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Device feature sizes have been reduced over the years and are now 

approaching 100nm at mass production levels. To achieve further scaling down 

of MOSFETs, single-electron devices utilizing the Coulomb blockade effect will 

likely be the basic element of future solid-state electronics. To develop these 

devices into commercial products, room temperature operation capability and 

nano-scale structures are necessary. Silicon or SiGe quantum dots embedded in 

an insulator have potential application for room temperature operation of single-

electron transistor and nonvolatile memory devices.  

In first study, direct growth of Ge dots on insulators, such as nitrided 

oxides, which are suitable for tunneling oxides (3nm) in memory devices were 

achieved. Germanium dots were grown at different temperatures on various 
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dielectric substrates, including Si3N4, SiO2, oxynitride, NH3-annealed oxynitride, 

NH3-annealed nitride, and N2O-annealed nitrided oxide. The characteristics of 

the Ge dots were investigated using atomic force microscopy (AFM), Auger 

electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) in 

order to find the mechanism of the Ge dot formation. On N2O annealed nitrided 

oxide films, we obtained Ge dots with heights and diameters of 3.2nm and 11nm, 

respectively. No Ge dots were formed on surfaces of the other dielectric 

substrates studied at 550ºC. Our experimental results suggest that the surface of 

N2O annealed nitrided oxide contains a large amount of defects such as dangling 

bonds, which act as Ge nucleation sites.  

In second study, SiGe quantum dot growth between 500ºC and 525ºC 

using a Si2H6/GeH4/H2 based chemistry was studied. The nucleation and growth 

characteristics of the SiGe dots were quantified by measuring the nuclei density 

and the concentration of Ge on the oxide using scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), and AFM. For dielectrics, both 

SiO2 and hafnium oxide (HfO2), high-K gate dielectric which uses thicker layer 

for reduced leakage, improved resistance to boron diffusion, and better reliability 

characteristics were used. The effect of GeH4 and Si2H6 pretreatment on the SiO2 

surface was also investigated. It was found that Si atoms dominate the formation 

of the critical nuclei and Ge atoms impinge on these Si atoms to grow the SiGe 

dots. The number of Si atoms that terminate defect sites on SiO2 and the Si2H6 

partial pressure determine the densities of SiGe dots. The growth of SiGe dots is 

limited by the GeH4 partial pressure, which determines the activation energy of 
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disilane decomposition in the surface-reaction–limited regime and the number of 

hydrogen desorption sites on the substrate.    

In another study, the effects of charging voltage on charge retention 

characteristics of SiGe dots with ZrO2 tunneling oxide were demonstrated. Using 

this ZrO2 high-K dielectric tunneling oxide we achieved a lower write voltage 

and an improved retention time compared to SiGe dots with a SiO2 tunneling 

oxide. The discharge behavior in terms of a logarithmic charge decay of the ZrO2 

device was similar to that of Si dots embedded in SiO2  

Finally, a SiGe dot floating-gate flash memory with HfO2 tunneling oxide 

was developed. Using SiGe dots and HfO2 tunneling oxide, which allows for a 

thicker physical oxide thickness than an equivalent SiO2 tunneling oxide without 

sacrificing non-volatility, a low program/erase voltage as well as good endurance 

and charge retention characteristics can be achieved. This demonstrates that the 

SiGe dots with HfO2 tunneling oxide can replace Si/Ge dots with SiO2 tunneling 

oxide as a floating gate and have a high potential for further scaling of floating 

gate memory devices.  
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Chapter 1: Introduction 

1.1 BACKGROUND   

Silicon ultra large scale integration (ULSI) device feature sizes has been 

reducing over the years and are now approaching 100 nm at mass production 

level. The 2001 International Technology Roadmap for Semiconductors (IRPS) 

[1], which provides a consolidated summary of key metrics and projections for 

device technology, predicts that 107 nm half-pitch capabilities are expected to 

become available by 2003 and that physical gate-lengths of 53 nm for MPU are 

targeted in 2002. Table 1 shows product generation and chip size predictions for 

the near-term and long-term. Logic circuits with densities of up to 180 million 

transistors per cm2 and dynamic random-access memory (DRAM) with densities 

of almost 20Gbits per cm2 will be evaluated for mass production during the next 

15 years providing integration levels of up to 256 Gbits per chips. However, the 

laws of quantum mechanics and the limitations of materials and fabrication 

technology will inhibit further reduction in minimum device sizes requiring 

major advances to facilitate future generations. Figure 1.1 shows the evolution 

from sub-micron technology to nano-technology plotting possible fabrication and 

device technology versus device feature size [2]. As the device feature size is 

reduced to less than 100 nm, various quantum effects begin to strongly impact 

device performance. It has been shown that limits to device scaling exist with    
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respect to thin-gate dielectrics, heavy substrate doping, lithography and dopant 

fluctuations. Technologies are achieved through innovative device design [3]. 

Table 1-1: ITRS Table: Structure-Key Lithography-Related Characteristics by 
Product Type 

 Near-term Years 

 Long-term Years 
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Even if limitations of sub-50 nm related processes are overcome, further progress 

is doubtful because of problems with heating due to power dissipation in logic 

circuits and with scaling down the storage capacitors in DRAM cells [4]. New 

structures, materials, and fabrication techniques will be necessary to move 

beyond these limits.  

 

 

 

Figure1.1     Evolution from sub-micron technology to nanotechnology. 
Fabrication and device technologies expected to emerge in the 
so-called nanoelectronics era are plotted versus device feature 
size [2]. 
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A number of groups have been working to exploit single electron effects 

for nanometer scale electron devices [5-7]. Single-electron transistors (SET) [8-

10], logic circuitry, and memory have been demonstrated. SETs were one of the 

earliest proposed single electron devices and promise direct applications as ultra 

sensitive electrometers. Logic circuitry has been tested using the position of 

single electrons to represent single bit information [11-12]. Memory operation 

has been enabled with small numbers of stored electrons [13-22]. These 

phenomena and devices are interesting not only as new ideas [23] but also as 

new operating principles for a future nanotechnology era [24, 25]. 

 

1.2 MOTIVATION  

The need for high-density, low-cost, low-power, and high speed 

(programming, erase and read operations) semiconductor memory will 

proliferate with the increasing complexity of electronic systems in the future. 

DRAM will be difficult to scale aggressively in size and power because of the 

need for large cell storage capacitance and the requirements for data refresh.  

Compared with DRAM, flash electrically erasable and programmable read-only 

memory (EEPROM) memory can be made more compactly and without refresh 

requirements. However, it has relatively slow write/erase times. One possible 

approach for new memory cell structures is using single electron effects in 

floating gate or flash memory operation. Si or Ge nanocrystals or quantum dots 

act as a floating gate embedded between the control and tunneling oxide, as 
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shown in figure 1.2 [20]. For non-volatile memory (NVM) devices, a long 

retention time is very important, and in the case of conventional flash EEPROM, 

the cells cannot easily be scaled down because of trade off between the thickness 

of the tunneling oxide and the charge retention time. Using embedded SiGe QDs 

in an insulator can significantly improve the non-volatile charge retention time 

due to the effects of Coulomb blockade, quantum confinement [21], and 

reduction of charge leakage from weak spots in the tunneling oxide [22].  

 

 

Figure 1. 2 A schematic cross-section of the nano-crystal memory cell 

GATE POLY 

Source  Drain  
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Recent efforts using alternate gate dielectric materials to replace silicon 

dioxide (SiO2) in standard complementary metal-oxide-semiconductor (CMOS) 

technology also suggest possibilities for improved retention time and write/erase 

times. These efforts have been focused on materials such as high-K gate 

dielectrics which allow thicker layers for reduced leakage, improved resistance to 

boron penetration, and better reliability characteristics [26-28]. For SiGe 

quantum dots embedded in a high-K dielectric, the electrostatic energy is much 

higher due to the difference in the static dielectric constant of SiO2 and high–K 

dielectrics such as zirconium oxide (ZrO2) and hafnium oxide (HfO2).  These 

quantum dot-based flash EEPROMs with high-K dielectrics widely invoked as a 

potential solution to overcome the scaling limitations which stem from the 

extreme requirements put on the floating gate isolation layers especially the 

tunnel oxide, the program and erase time, the device endurance, and the charge 

retention time of conventional flash memories [29,30]. 

 

1.3 OBJECTIVE  

 This study includes the fabrication of quantum dot flash memories with 

(1) high-K dielectrics to allow for thinner `equivalent' oxide thickness without 

sacrificing non-volatility, and to allow for lower-voltage and/or higher-speed 

operation and increased device lifetime, (2) the exploration of self-assembled 

quantum dot gates for enhanced VT stability and low-voltage operation through 

self-limiting programming and erasure, and the testing of devices with both 

quantum dots gate and different tunneling oxides, such as SiO2 and high–K 
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dielectrics. The ultimate goal of this work would be development of high-

K/quantum dots gate flash memory cells for high-speed, high-density, long-life 

and low-voltage operation. This thesis discusses the characterization and 

synthesis of Ge and SiGe self-aligned quantum dots nonvolatile floating gate 

memory devices with high-k tunneling oxides, ZrO2 and HfO2, fabricated in 

ULSI process.   

An introduction to the basic operation of conventional and quantum dot 

(nanocrystal) floating gate memories is given in Chapter 2. Chapter 3 is a 

discussion on the growth and synthesis of Ge quantum dots on various nitrided 

oxides by ultrahigh-vacuum chemical vapor deposition (CVD) with GeH4 gas. It 

focuses primarily on the Ge dot formation grown at different temperatures on 

various ultrathin dielectric films based on SiO2 and Si3N4 and using different 

deposition techniques and post deposition anneals. The effects of N2O anneal 

process for nitrided oxides in the formation of Ge dots on insulators will also be 

discussed.  

Chapter 4 present a comparative study of the nucleation and growth of 

SiGe self assembled quantum dots on SiO2 and on a high-K dielectric, HfO2, 

using rapid thermal chemical vapor deposition (RTCVD) at low temperatures 

(500-525ºC). SiGe dot parameters such as dot height, radius, and density were 

compared for various Si2H6/GeH4 gas ratios and processing temperatures on 

these dielectric substrates. Chapter 5 addresses the reduction of charge transport 

characteristic of SiGe quantum dot memory devices and discusses the 

demonstrated charging voltage and the charge retention characteristics in SiGe 
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quantum dots with ZrO2 tunneling oxide. A lows-write voltage and improved 

retention time for ZrO2 tunneling oxide compared to SiO2 tunneling oxide was 

seen. Chapter 6 discusses the fabrication device characterization of high-K/self 

assembled quantum dot gate flash memory cells for high-speed (programming, 

erase and read operation), high-density, long-life and low-voltage operation. 

Device characterization of SiGe quantum dot memory includes current-voltage 

characteristic, program and erase voltage and transients, endurance and retention 

time as compare to SiO2 and HfO2 tunneling oxide devices.  

Finally, chapter 7 summarizes the conclusions of this research and 

presents comments on some future improvement and directions for this project, 

including the analyzing relation between Ge concentration in SiGe dot and 

charge retention time and minimizing charge trap of the interface between SiGe 

dot and tunneling oxide.  
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Chapter 2: Theoretical Study of Nonvolatile Memory Device 

 

2.1 CONTINUOUS FLOATING GATE MEMORY    

A chip based electrically erasable non-volatile memory technology is 

essential to development of microprocessor based systems, and floating gate 

MOS devices using thin tunneling oxide are becoming an acceptable standard in 

this area. This technology recently found wide application in system-level 

integrated circuits (ICs) that combine embedded memory with digital logic and 

other circuit elements on a single silicon chip for wireless and other 

communications applications [31].  

The general schematic cross section of these floating gate device 

structures is shown in Fig 2.1. The effective threshold of a floating gate 

MOSFET depends on the charge on the lower gate, which is electrically isolated 

by virtue of being completely surrounded by SiO2. This gate is referred to as the 

floating gate and the top gate is referred to as the control or access gate. A thin 

dielectric layer between the floating gate and the drain enables the flow of 

electrons into and from the floating gate during write/erase operations by means 

of Fowler-Nordheim or direct tunneling [32, 33].  
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In the write operation, the floating gate is charged negatively with 

electrons tunneling from the drain through the thin tunneling oxide. This is 

achieved by applying a positive voltage pulse to the top gate of the cell, while the 

silicon substrate is grounded. The stored negative charge on the floating gate 

shifts the transistor’s threshold voltage, as measured on the top gate, toward a 

more positive value. In a subsequent programming operation the transistor will 

not conduct channel current. The erase operation removes electrons from the 

floating gate by applying a high positive voltage pulse at the drain, while the 

source is floating and both the access gate and the substrate are grounded. The 

 

 

 

 

 

 

Figure 2.1 Schematic cross section of floating gate transistor. 
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threshold voltage is shifted in the negative direction, and the channel current will 

flow during subsequent programming operation. During programming operations 

the voltages used are low enough that the tunneling current is negligible and the 

floating gate is practically insulated. Figure 2.2 and 2.3 show the potential 

diagram of erased and programmed cell [34]. 

