thickness increases. For 30Å tunnel oxide 

devices, we get an activation energy of 0.37eV. However, the activation energy 

drops to 0.06eV for devices with 90Å tunnel oxide; it is close to zero. The nature 

of charge storage site can be hypothesized from the activation energy (Fig. 5-10).  

Let us assume that the electrons were stored in SiGe conduction band after 

programming. The parameters that determine the retention time are the 

conduction band offset between SiGe and SiO2, and the tunnel oxide thickness. 

Because the conduction band offset between SiGe and SiO2 is around 3.1~3.5eV, 

the probability of the electrons in the conduction band jumping over this barrier is 

much smaller than the tunneling probability for the tunnel oxide used here (30~90 

Å). So the retention time will not be dependent on temperature, and the activation 

energy is expected to be zero in this case. However, this does not agree with the 

results for the devices with 30~70Å tunnel oxide. 
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Figure 5-6   Arrhenius plot of retention time vs. reciprocal temperature with 
different negative gate biases: memory devices with 90Å SiO2 
tunnel oxide. The activation energy is independent on the gate 
biases. 
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Figure 5-7   Arrhenius plot of retention time vs reciprocal temperature with 

different negative gate biases: memory devices with 70 Å SiO2 
tunnel oxide. The activation energy is independent of the gate bias. 
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Figure. 5-8 Arrhenius plot of retention time vs. reciprocal temperature for 
memory devices with different tunnel oxide thickness. 
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Hence, the trap-assisted storage mechanism should be considered. After 

programming, the electrons may be stored in deep traps below the SiGe 

conduction band, and eventually they will leak back to the substrate. There are 

two possible processes for the charge loss - direct and indirect [5.3]. Direct charge 

loss is a process where the electrons in the traps below SiGe conduction band 

edge can tunnel to the Si substrate. Because this is a non-thermal process, so no 

temperature dependence is expected. In the indirect charge loss process, the  
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Figure 5-9 Activation energy vs. tunnel oxide thickness. When the tunnel 
oxide thickness increases from 30Å to 90Å, the activation energy 
decreases from 0.37eV to 0.06eV. 
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Figure 5-10 Schematic energy band diagram of memory devices. For thick 
tunnel oxide, Et=0.37eV, but Ea~0eV; Ea=Et=0.37eV for thin 
tunnel oxide. 

 
 
 
electrons in the traps may be first excited to the SiGe conduction band by thermal 

activation. Due to the Coulomb blockade and energy quantum confinement 

effects, the conduction band edge will be raised. This causes the electrons in the 

conduction band very easily tunnel to substrate in the case of thin tunnel oxide 

(30Å). The thin tunnel oxide cannot effectively block the electrons in SiGe 

conduction band from tunneling to the substrate. So the retention time in this case 

is determined by the emission time from the deep traps into the SiGe conduction 

band, which determines the activation energy. In other words, the activation 

energy here should be determined by the deep trap level below SiGe conduction 

band (0.37eV). This agrees with the results reported by Ahn et. al. [5.7] there is a 
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0.4eV trap below the SiGe conduction band, as observed by deep level transient 

spectroscopy (DLTS) of SiGe/SiO2 interfaces (Fig 5-11).  

 

 
 

Figure 5-11 Two peaks at the energy levels of 0.23eV (D1) and 0.40 eV (D2) 
below the conduction band edge are observed with the capacitance 
deep level transient spectroscopy (DLTS) method [5.7] 

 
 
 

For thick tunnel oxides (90Å), even after electrons are released from the 

deep traps, they still can be stored for a longer time than for the 30Å case in the 

SiGe conduction band due to the thicker tunnel oxide. The retention time is now 

determined by the tunneling rate through the tunnel oxide, and this will result in 

an activation energy ≈ 0eV.  
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5.5  Conclusion 

In this study, through the investigation of the retention time temperature 

dependence for four types of SiGe flash memories with two different tunnel oxide 

thicknesses, we believe the trap-assisted storage mechanism is reasonable for 

flash memory with semiconductor quantum dot floating gate. The programmed 

electrons are stored in the deep trap states in semiconductor quantum dots, and 

those states are localized a few hundred meV below the semiconductor 

conduction band. 

 

5.6 References: 

[5.1] M. She, and T. J. King, “Impact of crystal size and tunnel dielectric on 

semiconductor nanocrystal memory performance”, IEEE Trans. Electron 

Devices., vol 50, pp. 1934-1940, 2003. 

 

[5.2] Y. Liu, S. Tang and S. K. Banerjee, Proceedings of Device Research 

Conference., pp.41-42, 2005. 

 

[5.3] Y. Shi, K. Saito, H. Ishikuro, and T. Hiramoto, “Effects of traps on charge 

storage characteristics in metal-oxide-semiconductor memory structures 

based on silicon nanocrystals,” J. Appl. Phys., vol. 84, pp. 2358-2360, 

1998. 

 

[5.4] S. Huang, S. Banerjee, and S. Oda., Mat.Res. Soc. Symp. Proc 715, 

pp.12.5.1, 2002. 



 101

 

[5.5] T. Kim, “Design, Fabrication, and Analysis of Enhanced mobility Silicon 

Germanium transistors”, PhD dissertation, University of Texas, Austin, 

TX, 2001.  

 

[5.6] S. Hwang, “Temperature control and Characterization of Silicon 

Germanium Growth by Rapid Thermal Chemical Vapor Deposition”, PhD 

dissertation University of Texas, Austin, TX, 2002. 