 

 

 

 

 

 

 

 

Figure 2.2    Electron potential diagram of an EEPROM memory cell in the 
erased state for case of the access gate at substrate potential, a), and 
of the access gate at a potential typical of the READ condition, b). 
The electrical field in a) is the result of the difference in Fermi level 
in the p-type substrate and the n-type access gate. Energy band 
diagram of a floating gate transistor in (a) program and (b) erase 
mode. [37] 
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The amount of charge stored on the floating gate layer can be easily 

measured, as it is proportional to the threshold voltage shift of the field effect 

transistor. After programming, the stored charge Q causes a shift of the threshold 

voltage by amount, 

                             fg
cf

fg
t Qd

C
Q

V ⋅−=−=∆
2

2

ε
                                         (2.1) 

 

 

 

 

 

 

 

Figure 2.3    Electron potential diagram of EEPROM memory cell in the 
programmed state for the cases (a) of the access gate at substrate 
potential and (b) of the access gate at a positive voltage [37]. 
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where Qfg is the stored charge on the floating gate, Ccf is the capacitance between 

control gate and floating gate, d2 is the thickness of the control oxide, and ε2 is 

the dielectric permittivity of the control oxide. Thus, the injected charge causes a 

shift in the I–V curves of the cell. The drain-source current is given by equation  

                      





















−+




















−−−= ds

g
ds

t

fg

g
tgsds VfV

C
Q

VVI
αα

β
2

111         (2.2) 

where β is the conductivity factor, αcf is the coupling constant of the floating gate 

and is defined as 
dscffg

cf
cf CCCC

C
+++

−=α , and 
cf

d

C
C

f −= . If the 

programming biases are fixed (usually Vg ≈ 5V, Vd ≈ 1V), the presence of charge 

greatly affects the current level necessary determine the cell state. Fig. 2.4 [35] 

shows a 3-V threshold shift between two curves: curve A, after charging the 

floating gate by Q, shows the “1” state and curve B shows the same cell in the 

“0” state.  

There are several possible charge transfer mechanisms from and into the 

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

injection (CHEI) [36-38] where a lateral electric field between source and drain 

heats the electrons and a transversal electric field between channel and control 

gate injects the carriers through the oxide or Fowler-Nordheim (FN) tunneling 

for the programming operation, and FN tunneling for the erase operation. 
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2.2 Limitations of Floating Gate Memories  

Although nonvolatile memory market share has been continuously 

growing in the past few years, the conventional floating gate devices have 

definite limitations [39]. Issues common to nonvolatile memories are 

summarized as follows [40-42]: 

 

 

 

 

 

 

 

 

Figure 2.4     Id-Vg curves of a floating gate device before (0 state, curve A) and 
after (1 state, curve B) program operation [38].   
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(1) device scaling limitations stemming from the extreme requirements put on 

the floating gate isolation layers, in particular the tunnel oxide isolating the 

floating gate layer from the crystalline silicon substrate,  

(2) unsatisfactory endurance characteristics with respect to the ∆Vt narrowing 

with early dielectric breakdown ,    

(3) slow charge transfer to and from the floating gate under low electrical field 

conditions due to the thick tunneling oxides , 

(4) the tunneling oxide degradation under retention characteristics in order to 

maintain information integrity over ten year periods of the industry standard, 

(5) data integrity problems, such as "read disturb" or "over erase", which are the 

accumulated effects of repeatedly stressing the oxide during alternate 

write/erase operations.  

 As a result of these issues, very thin tunneling oxides (less than 10nm) can not 

be utilized in general manufacturing of traditional devices. Flash memory 

manufacturers generally use 9–11 nm tunnel-oxide thicknesses [42], and this 

value has not been reduced over more than five generations of fine line-width 

technologies (1–0.18 µm). As a consequence, floating gate nonvolatile memory 

performance metrics, such as access time, operating speed and voltages, have 

been achieved mainly through a combination of complex isolation and 

interconnect schemes such as shallow trench isolation and self-aligned bitline 

contacts while the size of the flash memory transistor itself has only been scaled 

at a subnominal rate.  
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2.3 QUANTUM DOT FLOATING GATE MEMORY  

2.3.1 Operating Principles   

 
In single electron device schemes, an electron creates a resistance barrier 

in a low capacitance island, like a quantum dot or nanocrystal, which is lager 

than the resistance of the uncharged structures. In this devices, Coulomb 

blockade and the gating of electrochemical potential of the dot or other island 

structure allows control of the current [43, 44]. This scheme is difficult to adapt 

to current complementary and logic devices due to the large impedance 

mismatches [45] and low currents (nA) [20]; however, the charge quantization 

 

 

 

 

 

Figure 2.5 Energy band diagram for (a) erase (b) write, "0" (c) write "1" [20]. 
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effects can be electrostatically coupled to the channel of a transistor in a flash 

memory.  

The operating principle for a quantum dot based floating gate 

nonvolatile memory device is just like that of a flash-EEPROM, but both the 

floating gate size and the number of stored electrons are different. Figure 2.5 

shows the energy band diagram of basic operations in a quantum dot flash 

memory device [20]. One electron in a floating gate (or storage node) represents 

“1”, and no electron “0”. Injected electrons transfer from the channel region to 

the dot, storage node by forward biasing of the control gate, and the gate voltage 

can control the number of stored electrons. This is possible because transferring 

an electron from the channel to storage node decrease the potential of the storage 

node, which blocks the transfer of another electron by the Coulomb-blockade 

effect.  This flash memory [17, 46, 47, 48] uses multiple dots coupled to the 

channel of a conventional metal oxide semiconductor (MOS) to minimize the 

offset charge. 

Table 2.1 [49] shows approximate self-capacitance, charge energy, and 

ground state Eigenergy due to quantum confinement for a Si sphere of given 

diameter embedded in an oxide.  Assuming a control oxide thickness of dCG = 7 

nm , the effective control gate capacitance is computed as  
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Approximating the dot as a perfect sphere of radius r, the self-capacitance of dot 

Cdot is simply given by ~ 4πεsiεor , the Coulomb charging energy Ec  by e2/2Cdot , 

and the ground-state Eigenenergy Eq by 
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Table 2.1     Approximate self-capacitance, charge energy, and ground state 
Eig energy due to quantum confinement for Si sphere of given 
diameter embedded in an oxide [49]. 
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From this approximation, when one electron is stored on the dot, the threshold 

voltage of the transistor is shifted by  

                                     
CG

T C
qV =∆                                                      (2.5) 

where q is the charge of an electron and CCG is the control-gate capacitance.  

When CCG is small enough, even one-electron in the storage node significantly 

decreases the drain current, and it can be read at room temperature. To change 

the drain-current more than a factor of electron when switching between “1” and 

“0”, the following condition should be satisfied,    

                                                       
q

kT
C

q

CG

〉                                                   (2.6) 

where k is Boltaman constant and T is the temperature. Although the one 

electron stored state seems very volatile to thermal fluctuation, it is, in fact, 

stable when the Coulomb energy of system is much larger than the thermal 

energy. This condition is expressed by  

                                                          kT
C
q

tdot

〉
2

                                               (2.7) 

where Ctdot is the total capacitance of the dot. The charge fluctuation ∆Q and the 

corresponding fluctuation in the number of electrons ∆n are expressed by the 

following equation.   

                                                ( ) nqkTCQ ∆==∆ 2                                       (2.8) 
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To operate single-electron memory, CCG and Ctdott should be smaller than 3aF. 

From Eq. (2.3) and Eq. (2.5), the ∆Vt for n charges per dots is given by the 

following equation [47]: 
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ox
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d
t t

ε
ε

d
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Nnq
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2
1

                              (2.9) 

where n is charges per dot, dCO is the control oxide thickness, Nd  is the density 

of dots, tdot is the diameter of a dot, ε's represent dielectrics permitivities, and q is 

the magnitude of the electronic charge.   

 

2.3.2 Advantage of Quantum Dot Memory  

In a quantum dot NVM device, charge is not stored on a continuous 

floating gate poly-Si layer, but instead on a layer of discrete, mutually isolated, 

dots or nanocrystal. As compared to conventional stacked-gate NVM devices, 

quantum dot memory devices offer several advantages as follows [20, 51]. 

(1) lower operating voltages and/or increased operating speeds due to the ability 

to use thinner tunnel oxides without sacrificing non-volatility.   

(2) enhancement of retention time since the use small dot increases quantum 

confinement effects and energy quantization.  

(3) less degradation of device performance because of reduced hot carrier effects 

[52]. 

(4) more cost effective since the fabrication process is simpler than that of 

conventional floating gate NVM's [51].  
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(5) better punchthrough characteristics due to the absence of drain to floating 

gate coupling and from drain-induced-barrier-lowering (DIBL).  

(6)  improved memory access time due to the use of a higher drain bias during 

the read operation.  

(7) excellent immunity to stress induced leakage current (SILC) and oxide 

defects due to the distributed nature of the charge storage in the dots.   
 
 

2.3.3 Process of Quantum Dot Fabrication  

In order to properly working memory devices, there are several 

requirements for prepare the quantum dots on dielectric materials. A first 

requirement is the density of dots which values should at least 1012 cm-2 [47] and 

the particle diameters of 5–6 nm and below are required. Second, in order to 

minimize the threshold distribution, good process control of dots is needed with 

regards to such as size and size distribution, inter-crystal interaction (lateral 

isolation), uniformity of crystal density. Third is that the fabrication process is 

simple and that it uses standard semiconductor equipment. 

Several fabrication of dots methods have been suggested, the most 

important of which are 1) precipitation methods using ion implantation and the 

deposition of Si-rich oxide layers [52], 2) aerosol deposition [53], and 3) direct 

growth.  
The precipitation methods use a high-energy implant step to implant Si 

[54] or Ge on the gate oxide layer [52]. Then, during a thermal anneal step, 

excess Si, or Ge atoms precipitate and form distinct Si or Ge quantum dots. This 
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method is very simple process. However, high temperature process, typically a 

30-min anneal at temperatures in over 1100 ºC, give severe problems such as the 

dopant diffusion in a CMOS process. A similar two step process starts with the 

deposition of a Si-rich oxide layer on Si substrate and then gates poly deposition 

as the dielectric stack of the memory transistor. After gate poly deposition, this is 

again a thermal step to precipitate the excess Si, using anneal conditions similar 

to the ones used in the ion implantation method.   

The aerosol deposition method is a three-step dots fabrication process. In 

Figure 2.6   Planar view of an aerosol nanocrystal monolayer. In this sample, the 
crystal size is 4–5 nm and particle density is 6 x 10-12. The 
crystallinity and spherical shape of the nanocrystals can be seen in 
the inset (from a different sample with 13 nm particles). Tight size 
control and good areal coverage are obtained [55]. 
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the first step, a silicon aerosol dot is generated by the pyrolysis of diluted silane 

at 950 ºC. Si dots initially form by homogeneous gas-phase nucleation and grow 

by vapor deposition and coagulation which is controlled by quenching the 

aerosol with an ultrahigh-purity nitrogen flow. Silane concentration, furnace 

temperature and silane residence time can all be tuned to optimize the 

characteristics of the nanocrystal aerosol [53]. Aerosols of spherical, single 

crystalline nanocrystals (Figure 2.6) and with well-controlled diameters as small 

as 3 nm have been demonstrated [55]. In the second step, a 1.5 - 2 nm high-

quality thermal oxide shell is grown on the particles at 1000°C. This insulating 

shell results in a good dot interface, and reduces lateral crystal-to-crystal 

conduction in the dot layer. Finally, in the third step, a layer of nanocrystals with 

particle densities as high as 1013 cm-2 is deposited on wafer. A temperature 

gradient of 200°C is used. Nanocrystals is deposited on top of a 4nm thermally 

grown ‘tunnel’ oxide, and covered with a 8nm chemical vapor deposited high 

temperature oxide, prior to poly-Si gate deposition. 

In the direct growth method, low-pressure chemical vapor deposition 

(LP-CVD) is used to deposit small amounts of poly-Si on top of the tunnel oxide 

[22]. Polysilicon islands form at nucleation sites, and grow in size as selective 

loss process on oxide layer. The deposition process is stopped before a 

continuous poly-Si layer is formed, resulting in hemisperically shaped Si islands.  
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In order to slow down the deposition process, low concentrations of 

silane (SiH4) are used, potentially diluted with nitrogen; deposition temperature 

and pressure are kept low as well (530 - 580 °C, and 0.1 - 0.2 Torr, respectively). 

The hemispherical nanocrystals have the average size of 8 nm and the density of 

1011 cm2. Distribution of dots size and density has a wide range by modifying 

deposition conditions and surface treatment steps. Subsequently, an in situ 

deposition of the gate SiO2 layer is processed. Before exposing to air, the sample 

is sintered at a higher temperature than 850 °C to improve the quality of 

nanocrystals as well as of the deposited SiO2. This oxidation step will result in a 

lower trap density at the dots-oxide interface, and will quench lateral particle-to-

particle conduction in the nanocrystal film. This also can be improved the 

nanocrystal size distribution. The direct growth process is probably the most 

promising one among the techniques that have been proposed [51]. 

 

2.3.4 Retention Time Verse Program/Erase Voltage 

Oxide tunneling current increases rapidly as the oxide thickness is 

reduced to below 35 Å, where the direct tunneling current mechanism dominates 

[52]. Oxide reliability (charge-to-breakdown) has been found to improve 

dramatically also, due to minimal oxide damage by direct tunneling [56]. These 

characteristics are very useful for fast write/erase speed and high endurance in 

flash memories. Most proposed quantum dots floating gate memories utilize a 
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very thin tunnel oxide to take advantage of these characteristics for the low 

voltage operation [17, 20, 47, 48, 49]; however, thinner oxides, especially in 

direct tunneling region, significantly increase the charge leakage due to direct 

tunneling current and dramatically shortens the data-retention time. In the direct 

tunneling region, retention time, τR, and program/erase time, τP/E, roughly follow 

the relation [57, 58]:   

                            )(/

/

exp~~ E

R

EP

EP

R

J
J ∆β

τ
τ                                          (2.10) 

where ∆E is barrier height of tunnel oxide and J P/E and JR are the program/erase 

current and the leakage current, respectively. This equation shows the tradeoff 

between the retention time and program voltage, which is brought about by 

tunneling oxide thickness considerations. 

  

2.3.5 Geometry of Quantum Dot Verse Retention Time  

The quantum confinement energy becomes significant as the dot size 

reduces to the nano-scale. Several groups recently reported the dependence of 

charge life in quantum dots on geometry and size [59 - 62]. Lager diameter dots 

have a smaller charge lifetime charges more electrons due to larger tunneling 

probability and less quantum confinement and, therefore, require more electrons.    

Figure 2.7 shows the dependence of program and erase time on dot size 

[59]. Quantum confinement effects dominate for below 5nm-diameter dots. The 

quantum dot electronic spectra shows the sensitive of the program voltage to 

changes in dot geometry. In addition, storing charges in different shape of dot 
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can result in retention time variations of several orders of magnitude from 11 

days for hemisphere shaped dots to 10 years for spherical dots [61].  

 

 

2.4 PURPOSE OF GERMANIUM QUANTUM DOT FLOATING GATE MEMORY AND 
HIGH –K GATE TUNNELING DIELECTRIC APPLICATIONS 

In quantum dot floating gate memories, the dots have been made of 

semiconductor materials, especially Si crystalline nanocrystal [20, 47, 48]. One 

 

 

 

 

 

 

 

Figure 2.7   Simulation data of the dependence of program and erase time on 
different dot size [59]. 
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group has also published results with the SiGe dots formed using a precipitation 

method involving Ge ion implantation in SiO2 and subsequent high temperature 

oxidation [52].  However, such a high thermal budget process is difficult to use 

in an integrated CMOS process because of difficult ion implant process and lacks 

of control of tunneling oxide thickness. Even though the process is complicated, 

using Ge dots as the floating gate instead of Si dots has the advantage of a better 

the long-term retention mode because the difference in band edges allow fewer 

stored electrons to leak out from dots by thermal excitation.  

The chemical potential of the Ge dot is arranged near the mid-gap of the 

Si channel as shown in figure 2.8 [58] in the retention mode. We propose direct 

Ge and SiGe dot growth using chemical vapor deposition on tunnel oxide to take 

the advantage of this improved retention time without the problems of a high 

thermal budget process. 

To achieve low voltage operation and fast write time in flash memory, a 

thin tunneling oxide is required; however, the necessary long retention time also 

depends on the tunneling oxide thickness. Therefore, a trade off exits between 

power, speed considerations and the charge retention time. One way to decrease 

oxide thickness without sacrificing the retention time is to replace the tunneling 

oxide with other equivalent thickness dielectrics. Recent efforts using alternate 

gate dielectric materials to replace silicon dioxide (SiO2) in standard 

complementary metal-oxide-semiconductor (CMOS) technology have focused 

on materials such as high-K gate dielectrics which provide a higher ε values for 

reduced leakage, improved resistance to boron diffusion, and better reliability  
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Figure 2.8    Schematic diagram of chemical potential of the Ge dot floating gate 
structure in (a) programming mode and (b) retention mode.  
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characteristics [63, 64, 65].  These characteristics applied to high-K dielectric 

based flash memory allow for thinner equivalent oxide thickness without 

sacrificing non-volatility. 

 

2.5 SUMMARY  

In this chapter, we have discussed the basic operation of conventional 

flash memory and quantum dot flash memory. The basic functional units of 

conventional floating gate memory and charge transfer mechanism have been 

discussed. Comparison studies of conventional and quantum dot flash memory 

structures are also provided. We have mentioned the limitations of conventional 

flash memory and the advantages of quantum dot flash including faster 

program/erase time, lower operation voltage, and cheaper device fabrication.  

In order to minimize the effect of tradeoffs between the retention time 

and program voltage/ time, we have proposed the development of Ge or SiGe 

quantum dot flash memory using direct growth technique, which can improve the 

retention time and are cost effective. We have also proposed using a high-K 

dielectric tunneling oxide to allow thinner oxide thickness without sacrificing 

non-volatility.   
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Chapter 3: Growth of Germanium Quantum Dots on Different 
Dielectric Substrates Grown by Chemical Vapor Deposition 

 

3.1 INTRODUCTION 

Germanium or silicon-germanium quantum dots embedded in an 

insulator have been studied extensively in recent years for their mesoscopic 

behavior. They have potential applications not only for silicon-based 

optoelectronic devices [66, 67] with highly efficient quantum light emission, but 

also for room temperature operation of single-electron transistor memories [68, 

69, 70].   

 In contrast to Si dots, Ge dots have only been realized by CVD on 

crystalline Si substrates [71, 72]. On insulators the fabrication of Ge dots is much 

more difficult because of the low evaporation temperature of Ge and difference 

in surface energy with respect to the oxide. Therefore, Ge dot formation was only 

reported in the high temperature regime using various methods like Ge ion 

implantation in SiO2 [73], RF magnetron [74, 75], DC sputter deposition on Si 

substrate, and oxidation of SiGe alloys with subsequent thermal annealing 

needed to crystallize the Ge [76, 77, 78]. This high temperature processes 

sometimes gives severe problems related to the dopant diffusion, which degrade 

the device operation performances.  
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The uniformity of size and spatial distribution of Ge dots is also 

important for technological applications [79]. Furthermore, the dielectric surface 

and interface will determine device performance with MOS gate dielectric 

equivalent thickness to 30nm and below [80]. It may be necessary to manipulate 

the gate dielectric by various means to meet technological demands. The 

oxynitridation of Si <100> and SiO2 with NO and N2O gas anneal processes has 

been used by several authors to achieve gate dielectrics (~30A) with excellent 

electrical properties [81, 82, 83]. 

 

3.2 TUNNELING DIELECTRIC MATERIALS  

Silicon dioxide has been used for more than 30 years as the primary gate-

dielectric materials in field effect devices and the SiO2 thickness is less than 4nm 

in current manufactured high-performance processors. As the SiO2 gate dielectric 

was thinned, new technological problems arose such as dopant (boron) 

penetration through ultrathin SiO2 layers and a large tunneling leakage current 

through ultrathin(<2 nm) gate oxides. To minimize these problems, several 

groups have searched for new materials for future gate dielectric application with 

better diffusion barrier properties and a higher dielectric constant [84, 85]. One 

material proposed to satisfy the requirements for an alternative gate dielectric is 

oxynitride which is a slight modification of pure SiO2 achieved by incorporating 

a small amount of nitrogen (i.e.,) [80, 81, 82, 85]. Since SiO2 is typically grown 

in pure O2, at high temperature, in either a furnace or a rapid thermal processor 
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(RTP), growing an oxynitride is achievable by substituting NH3, N2O, or NO gas 

for O2 and altering the recipe accordingly [83].         

Fig. 3.1 is a schematic summary of the process that occurs during silicon 

oxynitridation by the incorporation of nitrogen in to SiO2 films using a N2O, NO, 

and O2 conventional oxynitride process [86, 87, 88, 89, 90, 91]. This produces a 

nitrogen distribution in dielectric films. N2O rapidly decomposed in the gas 

phase to N2 and O, N2O →  N2 + O. The oxygen atoms then react further by two 

key reaction N2O + O → 2NO and N2O + O → N2 + O2. NO, the key 

oxynitriding agent is similar to O2 when it interacts with Si and SiO2 in that the 

dominant oxynitride growth mechanism involves NO diffusion through an 

SiOxNy overlayer, followed by a reaction with silicon at or near the SiOxNy/Si 

interface.   The nitrogen concentration is peaked near the Si/SiO2 interface, with 

NO, and N2O producing substantially higher nitrogen concentrations for a given 

thermal cycle. Only the reoxidation in O2 of an oxynitride film can the peak of 

the nitrogen profile to be displaced from the Si/SiO2 interface.  

There are two advantages of oxynitride film with two nitrogen-enhanced 

layers. First, nitrogen at or near the Si/SiO2 interface improves hot-electron 

immunity. Second, an even higher nitrogen concentration at the Si/polysislicon 

interface minimizes boron penetration from the heavily doped gate [87, 92, 93, 

94]. 
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Figure 3.1    Schematic diagram illustrating the chemistry associated with (a) NO-
grown films, (b)N2O-grown films, (c) NO and N2O annealing of SiO2 
films, (d) reoxidation of NO- or N2O grown film [22].  
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3.2 EXPERIMENT 

3.2.1 Dielectric Substrate Preparation  

In order to growth of Ge quantum dots on different dielectric substrate, 

sample preparation and Ge growth condition on dielectric substrates as below.    

Silicon<100> substrates were degreased and chemically cleaned prior to deposit 

on the insulator films using RTP using a standard RCA clean recipe of  SC1, HF 

dip, SC2, and another HF dip. Six types of insulator films were prepared for the 

substrate shown in Table 3.1. CVD Si3N4 films were deposited using SiH4 and 

 

Table 3.1 Summary of dielectric substrate preparation. 

 

Sample Source Gas Growth  Temperature Post anneal 

Si3N4 SiH4 + NH3 800ºC - 

SiO2 O2 950ºC - 

Oxynitride N2O 800ºC - 

NH3-annealed 
oxynitride N2O 800ºC NH3 ambient  at 

700ºC 

NH3-annealed 
nitride SiH4 + NH3 800ºC NH3 ambient at 

700ºC 

N2O-annealed 
nitride oxide SiH4 + NH3 800ºC N2O ambient  at 

950ºC 
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NH3 at 800ºC in a RTP-CVD system. In CVD, SiH4 reacts with NH3 on the Si 

substrate, forming Si3N4.  

             4 3 3 4 23SiH + 4NH Si N +12H→                                           (3.1) 

Thermal Si3N4 growth process uses only NH3 gas to form Si3N4. 

      3 3 4 23Si + 4NH Si N + 6H→                                                 (3.2) 

SiO2 and oxynitride were also thermally grown in the RTPCVD system in 

O2 and NO and N2O ambient atmospheres.  NH3 annealed oxynitride were 

formed by growing an oxynitride in NO and following this with a post deposition 

annealing in ambient NH3. N2O annealed nitrided oxide and NH3 annealed nitride 

were grown using Si3N4 in ambient NH3 (700~900ºC range) using RTP followed 

by high-pressure post deposition annealing in NH3 and O2 at different 

temperatures or only NH3.  The thickness of the insulators was around 2nm, as 

measured by an ellipsometer.  