 

[5.7] C. G. Ahn, H.s. Kang, Y. K. Kwon, S. M. Lee, B. R. Ryum, and B. K. 

Kang, J. Appl. Phys. vol.86, p1542-1547, 1999. 

 
 
 
 
 
 
 



 102

Chapter 6 

Conclusion and future work 

 

6.1 Conclusion 

Various approaches to improve the performance of flash memories with 

nanocrystal floating gate have been discussed in this dissertation. For 

conventional flash memories using a continuous poly silicon layer as the charge 

storage node, its weak immunity to the defects in the tunnel dielectric limits the 

further scaling down of the cell. Owing to the electrical and physical isolation of 

the nanocrystals, it provides stronger defect immunity than the conventional 

floating-gate structure, resulting in improved data retention and device reliability. 

On the other hand, high-k tunneling oxide, which allows for a thicker physical 

oxide thickness than an equivalent SiO2 tunneling oxide increases the non-

volatility by reducing the leakage probability in the retention mode. Furthermore, 

with multi-layered tunnel barrier (VARIOT structure), the programming speed of 

the device can be improved dramatically because the charges only need penetrate 

very thin (2 nm) SiO2 barrier during the programming mode while they face a 

much thicker (7 nm) tunnel barrier in the retention mode. In the study, the 

research has also focused on how to improve the properties of nanocrystal floating 

gate. The chaperonin GroEL protein molecules have been demonstrated as useful 
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as a template to efficiently organize the nanocrystals with high order. Our study 

also showed that the chemical and electrical quality of Ge nanocrystals can be 

improved through the passivation with Si shell, and much better retention 

characteristics of flash memory devices with Ge nanocrystals having a Si shell are 

obtained. Finally, flash memory devices with SiGe nanocrystals were used to 

investigate the trapping site of the electrons in the floating gate. The experimental 

results show that the programmed electrons are stored in the deep trap states of 

the interface of the semiconductor nanocrystals, and those states are localized a 

few hundred meV below the semiconductor conduction band. 

 

6.2 Suggestions for future work 

 

6.2.1 Control barrier engineering 

In this dissertation, we only discussed the tunnel barrier and floating gate 

of the flash memory. Actually the control barrier is also an important issue that 

needs attention. The role of the control barrier is to block the charge flow between 

the floating-gate and the control gate so that the injected charges from the 

substrate to the floating-gate can be stored inside the floating-gate, contributing to 

the threshold voltage shift of the memory cell. Theoretical analysis has been 

performed to study the effect of the control barrier property on the programming 

transient characteristic of the memory cell. It turns out that the control barrier is 
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no longer able to block the charge flow once the tunneling mechanism of both 

tunneling and control barrier is dominated by Fowler-Nordheim tunneling, as long 

as the same dielectric is used, resulting in the saturation of the memory window 

[6.1]. To block the charge flow between the floating gate and the control gate 

efficiently, larger thickness and higher barrier height than the tunneling barrier is 

needed, but this is not a good solution because a material with higher band offset 

is generally associated with a smaller dielectric constant k value, which means 

that no matter which is used, ― a larger thickness or higher barrier height, the 

coupling of the applied electric field to the tunneling barrier will be sacrificed, 

resulting in slow programming speed. There are two possible solutions: first, find 

a balance point between barrier height and k value; we also need to optimize the 

thickness of the barrier. Al2O3 has been reported as a control barrier in SONOS 

device to enlarge the memory window [6.2], but because Al2O3 itself is a good 

candidate as the trapping layer in SONOS device, the utility as a blocking layer 

still needs further study. Second, using a multi-layered control barrier replaces the 

single layer control barrier. This needs additional simulation studies. 

 

6.2.2 Protein template 

How to use chaperonin proteins as a template to get highly ordered pattern 

of nanocrystals has been introduced in Chapter 3. However, it is only a start, and 

there is still a lot of work needed. First, currently the diameter of the ring of the 
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chaperonin GroEL molecule is naturally fixed, and that will only be suitable to 

trap the cavity size or smaller size nanocrystals, between 4~6 nm. If the ring size 

can be controlled artificially with a biochemical method, the protein templating 

technique will have a good opportunity to be used for many applications. One 

interesting fact is that once the ring of chaperonin GroEL is capped by another 

protein molecule named GroES, the volume of the cavity of the ring is increased 

dramatically [6.3]. Second, with the current templating method, only one ring is 

used while one GroEL molecule has two identical rings. If ring1 can be used to 

trap nanocrystals A and ring 2 can be used to trap nanocrystals B, after we align 

the GroEL orientation, perfectly self-aligned double-layered nanocrystals of 

different materials can be achieved.  

 

6.2.3 Core-shell Ge nanocrystals 

Preliminary electrical and chemical data seem to be more robust when 

core-shell nanocrystals are used in place of Ge nanocrystals alone. Core-shell 

nanocrystals could also exhibit interesting device physics and could find use in 

novel devices. But as we discussed previously, only half of the Ge nanocrystal is 

passivated with the shell. Additional studies are needed to examine the effects of 

full passivation and how shell layer thickness affects the Ge core. If the thickness 

of the shell increases to 2~3 nm, the entire nanocrystal can be considered as 
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multiple-well storage node which is expected to lead to larger memory window 

and better retention time. 
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