 

.3.2 Growth Condition of Ge Quantum Dots 

The Ge dots were grown at temperature of 550ºC through 700ºC, at 50ºC 

intervals, and the growth time was varied from 2 minutes to 4 minutes in a ultra 

high vacuum (UHV) CVD chamber (base pressure of about 3x10-10 Torr) using 

high purity GeH4 gas. Figure 3.2 shows the UHVCVD. The chamber pressure 

during growth was 4 mTorr. After nucleuses were formed, the samples were 

annealed in situ in high vacuum between 0 to 15 minutes at temperatures ranging 

from 550ºC to 700ºC.  This post thermal treatment turns leads small nuclei into 

relatively larger dots. 
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Figure 3.2 Schematic diagram of UHV CVD system  
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These samples were studied with atomic force microscopy (AFM), Auger 

electron spectroscopy (AES), and Angle resolved X-ray Photoelectron 

Spectroscopy (ARXPS) to find the uniformity and size distribution of dots.  

 

3.4. RESULTS AND DISCUSSION   

 3.4.1 AFM Results    

Figure 3.3 shows the final surface morphologies of the various Si-based 

dielectric substrates after the growth of Ge dots at 550ºC for 2 minutes and a in 

situ anneal for 5 minutes under high vacuum. The surface roughness of dielectric 

substrates before growing Ge dots is less than 1nm, as measured by AFM.  

Smooth surface regions (RMS roughness <1nm) indicate dielectric substrates 

without dots; however, the rough surface morphologies indicate the existence of 

a Ge nuclei distribution. On Si3N4, SiO2, oxynitride (N2O silicon oxide), NH3-

annealed oxynitride, and NH3-annealed nitride (Si3N4) no well-defined dots were 

observed and the surface roughness was less than 1nm. On the N2O-annealed 

nitride oxide well-defined dots, approximately 3nm in height were found, as 

shown in figure 3.3 (f). The existence of these dots was confirmed by FE-SEM, 

as shown in Fig. 3.4.  This clearly shows a dependence on the insulator substrate 

used for growth.  In case of selective Si epitaxy by CVD on SiO2, surface defect 

sites, such as Si dangling bonds, Si-H bonds, and Si-OH bonds, are believed to 

play an important role as nucleation sites. The number of those sites is related to 

the composition of the gas ambient above the dielectric surface [95].  From      
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Figure 3.3    AFM scan images (1 µm x 1µm) showing the effect of various 
silicon oxide substrates on Ge dot formation. (a) Si3N4,  (b) SiO2, 
(c) oxynitride, (d) NH3-annealed oxynitride, (e) NH3-annealed 
nitride, (f) N2O-annealed nitrided oxide. The vertical scale of the 
image is 5nm, with white representing the highest point and black 
the lowest point in the images.   

(a) Si3N4  

(d) NH3-annealed oxynitride 

(c) Oxynitride 

(e) NH3-annealed 
nitride

(f) N2O-annealed nitrided oxide 

(b) SiO2 
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experiments by Fitch [96], higher Si nuclei density values were observed on 

Si3N4 surfaces compared with SiO2 surfaces. This was attributed to the fact that 

Si3N4 has a higher density of chemical bonds on its surface and to chemical 

differences between the two materials.  

 

 

 

 

 

 

 

 

Figure 3.4.    FE-SEM image showing Ge dots which formed on N2O-
annealed nitrided oxide at 550ºC, 2 minutes with GeH4 gas flow 
and in situ annealing time of 5 minutes.  



   40

 
 

3.4.2 Material Characterization of Various Dielectrics   

In order to investigate the influence of the atomic nitrogen concentration 

in the dielectric substrates used in this paper, AES studies were performed, 

before the growth of the Ge dots. In figure 3.5, the height of Ge dot vs. atomic 

nitrogen concentration in the dielectric substrates is shown. As the stoichiometry 

 

 

 

 

 

 

 

 

Figure 3.5     Nitrogen concentration in various dielectric substrates versus 
height of Ge dots. 
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of the dielectric substrates is known to vary within the layers [23] we have to 

focus on the surface of the dielectric layers, as this is where the nucleation of the 

Ge dots takes place. The most pronounced Ge dots with a height of about 3 nm 

are formed only on N2O-annealed nitrided oxide. Other substrates with a similar 

or even higher nitrogen content show, however, no Ge dot formation with 

heights below 1nm. From the AES data, it is therefore clear that there is no direct 

correlation between the nitrogen concentration of dielectric substrates and Ge dot 

formation.   

In order to find more details of the surface chemical properties besides 

the nitrogen content of the dielectrics, we carried out surface analysis of thin 

dielectric films (around 3nm) using X-ray photoelectron spectroscopy (XPS). 

Figure 3.6 shows Si 2p spectra from films of (a) Si3N4, (b) N2O-annealed nitrided 

oxide, (c) NH3-annealed oxynitride, and (d) oxynitride at a 15-degree take-off 

angle. The XPS-spectra in figure 3.6 consist of two separated binding energy 

regions. One appears at 99.6eV and corresponds to the Si–Si bonding, while the 

second is located at higher binding energies (103.1eV ~ 104.2eV). The chemical 

shift of peaks is associated with the local bonding structure of amorphous 

dielectric films. Using a basis of charge transfer model for the amorphous silicon 

oxide and nitride, we analyzed the spectrum in order to reveal top surface 

properties of various films. The Si 2p chemical shift of stoichiometric silicon 

oxide is about 4 eV, and the value for the silicon nitride is about 2.5 eV [97].  

From the spectrum (a), we can easily find that the surface consists mainly of a 

silicon nitride phase with small amount of the silicon oxide phase, after 
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deconvolution of the peak. After a similar analysis of the peaks in the spectra (c), 

and (d), we can consider those surfaces to consist of thin silicon oxide films. The 

chemical shift of spectrum (b), however, is different from those of silicon nitride 

and silicon oxide. This means that the local bonding structure of this film is 

distinguished from the ones of pure stoichiometric silicon nitride and silicon 

oxide films. This fact will also change the electronic structure of the surface, 

especially considering the high temperature in our CVD process, and defect 

states such as dangling bond can occur in the N2O-annealed nitrided oxide film.  

 

 

 

 

 

 

 

 

Figure 3.6     XPS Si 2P spectra taken from films of (a) Si3N4, (b) N2O-annealed 
nitrided oxide, (c) NH3-annealed oxynitride, and (d) oxynitride at 
15-degree take-off angle. 
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Figure 3.7 shows the schematic diagram of the chemistry associated with 

NH3 and N2O annealing of Si3N4. Such phenomena are well documented: in high 

temperature treatment (above 900ºC), the silicon nitride film is oxidized on the 

 

 

 

 

 

 

 

 

 

 

Figure 3.7    Schematic diagram showing chemistry associated with NH3 and N2O 
annealing of Si3N4.  
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surface through dissociative decomposition of N2O [98]. During this N2O 

treatment, the surface N atoms, which were bonded to the Si, are dissociated and 

partially substituted by oxygen. This partial substitution by oxygen atoms may 

generate large numbers of surface dangling bonds. As dangling bonds on the 

surface act as Ge nucleation sites, a large number of dielectric surface defect 

sites is available for Ge nucleation on the N2O-annealed nitrided oxide film and 

this could explain the observed effects.  

 

3.4.3 Growth and Formation of Dots on Various Dielectrics  

    In order to investigate the kinetics of the dot formation and growth, 

temperature-dependent studies have been performed. Figure 3.8 (a) – (b) show 

the mean Ge dot density and the root-mean-square (RMS) roughness of the 

surface for the SiO2 and the N2O-annealed nitrided oxide sample grown at 

temperatures of 550ºC through 700ºC (50ºC intervals) for 2 minutes and in situ 

anneal for 5 minutes. There is no dot formation on SiO2 anywhere in the 

temperatures range. In contrast to SiO2, Ge dots are observed on the nitrided-

oxide layer and the density as well as the height reduces as a function of 

temperature. This effect can be attributed to the enhanced evaporation of Ge at 

elevated temperatures. This presents dots from forming at higher temperatures or 

cause dots to evaporate during in situ annealing.  
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Figure 3.8   (a) Density (b) height of Ge dots on the surface of SiO2 and 
N2O-annealed nitrided oxide at different temperatures.  



   46

 
 

     The AFM images in Figure 3.9 (a), (b), (c) show the Ge dots on N2O-

annealed nitrided oxide at 550ºC, 600ºC, and 650ºC, respectively, for 2 minutes 

using GeH4. The size and density of Ge dot formation decreases as the 

temperature increases. This is caused by evaporation of elemental Ge and 

possibly GeOx or by the formation of a Ge surface layer, rather than dots at 

600ºC.  Figure 3.9 (c), however, shows that Ge dots are not formed at 650ºC. For 

identification of any Ge surface layer on N2O-annealed nitrided oxide, AES 

surface scans were performed after the Ge layer growth at 650ºC.  No Ge signal 

and surface layer was found at the expected energy as indicated by the arrow in 

figure 3.10 (a). The absence of a significant surface layer is confirmed by the 

TEM image in Figure 3.10 (b). This is evidence that the evaporation effect of Ge 

dots on N2O annealed nitrided oxide during deposition and in situ anneal is 

dominant over the surface migration of Ge atoms at 650ºC. At lower 

temperatures the evaporation of Ge is reduced and dots can be formed. 

The time dependence of the dot formation was also studied using an in 

situ anneal at 550ºC.  Figure 3.11 shows the density, the mean height as well as 

the diameter of the Ge dots after 2 min. of growth at 550ºC using GeH4 gas, 

followed by annealing in high vacuum for 0, 5,10 and 15 minutes, respectively. 

With increasing annealing time, the density as well as the diameter of the islands 

increases significantly, while the height decreases. The increase in diameter as 

well as the formation of new islands indicates the importance of surface 

migration under these conditions. During growth, a surface layer may have been 

formed allowing Ge atoms to migrate to the existing islands or build new islands  
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Figure 3.9     AFM scan image showing the effect of temperature on Ge dot 
formation on N2O annealed nitrided oxide at (a) 550ºC, (b) 600ºC, 
(c) 650ºC, 2 minutes with GeH4 gas flow. 
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Figure 3.10  (a) AES surface scans and (b) cross-sectional TEM of N2O-annealed 
nitrided oxide samples with GeH4 gas flow at 650ºC for 2 minutes 
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at other nucleation sites. At this temperature the surface migration is dominant 

over the evaporation effect. It is evident that the in situ anneal process in the 

UHV chamber is one method to control the Ge dot density and size on insulators. 

 

 

 

 

 

 

 

 

Figure 3.11   The height and mean diameter of Ge dots (left vertical scale) 
and number of dots (right vertical scale) as a function of in situ 
annealing times for Ge dot growth for 2 minutes at 550ºC for 
in situ annealing time of  (a) 0, (b) 5 minutes, (c) 10 minutes, 
and (d) 15 minutes 
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From the above, the growth mode of Ge dots on the N2O-annealed 

nitrided oxide is similar to the loss of selective epitaxial growth leading to Si 

island (Volmer-Weber nucleation) [99] deposition on SiO2 or Si3N4.  The growth 

of Ge dots on the N2O-annealed nitrided oxide is determined by the process of 

capturing the Ge atoms while migrating over the surface of N2O-annealed 

nitrided oxide. Therefore, the N2O anneal process is an important factor in Ge 

dot formation on dielectric substrates and Ge dots grown by CVD are dependent 

on deposition temperature and yield dots with a maximum height of less than 

4nm.  

 

3.5 SUMMARY  

In this work, we have achieved the direct growth of Ge dots on a 

dielectric substrate using CVD at low temperature. Germanium dots on N2O-

annealed nitrided oxide formed by CVD offer good possibility of fabricating 

single electron tunneling devices such as non-volatile memory devices at low 

temperatures. This is a more promising method for manufacturing Ge 

nanocrystals on a tunneling oxide than previous methods.    
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Chapter 4: Characterization of Initial Nucleation of Silicon 
Germanium Dots on SiO2 and HfO2 Substrates  

  

4.1 INTRODUCTION  
 

 In this study, we present a comparative study of the nucleation and 

growth of SiGe self-assembled quantum dots (SAQDs) fabricated using rapid 

thermal chemical vapor deposition (RTCVD) at low temperature (500-525ºC) on 

SiO2 and on the high-K dielectric, HfO2, both of which are suitable for tunneling 

oxides (3nm) in memory devices. SiGe dot parameters such as dot height, radius 

and density were compared for various Si2H6/GeH4 gas ratios and processing 

temperatures on different dielectric substrates.  

 

4.1.1 Nucleation and Growth   

         Figure 4.1 shows the classification of three basic earliest stage 

growth modes [100, 101]; (1) the layer-by-layer, or Frank-van de Merwe, that 

mode happens when atoms of deposition material are more strongly attracted to 

the substrate than themselves, (2) island, or Volmer-Weber, where the atoms in 

deposit are more strongly bound to each other than to the substrate, and  (3) 

Stranski-Krastanov (SK) growth mode, an intermediate case of island and layer 

mode, in which layers form first, and then switch to the island form. The first  
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Figure 4.1 Basic modes of thin film growth [100].  
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systematic explanation of these growth modes pointed out surface energies 

similar to earlier work on the adhesion and contact angles [101]. Figure 4.2 

shows schematically the simple quantitative mode of nucleation in comparison of 

surface energies during vapor deposition. In figure 4.2 (a), islands forms after a 

few layers due to the increase in γ*, interface energy, with increasing film 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2    Quantitative model of nucleation [101]. 
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thickness and island directly grows on the substrate cause of γA < γB + γ*, where 

γ is surface energy and A, B represent the deposition materials.  

 

4.1.2 Nucleation Barrier  

 Several possible models have been published to explain these nucleation 

modes and these generally concentrate on thermodynamics and atomistic 

nucleation. However, the nucleation at the surface is more complex and many 

kinetics processes can occur at both surfaces severely limiting these models. In 

the quantitative model, the concept of a nucleation barrier is available to adapt in 

both classical (macroscopic surface energy, thermodynamics) or in atomistic 

terms. Figure 4.3 shows schematic dependence of the free energy of nucleation 

and nucleation size [101]. From the base of the thermodynamic approach, the 

interaction between nucleation and growth stages is added to the atomicstic 

nucleation, including relations to nucleation time, substrate temperature, and 

surface diffusivity [100, 101].  
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4.2 EXPERIMENT  

4.2.1 Substrate Preparation   

The flash memory structure was fabricated on p-type (100) silicon wafers 

using LOCOS isolation with field oxide thickness of 360nm. After definition of 

 

 

 

 

 

 

 

 

Figure 4.3    Schematic dependence of the free energy of nucleation and 
nucleation size [101]. 
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the active area and pre-gate cleaning (a standard RCA clean and dilute HF etch), 

the wafers were immersed in a diluted HF solution to remove native oxide and 

loaded directly into the furnace or sputtering chamber for deposition of SiO2 or 

HfO2 dielectric films, respectively.  

The HfO2 was produced by first sputtering Hf metal and annealing. 

About a 4-5 nm thick Hf metal was first deposited by DC magnetron sputtering 

technique at a base pressure of ~10-7 Torr.  The Ar gas flow rate and the gas 

pressure were 20 sccm and 30 mTorr, respectively. The DC power was as low as 

200 W to reduce sputtering damage.  The sputtered Hf metal was annealed at 

600oC for 40 s in N2 and O2 atmosphere by using a rapid thermal process (RTP).  

Annealing the metallic Hf film resulted in 4.2 nm thick film. The 3.8 nm thick 

SiO2 films were thermally grown at 750oC for 5 minutes in an O2 atmosphere. 

 

4.2.2 Growth Condition of SiGe Dot 

On these dielectric film substrates, the SiGe dots were grown in a 

RTCVD chamber (base pressure of 7x10-7 Torr) using high purity GeH4 gas and 

Si2H6 at temperatures of 500ºC to 525ºC, at 5ºC intervals. Figure 4.4 shows the 

schematic diagram of RTP CVD. The growth time was varied from 60 s to 300 s. 

The chamber pressure during growth was 600 mTorr. Before the nuclei were 

formed, the samples were exposed to a Si2H6 or GeH4 for 10 to 20 seconds at a 

temperature of 520ºC.   
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These samples were studied with atomic force microscopy (AFM), field 

emission scanning electron microscopy (FE-SEM), Auger electron spectroscopy 

(AES) and X-ray diffraction (XRD) to characterize the SiGe dots and the 

concentration of Ge in SiGe dots and the films, respectively. This chapter 

focuses on the characterization of the self assembled quantum dots; the electric 

device results will be presented later.  

 

 

 

 

 

 

 

 

Figure 4.4 Top view of RTPCVD system 
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4.3 GROWTH OF SIGE DOT IN RTPCVD 

4.3.1 SiGe Dots on SiO2 and HfO2   

Figure 4.5 shows AFM images of self-assembled SiGe dots on (a) HfO2 

and (b) SiO2 grown at 510ºC and 525ºC, respectively, for 90 s with 0.75 gas ratio 

of GeH4 to Si2H6. The surface roughness of the dielectric substrates before 

growing SiGe dots is less than 1nm measured by AFM, as shown in figure 4.5 (c) 

HfO2 and figure 4.5(d) SiO2.  Smooth surface regions (RMS roughness <1nm) 

then indicate the dielectric substrates without dots, and the rough surface 

morphologies indicate the existence of SiGe dots.  

For an estimation of the incubation time, which is the time when the first 

stable SiGe dots form, figure 4.6 shows SEM images of dots deposited using 

various growth times, (a) 60 s (b) 90 s, (c) 120 s (d) 180 s, at 520ºC with 0.75 gas 

ratio of GeH4 to Si2H6 on SiO2 substrate. From figure 4.6 (a), the incubation 

times seem to be approximately between 60 s and 90 s. SiGe dots start 

coalescence into continuous films which is evident from the merging of the dots, 

changing the shape of the dots around 180 s. At low temperatures, adatoms that 

arrive on the substrate formed stick and are stationary because of the lack of 

sufficient thermal energy to cause desorption or diffusion. At high temperatures, 

the energy to desorb adatoms is large so that adatoms desorb from surface or 

diffuse to neighboring nuclei. 

Figure 4.7 shows TEM images of dots deposited using various growth 

temperatures,  (a) 520 ºC (b) 525 ºC for 120 s with 0.75 gas ratio of GeH4 to 

Si2H6 on SiO2 substrates.  



   59

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5    AFM scan images (1 µm x 1 µm) showing the self-assembled SiGe 
dots on (a) HfO2 and (b) SiO2 at 510ºC and 525ºC, respectively, for 
90 s with 0.75 gas ratio of GeH4 to Si2H6. The vertical scale of the 
image is 10nm, with white representing the highest point and black 
the lowest point in the images.   
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(c) (d)
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Figure 4.6    SEM images of dots deposited on the various growth times: (a) 60 
s, (b) 90 s, (c) 120 s, (d) 180 s at 520ºC with 0.75 gas ratio of GeH4 
to Si2H6 on SiO2 substrate.  
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Figure 4.7    TEM images of SiGe dots deposited using at  (a) 520 ºC for 
120 s with 0.75 gas ratio of GeH4 to Si2H6 on SiO2 
substrates.  

(a) 
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Figure 4.7   TEM images of SiGe dots deposited using at  (a) 525 ºC for 
120 s w th 0.75 gas ratio of GeH4 to Si2H6 on SiO2 
substrates.  

(b)
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4.3.2 Dependence of SiGe Dot Density on Time and Substrate Temperature 

 Figure 4.8 shows the dependence of SiGe dot density on time and 

substrate temperature at fixed gas ratio of GeH4 to Si2H6 on SiO2 and HfO2, 

respectively. The stable dot density increases approximately linearly with 

deposition time and then saturates at around 1011 cm-2 depending on substrate 

and process temperature. These values agree with nucleus saturation densities of 

109 – 1012 cm-2 reported in the literature for various conditions [102, 103]. The 

dot density decreases due to dot coalescence for longer time. The nuclei density 

data show that there is weak dependence on the substrate temperature. It is well-

known that the nucleation rate depends on how many nuclei of critical size form 

on a substrate and that these nuclei can grow through direct impingement of 

atoms from the gas phase [102]. However the rate of growth of the critical nuclei 

depends on the rate at which impinging adatoms attach to it.  The reason for the 

different trends in dot density at different temperatures is that the Si and Ge 

adsorption rate on the surface for the same total reactant flow rate is a more 

dominant factor than the surface condition of the substrate in the temperature 

range from the 515ºC to 525ºC.   

Table 4.1 shows the summary of dot parameters grown at various 

temperatures with a fixed GeH4 and Si2H6 gas ratio on SiO2 and HfO2 substrates 

and analyzed by AFM. The maximum height, radius and density of the dots are 

observed at 515ºC and 520ºC on HfO2 and SiO2 substrates, respectively. On a 

SiO2 substrate, the radius of a typical dot is a maximum at 515ºC due to the 

wetting layer on the surface and low density of dots at low temperatures. The  
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Figure 4.8   Dependence of density of dots on time and substrate temperature. 
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Table 4.1     (a) Height and (b) average radius of SiGe dots on SiO2 and HfO2 
substrates versus temperature.  

 
510ºC 515ºC 520ºC 525ºC Dot 

parameter HfO2 SiO2 HfO2 SiO2 HfO2 SiO2 HfO2 SiO2 

Density 

(µm-2) 415 70 1024 210 792 946 694 371 

Diameter 

(nm) 
6.4 5 5.3 19 8 16.8 7.2 7.8 

Average 

Height 

(nm) 

3.8 3.5 4.2 3.5 4.0 3.8 3.85 3.5 

Average 

Shape 

(Height 

/radius) 

0.55 0.7 0.8 0.18 0.5 0.22 0.53 0.45 
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average shape (defined here as height-to-radius ratio) increases as the 

temperature increases, meaning the dots show faster vertical growth with 

increased temperature. The SiO2 substrate changes the average shape from a ratio 

of 0.18 to 0.45 as temperature increases. In contrast, the HfO2 substrate changes 

in average shape from 0.8 to 0.55.  The change in average shape at different 

temperatures indicates that the SiGe dot shape is affected by the SiGe growth 

temperature, but is independent of whether the substrate is SiO2 or HfO2. 

However, a transition temperature for height and density of these quantum dots 

was obtained on SiO2 and HfO2 surfaces at 520ºC and 515ºC, respectively.  

 

4.3.3. Influence of the GeH4 Partial Pressure on SiGe Dot Growth 

To determine the influence of the GeH4 partial pressure on SiGe dot 

nucleation growth was studied at fixed total gas flow before the coalescence of 

dots occurred. Figure 4.9 shows the summary of the SiGe dot density deposited 

on SiO2 and HfO2 substrates at a temperature of 520ºC and 510ºC versus gas 

ratio of GeH4 to Si2H6. The influence of GeH4 partial pressure on the SiGe dot 

density and maximum density of dots are similar irrespective of whether the 

nucleation takes place on a SiO2 or HfO2 substrate. SiGe dots did not form when 

only GeH4 or Si2H6 gas was flowed. SiGe dots density increases as the gas flow 

ratio of GeH4 to Si2H6 increases. However, at a gas flow ratio of GeH4 to Si2H6 of 

0.75, a maximum dot density is observed on SiO2 and HfO2 substrates. For the 

gas ratios between 0.75 and 1, the SiGe dot density decreases with an increased 
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GeH4 to Si2H6 gas ratio. It is found that the activation energy of SiGe dot on SiO2 

and HfO2 substrate in this temperature range is related to the gas flow ratio [104, 

105].    

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9   Summary of the SiGe dot density deposited on SiO2 and HfO2 
substrates at fixed temperature versus gas ratio of GeH4 to Si2H6.  
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4.3.4. Early Stages of Si and Ge Reaction on SiO2 Substrate  

In order to study the early stages of Si and Ge reaction on the SiO2 

substrate, we tested a pretreatment process; Si2H4 or GeH4 alone was flowed 

before the mixture of Si2H6 and GeH4 gases. Figure 4.10 shows an AFM image 

of SiGe dots that were grown for 90 s with 0.75 gas ratio of flow ratio of GeH4 to 

Si2H6 after a 20 s pretreatment of (a) Si2H6 or (b) GeH4 at 525ºC, respectively. 

The SiGe dot density was 3.5 times higher when using Si2H6 pretreatment than 

without pretreatment and small dots was obtained. With GeH4 pretreatment, the 

density of SiGe dot decreased and the size of dot increased compared to without 

the pretreatment step.  

Using Auger electron spectroscopy, the germanium concentration of SiGe 

quantum dots on the tunneling dielectrics has been tested. From comparing Ge 

concentration for 10 s and 20 s pretreatment of Si2H6, Ge concentration of the 

dots for a 20 s Si2H6 pretreatment sample is approximately twice that in a 10 s 

Si2H6 pretreatment sample, as shown in figure 4.11. However, the Ge 

concentration and the density of the dot is shown to be independent of the 

duration of the GeH4 pretreatment step before flow of the Si2H6 and GeH4 

mixture gas.  Furthermore, the density of dots with GeH4 gas pretreatment is 

lower than without gas pretreatment.   

From experiments by Classsen [106] and Fitch [96], initial Si nucleation 

and growth on dielectric substrate such as SiO2 and Si3N4 is mainly determined 

by hydrogen adsorption and O-H bonds that block adsorption sites for Si atoms.  
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The most likely mechanism involved in SiGe growth on the Si surface has been 

described by Malik [104] by following the reaction:  

 

)()(*)(

)(2)()(2*2)(

44

32 6

sGesGeHgGeH

sSisnGesSiHgHSi

→→+

→+→+
 

where * is the vacant sit of on the surface and n is a constant. Since the Ge-H 

bond is a weaker bond than Si-H, passivated H on Ge atoms at the substrate 

 

 

 

 

 

 

 

Figure 4.10    AFM image of SiGe dots grown for 90 s with 0.75 gas ratio of GeH4 
to Si2H6 after 20s pretreatment step with different gases, (a) Si2H6 or 
(b) GeH4 at 525ºC, respectively 
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surface [107] is thermodynamically more likely to dissociate, and Ge surface 

atoms serve as doubly occupied dimers to recombine with surface H atoms [108].  

Ge atoms are perhaps the main desorption sites of H, hence the adsorbed species 

migrate to the Ge sites [109]. Therefore, the effect of GeH4 pretreatment is that 

Ge atoms easily generate the vacant sites due to the weaker bond between Ge 

and H. Most of the vacant sites are terminated by Ge atoms. The enhancement of 

dot density with Si2H6 pretreatment can be explained by the accelerated 

adsorption rate of Si atoms on the substrate during Si2H6 pretreatment. From 

figures 4.9 and 4.11, it is found that impinging Si atoms on a surface-limited site 

with Si2H4 gas pretreatment and then impinging Ge on the Si nucleus can cause 

nucleation growth. However, Ge could not make critical nucleation size during 

the GeH4 gas pretreatment, which reduces the surface limited sites so that Si 

atoms after the Ge burst nucleate at limited sites. The dot density is reduced and 

dot size increases due to sufficient Ge sources. More Ge atoms are incorporated 

into the growing SiGe dots because of the higher reactivity of Si2H6. The Si2H6 

gas has a higher decomposition rate than GeH4 at low temperatures below 600ºC, 

which leads to the low concentration of Ge and higher incorporation rate of Si 

atoms. Si2H6 and GeH4 can be decomposed in the temperature range of 480ºC 

~545ºC, and in this range the Ge fraction in the film is mainly determined by 

GeH4 partial pressure and stabilized in a fixed gas flow rate of germane to total 

reactant gas. The growth of quantum dots is then determined by Si and Ge rate 

arrival, be it via direct impingement or by surface diffusion, to an existing dot. 

Where the atom attaches to existing dots determines the dot shape, and the 
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location of attachment in turn depends upon the pressure and temperature range 

of the process. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11  Comparison of Ge content in the SiGe dot versus the density of dots 
after 10 s and 20 s pre-treatment of Si2H6, and GeH4, respectively.  
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4.4 SUMMARY  
 

In this study, we present a comparative study of the nucleation and 

growth of SiGe quantum dots on SiO2 and on a high-K dielectric, HfO2, which 

are suitable for tunneling oxides (3nm) in flash memory devices fabricated using 

RTCVD at low temperature (500ºC -525ºC). SiGe dot parameters such as dot 

height, radius and density were compared for different Si2H6/GeH4 gas ratios, 

processing temperatures, and times on different dielectric substrates. We found 

that the size and rate of the formation of the critical nuclei depend upon the Si 

reactant concentrations. The Ge reactant concentrations affect the height and size 

of the dots as impinging Ge atoms attach to critical Si nuclei. As the ratio of 

Si2H6 to GeH4 decreases, the height of nuclei and the concentration of Ge in dots 

increase. We have also demonstrated that the SiGe dot shape is affected by the 

SiGe growth temperature, but is independent of whether the substrate is SiO2 or 

HfO2. It was also found that the Ge atoms were the main desorption sites of H 

from the substrate, creating sites presumably involved in the adsorption and 

decomposition of Si2H6 because of the weaker bond between Ge and H. Hence 

the Si species migrate to the Ge sites. The Si2H6 pre-treatment process is a useful 

method to increase density of dots for nanoelectronic device fabrication.    
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Chapter 5: Reduction of Charge Transport Characteristics of 
SiGe dot Floating Gate Memory Device with ZrO2 Tunneling 

Oxide 

5.1 INTRODUCTION 

Embedding silicon or silicon geranium (SiGe) dots in an insulator 

structure to act as a floating gate has been proposed for nonvolatile memory 

devices [20, 21, 22]. In the case of a conventional flash electrically erasable and 

programmable read-only memory (EEPROM), the cells cannot easily be scaled 

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

the charge retention time which is the most important for non-volatile memory 

devices. The non-volatile charge retention time using embedded SiGe dots in an 

insulator can be significantly improved due to the Coulomb blockade effect, 

confinement effects [21], and the reduction of charge leakage from weak spots in 

the tunneling oxide [21].  

Recent efforts using on alternate gate dielectric materials to replace 

silicon dioxide (SiO2) in standard complementary metal-oxide-semiconductor 

(CMOS) technology have been focused on materials such as high-K gate 

dielectrics which provide a thicker layer for reduced leakage, improved 

resistance to boron diffusion, and better reliability characteristics [26, 27, 28]. 

For SiGe dots embedded in a high-K dielectric, the electrostatic energy is much 

lower due to the difference in the static dielectric constant of SiO2 and high–K 

dielectrics such as zirconium oxide (ZrO2).  
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In this chapter, we will present the charge retention characteristics of 

SiGe nanocrystals embedded in ZrO2, high-K gate dielectric, using a tantalum 

nitride (TaN) control gate material. We will then compare the charge storage 

characteristics of SiGe dots embedded in the different gate dielectrics (ZrO2 and 

SiO2).  

5.2 EXPERIMENTAL 

5.2.1 Process Sequence   

Four types of samples, with different dielectric thickness and gate 

materials were prepared as shown in Table 5.1. SiGe quantum dots (QDs) metal-

 Tunneling oxide SiGe QDs Control oxide Gate 

SiO2  (3.9nm) No SiO2  (12.8nm) N+ Poly Si 

ZrO2  (4.1nm) No ZrO2 (12.2nm) TaN 

 
ZrO2  (4.0nm) 

 
Yes ZrO2 (12.6nm) TaN 

SiO2  (3.8nm) Yes SiO2  (12.5nm) N+ Poly Si 

 

Table 1. Summary of sample preparation 
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insulator-semiconductor (MIS) capacitors were fabricated on p-type (100) silicon 

wafers using LOCOS isolation with field oxide thickness of 360nm. After 

definition of the active area and pre-gate cleaning (a standard RCA clean and 

dilute HF etch), 3.8nm ZrO2 film was deposited. Before the deposition of ZrO2, a 

700ºC, 10 second NH3 anneal was performed to minimizes the reaction between 

Si and ZrO2 and reduce the ZrO2/Si interface traps. The ZrO2 film was deposited 

by rapid thermal chemical vapor deposition (RTCVD) at 500ºC, followed by a 

50 Torr nitrogen anneal at 700~900ºC to stabilize the ZrO2 film. Zirconium 

tertiary-butoxide (C16H36O4Zr) is used as the Zr precursor and silane (SiH4) as 

the silicon source for the formation of zirconium silicate (ZrxSiyOz). For 

comparison, devices with ~ 4nm thick, thermally grown SiO2 tunneling oxide 

were also fabricated. Due to the difference of surface state densities of ZrO2 and 

SiO2, SiGe QDs were self-assembled at ~480ºC and 520ºC for 5 minute and 80 

seconds using high purity GeH4 and Si2H6 gas in a rapid thermal CVD system on 

ZrO2 and SiO2, respectively. Subsequently, ZrO2 or SiO2 control oxide was 

deposited in the CVD system. The deposited thickness of the ZrO2 and SiO2 

control oxide was 12nm. Two control samples without SiGe dots were also 

fabricated. Finally, gate electrodes were formed by sputtered TaN and n+ poly-

silicon for the ZrO2 and SiO2 MIS devices respectively.  (Figure 5. 1)  
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Figure 5.1 Process sequence of SiGe floating gate MIS structure    
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5.2.2 SiGe dots on ZrO2 Tunneling Oxide  

Figure 5.2 shows atomic force microscope (AFM) images of self-

assembled SiGe QDs on ZrO2 and SiO2. The surface roughness of the dielectric 

substrates before growing SiGe dots in each case is less than 1nm, as measured 

by AFM.  After growth of the SiGe dots, smooth surface regions (RMS 

roughness <1nm) would represent the dielectric substrates without dots; so, 

rougher surface morphologies indicate the existence of SiGe QDs. The SiGe-

QDs have an average size of ~6nm and a density of ~2 x1011 cm-2. Using Auger 

 

 

 

 

 

 

Figure 5. 2  AFM image (1 µm x 1µm) of self-assembled SiGe-QDs on (a) 
ZrO2 and (b) SiO2. The vertical scale of the image is 10nm, with 
white representing the highest point and black the lowest point in 
the images.   

(a) (b) 
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electron spectroscopy, the germanium concentration of continuous SiGe layers 

grown under similar conditions to the quantum dots on the tunneling dielectrics 

has been estimated. A contour plot, as shown in figure 5.3, was generated, using 

multivariate regression to fit polynomials to the growth data. From this map we 

estimate the Ge concentration in the SiGe dots to be 16%.  

 

 

 

 

 

 

 

Figure 5.3   Contour plot of Ge concentration in SiGe quantum dots vs. process 
conditions. 
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5.3 RESULTS AND DISCUSSION  

5.3.1 High Frequency Capacitance Measurement in SiGe Floating Gate 
Devices   

From the high frequency capacitance voltage (HF-CV) characteristics in 

the accumulation region of structures with and without SiGe dots, shown in 

figure 5.4, we confirm that the total equivalent oxide thickness (EOT) is about 

 

 

 

 

 

 

 

 

Figure 5. 4   High frequency C-V characteristics of ZrO2/ SiGe QDs/ZrO2/TaN. A 
larger shift is observed for the SiGe QD-device. 
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6nm and 18nm for the ZrO2 and SiO2 films, respectively [110]. The HFCV 

measurements were started in inversion both with and without illumination of the 

capacitor. When the voltage is swept from accumulation to inversion, the Si 

substrate goes into deep depletion and hence there are few electrons to fill the 

SiGe dots which results in a smaller hysteresis. Increased hysteresis values are 

obtained under illumination. The gate voltage is swept from inversion to 

accumulation to obtain the forward HFCV characteristics and from accumulation 

back to inversion for the reverse HFCV-characteristics. For the samples without 

SiGe dots, the reverse CV curve overlaps the forward CV curve and the 

hysteresis is 70mV (figure 5.4). A clearer hysteresis between subsequent forward 

and backward CV curves can be observed for the samples containing SiGe dots. 

This hysteresis is due to the SiGe dots where a small number of electrons/holes 

are stored.  

 

5.3.2 Flat Band Voltage Shift and Program Voltage  

The shift of the flat band voltages (∆VFB) after applying a programming 

voltage is shown in figure 5. 5 for the various SiGe dot MIS structures. Without 

dots, a flat band shift of 0.07V in ZrO2 samples has been observed. This can be 

attributed to charging of interface states between the tunneling oxide and the 

control oxide or Si substrate/ ZrO2. In case of ZrO2/SiGe dot/ZrO2/TaN structure, 

the maximum flat band shift is 0.35V. This shift is already obtained at an applied 

voltage of 2V, which indicates an enhanced tunneling rate for ZrO2 compared to 

SiO2. This result clearly shows that a fast write/erase speed for a floating gate  
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memory cell can be achieved using ZrO2, high-K dielectrics instead of SiO2 for 

the same physical thickness. It is a well known phenomenon that in conventional 

floating gate memory cells, it is necessary to switch from Fowler-Nordheim 

tunneling to direct tunneling for program and erase in order to achieve low 

program and erase voltage operation [1].  In case of high-K dielectrics, however, 

the trend for ZrO2 oxide shows F-N tunneling behavior that is the primary 

conduction mechanism [111]. From this data, the low programming voltage in 

 

 

 

 

 

 

 

 

Figure 5.5   Change in flat band voltage in various samples as obtained from the 
hysteresis in the high frequency C-V.   
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case of the ZrO2 tunneling oxide devices can be explained by the height and the 

triangular shape of the potential barrier of ZrO2. The band gap of ZrO2 with NH3 

annealed interface is 5.9eV, which is lower than that of SiO2. The F-N tunneling 

current rate per unit area can be written in terms of voltage as follows; [112] 
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where µ is the chemical potential level, φ is the barrier height, d is the barrier 

thickness, V is the bias voltage and h is Planck's constant. From this equation, 

the tunneling rate, and therefore the number of electrons trapped in the SiGe 

dots, depends on the barrier height of tunneling oxide. At low programming 

voltages, the electrons tunnel through a triangular potential barrier in the case of 

ZrO2 rather than the trapezoidal potential barrier of SiO2, as shown in figure 5.6. 

Figure 5.6 shows the schematic band diagrams of SiGe dots in (a) ZrO2 memory 

and (b) SiO2 memory structure at flat band voltage and low program voltage 

below 5 V, respectively. Here, a schematic band diagram of the ZrO2 MIS 

including the interfacial Zr-silicide and SiOxNy layers between the Si-substrate 

and the ZrO2 tunneling oxide, as well as for SiO2 MIS, are shown at applied 

programming voltages below 5 V.  

The change in flat band voltage due to the number of electrons “n” per 

SiGe dot is given by following equation [22, 113]: 
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where tco is the control oxide thickness, D is the density of the SiGe dots, tdot is 

the diameter of a SiGe dot, ε is the dielectric permittivity, and q is the magnitude 

of the electron charge.  From this equation and the measured ∆VFB, the number 

of electrons trapped in the SiGe dots was estimated to be 6.3 x 1011 cm-2 for SiO2 

MOS and 3.17 x 1012 cm-2 for ZrO2 MIS. Since the SiGe dots are undoped, the 

number of free charges in the conduction or valence band of the dot is so small 

that the charge tunneling from dots can be neglected [114]. It can be concluded 

that between 3 and 8 electrons are stored in each SiGe dot.  
 

5.3.3 Discharge Characteristics of SiGe Dots 

The discharge characteristics of SiGe dot based ZrO2 MIS structures are 

shown in figure 5.7. The capacitance at the flat band point is monitored as a 

function of time after a program voltage of ±3V or ±5V respectively for ZrO2 

and SiO2 was applied for 10 seconds. The reference sample without dots showed 

no capacitance variation. By contrast, the capacitance value with SiGe dots 

return to the initial values before the programming. The capacitance value 

decreases over time after the application of a positive voltage due to the 

discharging of SiGe dots when electrons tunnel out of the dots. After a negative 

programming voltage is applied, the holes injected in the dots from the Si 

substrate result in an increase of the capacitance. The discharge of SiGe dots 

shows a logarithmic charge decay [114] indicating that the dots discharge by 

direct tunneling of the electrons through the ZrO2 tunneling oxide.  
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Figure 5.6   Schematic band diagram of SiGe dots in a (a) ZrO2 memory and (b) 
SiO2 memory structure at low program voltage below 5 V.    
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5.3.4. Charge Loss Rate  

Using the constant capacitance method at flatband conditions, the charge 

loss-rate was estimated. Figure 5.8 shows the results for the SiGe dots in ZrO2 as 

 

 

 

 

 

 

 

 

Figure 5. 7   Charge relaxation in the ZrO2/ SiGe QDs/ZrO2/TaN device. 
Recorded is the change of the high frequency capacitance as 
function of time at the flat band point after various applied 
voltages.  
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well as in SiO2 for various applied programming voltages. It is well known that 

the charge loss rate depends on the density of the interface states at the tunneling 

oxide/Si substrate interface [21]. For all voltages the charge loss rate of the ZrO2 

based structures is lower than the loss rate in the SiO2 based devices, and the 

lowest rate is 0.005V/decade.  

The retention time in a quantum dot memory device is strongly related to 

the shape [115] and size of the dots [116]. The electrostatic charging energy in a 

quantum dot when one electron is stored e2 / 2C, where C is the capacitance of 

the dot. The quantum confinement energy becomes important when the size of 

the dot shrinks to less then 5nm [116, 117]. A possible explanation for the 

observed effects is the assumption of a different charging effect due to the 

different dielectric constant of the surrounding environment (ZrO2) of the SiGe 

dots [117, 118]. A higher capacitance would lead to lower charging energy and 

thus higher barriers for escaping carriers. Another explanation could be the 

effects of in deep traps at the dot-ZrO2 interface. ZrO2 can react with Si and Ge 

resulting in silicide formation and this may form deep traps. Further, the band 

edge of the SiGe dots embedded in ZrO2 is lower than that of the SiO2 samples 

due to the existence of a thin Zr-silicide layer between ZrO2/SiGe dots. All of 

these effects would lead to improved retention characteristics and the precise 

mechanism is subject to ongoing experiments. 
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Figure 5.8   Charge loss rate (long-term retention) characteristics in SiGe-QDs-
based ZrO2 and SiO2 MIS devices after various applied voltages 

 

-5 -4 -3 3 4 5

0.005

0.010

0.015

0.020

0.025

0.030

0.035
 SiGe QDs based ZrO2 
 SiGe QDs based SiO2

 

 
Ch

ar
ge

 L
os

s R
at

e 
(V

/d
ec

ad
e)

 

Voltage (V)



   88

 
 

5.4 SUMMARY  

We have investigated the charge retention characteristics of SiGe dots 

embedded in a high-K dielectric (ZrO2) MIS memory structure. Using a ZrO2 

thin tunneling oxide and SiGe dots, a low write voltage can be achieved. The 

discharge of the SiGe dots was shown to be due to the direct tunneling of the 

electrons through the ZrO2 tunneling oxide. The charge loss rate of the ZrO2-

based SiGe dots is lower than the loss rate in the SiO2-based devices. We 

therefore conclude that SiGe dots with ZrO2 tunneling oxide devices have 

improved retention characteristics and a high potential for low-power DRAM 

replacement or further scaling of EEPROM cells. 
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Chapter 6: SiGe Quantum Dot Flash Memories  

6.1 INTRODUCTION 

Quantum dot memory operates at lower voltages compared to 

conventional flash memory because thinner tunneling dielectrics allow higher 

tunneling probabilities and because the spacing between the quantum dots 

suppresses the charge loss through lateral paths, achieving a longer charge 

retention time. Also using embedded SiGe dots [73, 118, 119] instead of Si dots 

in an insulator improves the non-volatile charge retention time due to smaller 

band gap and , therefore, higher confinement barrier [118].   

For low voltage operation and fast write time in flash memory, a thin 

tunneling oxide is required; however, the long retention time requirement also 

depends on the tunneling oxide thickness. Therefore, there is a trade off between 

power speed considerations and the charge retention time. These characteristics, 

applied to high-K dielectric, HfO2 based flash memory, allow for thinner 

equivalent oxide thickness without sacrificing non-volatility [120, 121].  

In this paper, we have developed a process for forming SiGe dots on 

HfO2 and SiO2 tunneling oxide and have fabricated SiGe dot floating gate 

memory with high-k dielectric, HfO2. We compare the program/erase time, 

endurance and charge retention characteristic of SiGe dots embedded in the 

different gate dielectrics (HfO2 and SiO2). Compared to conventional devices, 
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these high-K flash devices with SiGe quantum dots gates show lower voltage as 

well as increased charge retention time. 

 

6.2 DEVICE FABRICATION  

The SiGe quantum dot flash memory structure was fabricated on p-type 

(100) Si wafers using LOCOS isolation with field oxide thickness of 360nm. 

After definition of the active area and pre-gate cleaning (a standard RCA clean 

and dilute HF etch), prior to deposition of the SiO2 and HfO2 insulator films, the 

wafers were immersed in a diluted HF solution to remove native oxide and 

loaded directly into the furnace or sputtering chamber for deposition of SiO2 or 

HfO2 dielectric films, respectively.  

The HfO2 was produced by first sputtering Hf metal and annealing. 

About a 4.5 nm thick Hf metal was first deposited by DC magnetron sputtering 

technique at a base pressure of ~10-7 Torr.  The Ar gas flow rate and the gas 

pressure were 20 sccm and 30 mTorr, respectively. The DC power was as low as 

200 W to reduce sputtering damage.  The sputtered Hf metal was annealed at 

600oC for 40 s in a N2 and O2 atmosphere by using a rapid thermal anneal (RTA).  

Annealing the metallic Hf film resulted in 4.8 nm thick HfO2 film. For 

comparison, the 3.6 nm thick SiO2 films were thermally grown at 750oC for 5 

minutes in an O2 atmosphere. Due to the difference of surface state densities of 

HfO2 and SiO2, SiGe dots were self-assembled at ~510ºC and 520ºC for 120 

seconds using high purity GeH4 and Si2H6 gas with a 650 mTorr total chamber 
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pressure in a rapid thermal CVD system (base pressure of 7 x 10-7 Torr) on HfO2 

and SiO2, respectively.  

 

After SiGe dot formation, subsequently, HfO2 control oxide was 

produced by first sputtering Hf metal and annealing at 600oC for 40 s in a N2 

atmosphere by using a RTA.  Also SiO2 control oxide was deposited in a low-

Table 6.1      Summary of sample preparation. (Φdot  is the SiGe dot average size, 
σd is the SiGe dot distribution, Ndot is the SiGe density and   CGe is 
the Ge concentration in the SiGe dot.) 

 
 

Tunneling oxide Φdot             σd                      Ndot                CGe  
(nm)            (nm)           (/cm2)           (%) Control oxide 

SiO2  (3.6nm) ~ SiO2  (11 nm) 

HfO2  (4.8nm) ~ HfO2 (9.8nm) 

 
Hf O2  (4.8nm) 

 
 

Hf O2  (4.8nm) 
 

  7             >2             3·1011                   16 
 

  
 6             >2               1·1011                  8 

HfO2 (9.8nm) 
 
 

HfO2 (9.8nm) 

SiO2  (3.6nm)  6             >2               4·1011                  8 SiO2  (11nm) 
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pressure chemical vapor deposition (LPCVD) system. The physical thickness of 

the HfO2 and SiO2 control oxide was around 9 nm. Two controls sample without 

SiGe dots were also fabricated. After the deposition of control oxide, n+ poly-Si 

gate electrodes was deposited at 540ºC. The SiGe dots that remained after gate 

etch step outside the channel region were removed by a subsequent dry etch. The 

rest of the processes, such as gate, source and drain formation were the same as 

that for standard CMOS fabrication. Table 6.1 shows four types of samples and 

characteristics of SiGe dots for these experiments.    

Figure 6.1 shows transmission electron microscopy (TEM) and atomic 

force microscope (AFM) images of self-assembled SiGe dots on HfO2 and SiO2, 

respectively. The SiGe dots have an average size of 6 nm and a density of ~3 

x1011 cm-2. Using Auger electron spectroscopy (figure 6.2a) the Ge concentration 

of continuous SiGe layers grown on the tunneling dielectrics was estimated. A 

contour plot, as shown in figure 6.2b, was generated, using multivariate 

regression to fit polynomials to the growth data. From this map we estimate the 

Ge concentration in the SiGe dots used in our devices to be 16%. Table 6.1 

shows the characteristics of samples used in this experiment. The different Ge 

mole fractions in the SiGe dots were also used for retention time study.   
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Figure 6.1    AFM (1 µm x 1 µm, 10 nm of vertical scale of the image) and TEM 
images of self-assembled SiGe dots on SiO2 and HfO2. 

(b) SiO2 

(a) HfO2 
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Figure 6.2    (a) AES surface scans after SiGe dot growth and (b) a contour plot 
of Ge concentration in SiGe quantum dots. 
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6. 3 RESULTS AND DISCUSSION    

The drain current-gate voltage (Id-Vg) hysteresis characteristics of the 

SiGe dot memory with (a) HfO2 and (b) SiO2 are shown in Figure 6.3. Without 

SiGe dots, a threshold voltage shift of 0.007V in HfO2 and 0.0045V in SiO2 

tunneling oxide samples were observed at ±2.5 and ±8V program and erase 

voltage. The threshold voltage shifts without SiGe dots can be attributed to 

charging of interface states between the tunneling oxide and the control oxide or 

between the tunneling oxide and the Si substrate. The threshold voltage shift for 

the samples containing dots is 0.32V, showing a clear effect of the charge stored 

on SiGe dots at program and erase voltages of  ± 2.5 V with HfO2 tunneling 

oxide. This hysteresis is clearly due to the SiGe dots, not the interface traps.  

A comparison of the threshold shift for different tunnel oxides memory 

with SiGe dot and without dots is shown in figure 6.4. In case of memory devices 

with SiGe dots, the threshold voltage shift increases with programming gate 

voltage. However, a significant threshold voltage shift is not observed without 

SiGe dots with program/erase voltage. In case of HfO2 tunneling oxide with 

quantum dots, ~ 0.5 V threshold shift is already obtained at an applied voltage of 

2.5V, which indicates an enhanced tunneling rate compared to SiO2 tunneling 

oxide memory.  These results show that the high-K dielectric, such as ZrO2 or 

HfO2 instead of SiO2 tunneling oxide can achieve low program/erase voltage 

operation in quantum dot memory device, which agrees with well the previous 

data [119].  
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Figure 6.3    Drain current density versus applied gate voltage are compared for 
different memory structure   
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Figure 6.5 shows the program and erase transient characteristics of SiGe 

dots and HfO2 /SiO2 tunneling oxide with a voltage of ± 2.5V and  ± 4V. The 

 

 

 

 

 

 

 

 

 

 

Figure 6.4    Threshold voltages as a function of the writing voltage VCG are 
compared for different tunneling oxides.  
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data shows symmetrical program and erase characteristics and shows an increase 

in threshold voltage shift.  This transient characteristic indicates that the HfO2 

tunneling oxide with SiGe dots shows a faster trapping and detrapping 

mechanism at low voltages even though the physical tunneling oxide thickness is 

slightly thicker than that for SiO2 tunneling oxide memory. Direct tunneling for 

program and erase is necessary to achieve low program and erase voltage 

operation in a quantum dot floating gate memory [20]. However, the charge 

leakage due to direct tunneling at zero gate voltage reduces the data retention 

time, which is not attractive for floating gate memory. From published data 

[119], it is clear that the SiGe dot with HfO2 tunneling oxide can allow to a 

thinner equivalent oxide thickness without sacrificing non-volatility. In case of 

high-K (HfO2) dielectrics, the band gap of HfO2 is 5.68eV, which is lower than 

that of SiO2. The F-N tunneling current rate per unit area can be written in terms 

of voltage as follow [112]:  
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where µ the chemical potential level, φ is barrier height, d is barrier thickness, V 

is bias voltage and h is Planck's constant. From this equation, the tunneling rate, 

and therefore the number of electrons trapped in the SiGe dots, depends on the 

barrier height of tunneling oxide. The electrons tunnel through a triangular 
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potential barrier in case of the HfO2 compared to trapezoidal potential barrier for 

SiO2 at low programming voltages as shown in figure 6.6. Here, a schematic 

band diagram of the HfO2 tunneling dielectrics, as well as SiO2 tunneling oxide, 

are shown at applied low program voltages below 5 V. 

Figure 6.7 shows the cycling (endurance) characteristics of these flash 

memory devices up to 105 cycles. In case of SiGe dot with HfO2 tunneling oxide, 

VT remains unchanged after a slight initial degradation (threshold voltage shift) 

which seems to be due to higher charge trap generation and charge trapping at 

the HfO2 - Si substrate interface [120] than at the SiO2 - Si substrate interface. In 

contrast, a gradual threshold voltage shift to higher voltages is observed for the 

SiGe dots with HfO2 tunneling oxide, since electrons are captured and charges 

are built-up in the tunnel oxide during cycling.  

The retention characteristics of HfO2 and SiO2 tunneling dielectric memory and 

percentage of charge loss after an initial 2.5V and 5V programming are shown 

figure 8. The percentage charge loss versus time is given by the following 

expression [122]:   

 

               Percentage charge loss = 100
)0(
)(

1 ⋅
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where Vth(0) and Vth (t) are the threshold voltage before and after programming, 

and t is the time.  About 5 % charge loss reduction in threshold voltage shift was 
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Figure 6.5     Program and erase transient characteristics of HfO2 and SiO2 
tunneling dielectric memory at ± 2.2V and ± 4V. 
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Figure 6.6.   Schematic band diagram of SiGe dots in a (a) HfO2 memory and (b) 
SiO2 memory structure at low program voltage below 5 V. 
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was observed until 105 s, which is better or similar to the results for Si dot with 

SiO2 tunneling oxide memory [21, 55]. In the case of SiGe dots with SiO2 

tunneling oxide, about 14% charge loss reduction was observed, which indicates 

that the SiO2 tunneling dielectric layer is more leaky than HfO2 oxide at zero 

gate voltage. 

In order to investigate the effect of Ge mole fraction in quantum dots on 

the retention time, charge loss in percentage versus Ge concentration in SiGe 

dots with HfO2 tunneling oxide is shown in figure 6.9. Since the Fermi level of 

the SiGe dots is the above the mid-band gap of the Si channel in the retention 

mode, SiGe dots as the floating gate instead of Si dots have the advantage of 

better the retention time, based on simulation [58]. However, the charge loss rate 

from Si0.84Ge0.16 dots is worse than that from Si0.92Ge0.08 dots. This is inconsistent 

with our quantitative model. A possible explanation for this is the role of 

interface states between HfO2 and SiGe dots. A higher concentration of Ge in the 

Si0.84Ge0.16 dots would make unstable GeOx rather than SiOx in the region 

surrounding the SiGe dot.   Another explanation could be different dot sizes 

because the retention time in quantum dot memory device is strongly related to 

the size of dot [59].    
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Figure 6.7     Endurance characteristics of SiGe dot with HfO2 and SiO2 
tunneling dielectric memory. The applied pulse voltage are ± 2.5 V 
and ± 5V, respectively. 
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Figure 6. 8   (a) Retention characteristics of HfO2 memory after 105 
program/erase cycles at room temperature. VT remains unchanged, 
up to 105 s. (b) Percentage charge loss versus time (t) for different 
tunneling oxides.  
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6. 4 SUMMARY   

SiGe quantum dot floating gate non-volatile memory devices with high-

K, (HfO2) tunneling oxide and control oxide were fabricated. Using a thin HfO2 

thin tunneling oxide and SiGe dots, a low program/erase voltage can be achieved 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9      Percentage charge loss versus time (t) for different Ge 
concentrations in SiGe dot. 



   106

 
 

as well as good endurance and retention characteristics as compared to SiGe dots 

with SiO2 tunneling oxide memory. SiGe dots with HfO2 tunneling oxide 

memory devices have achieved low voltage operation without sacrificing 

retention and endurance characteristics and have a high potential for further 

scaling of flash EEPROM cells or low-power DRAM replacement. 
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Chapter 7: Conclusions and Future Work  

 

7.1 SUMMARY  

This dissertation explores and demonstrates new quantum dot nanocrystal 

memory devices as a possible alternative to conventional floating gate NVM 

devices. By allowing a further decrease in tunneling oxide thickness and using 

HfO2 tunneling oxide, which allows for a thicker physical oxide thickness than 

an equivalent SiO2 tunneling oxide and increasing non-volatility, a low 

program/erase voltage as well as good endurance and charge retention 

characteristics can be achieved. In particular, these devices promise to enable 

further scaling of floating gate memory devices.  

In the study, the research has focused on the development of Ge and SiGe 

quantum dots materials and deposition processes on the various tunneling oxides 

and on the integration of SiGe quantum dot-based storage layers into actual 

memory devices. Device results have been presented, demonstrating low-voltage 

operation for comparable threshold voltage windows, and operating speeds and 

retention behaviors that meet the long-term non-volatility requirements. Results 

also show the discharge behavior in terms of a logarithmic charge decay for 

high-K tunneling oxide and effects of charging voltage on charge retention 

characteristics.     
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7.2 SUGGESTION FOR FUTURE WORK 

The principal purpose of this work is to develop the necessary technology 

to fabricate high-speed, high-density, low voltage/power Si-Ge quantum dot 

flash electrically erasable and programmable read only memories (EEPROMs) 

with high-K dielectric tunneling oxide. In order to improve the device 

performance and reduce the threshold voltage variation, several future studies are 

recommended.  

• Optimization of Si-Ge dot size and shape distribution, inter-dot spacing 

(lateral isolation), uniformity of areal dot density, and dot doping (type and 

level) on SiO2, oxynitrides, and high-K dielectrics; determination of 

nucleation parameters by the study of hysteresis in C-V and I-V 

characteristics in MOS capacitors. 

• Fabrication of different Ge concentrations in SiGe quantum dot floating gate 

planar flash EEPROM with high-K dielectrics on Si to demonstrate the 

advantage in retention time provided by Ge incorporation in SiGe quantum 

dots. 

• Simulation studies of SiGe quantum dot floating gate planar flash EEPROM 

with high-K dielectrics for self-limiting program and erase operations via 

Coulomb blockade effects. 

• Fabrication and simulation of capacitive coupling between the external 

control gate and the SiGe dot charge storage layer. The optimization of the 

coupling ratio between the external control gate and the SiGe dot charge 
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layer to reduce the operating voltage and overcome the 

performance/reliability trade-off.  

• Fabrication and demonstration of SiGe quantum dot gate vertical flash 

EEPROM with Si-Ge-C channels for enhanced hot carrier injection with 

high-K dielectrics for self-limiting program and erase operations.  
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Appendix A: Device Process Sequence 

 

 
Step 

Name 
Process description Recipe 

0.1  Field Pre-Field-OX  Piranha Cleaning (8min) 

 Field oxidation Target (350nm): WETOX, 
950°C, 2hr 30min 

1.0  
ACTIVE Active Photo  

 HMDS #2  

 PR coating (RPM 3900)  

 Pre_bake (90°C, 1min)  

 Expose (15sec, 7.5mW, Filter in)  RET ID = Active 

 Develop (1min)  

 Post_bake (120°C, 1min, hot chuck)  (10min for hot chamber) 

 etch target (350nm) 

 WET, BOE (8min)  

 

Field Oxide Etch 
(check unpatterned field 
oxide water dropping) 

 PR-strip Piranha Cleaning (8min) 

Non-Stop Pre-GOX Clean RCA Cleaning 

process GATE Dielectric deposition Hf depo (20sec, Power 
20W, Ar 300)  

 Oxidation anneal  N2, 600°C, 1min 

 SiGe dot  515°C, Si/Ge=50%/100%, 
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H2=15%, 5min 

 LTO depo  4 inch LTO tube 510°C, 
2min30sec(target=120A) 

 Gate Si deposition  4 inch poly tube 540°C, 
2hr (target=200nm) 

2.0  
GATE Gate Photo Sample  

 HMDS #2 

 PR coating (RPM 3900)  

 Pre_bake (90°C, 1min)  

 Expose (15sec, 7.5mW, Filter in)  RET ID = Poly 

 Develop (1min)  

 Post_bake (120°C, 10min)  

 Check CD, inspection  

 Gate Photo run   

 HMDS #2 

 PR coating (RPM 3900)  

 Pre_bake (90°C, 1min)  

 Expose (15sec, 7.5mW, Filter in)  RET ID = Poly 

 Develop (1min)  

 Post_bake (120°C, 10min)  

 Check CD, inspection  

 Poly Etch RIE etch (check etch rate 
first)  

 process 1 (gas1) 1min  RF power =100W 
(set=333), P=50mT 

 process 2,3 (gas2,3) 2-3min  RF power =200W 
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(set=667), P=50mT 

 

 
 

Gas 1 (CF4 37.5%) 
Gas 2 (He set 35.2%) 
Gas 3( Cl2 24.8%) 

 

 Removing polymer & LTO  100:1 HF  1min 30sec 

 Remove SiGe dot  15 time rinse  

 HfO2 Etch  BOE (1min) 

 PR strip Acetone PR strip (Do not 
use Piranha) 

3.0 Ion 
implant  N+ implant  31P+, 5E15, 50KeV 

(Rp=60nm) 

Non-Stop Pre-anneal cleaning  40:1 HF dip  

Process Activation anneal  N2, 900°C, 30sec 

 Post-anneal cleaning  40:1 HF dip  

 Gate Poly Oxidation  850°C, N2, 60sec 

 LTO Target (150nm) 

  450°C, 26 min, Make 
dummy wafer 

4.0 
Contact Contact Photo  

 HMDS #2 

 PR coating (RPM 3900)  

 Pre_bake (90°C, 1min)  

 Expose (19sec, 7.5mW, Filter in)  RET ID = Poly 

 Develop (1min)  

 Post_bake (120°C, 10min)  
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 Check contact open  Check contact bottom 
open (two rings) 

 BOE (2-3min) 

 
Contact Etch  check dummy wafer & 

over etch 50% 

 PR Strip  Acetone  PR strip (Do not 
use Piranha) 

Non-Stop Contact cleaning  40:1 HF dip  

Process Metal deposition (Al)  (600nm, 12min) 

5.0 Metal  Metal Photo   

 HMDS #2 

 PR coating (RPM 3900)  

 Pre_bake (90°C, 1min)  

 Expose (15sec, 7.5mW, Filter in)  RET ID = Poly 

 Develop (1min)  

 Post_bake (120°C, 10min)  

 Check CD, inspection  

 Metal Etch  Wet etch ( 2min) 

 PR strip  Acetone!! 

 Sintering 400°C (30min) 

 Final inspection  
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