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Quantum Dot Channel Field-Effect Transistors and Non-Volatile Memories:

Fabrication and Simulation

Jun Kondo, Ph.D.

University of Connecticut, 2017

Quantum dot channel (QDC) and Quantum dot gate (QD&d effect
transistors (FETs) have been fabricated on crys¢a$i and poly Si thin films using
cladded Si and Ge quantum dots. In particular, thesis presents modeling and
fabrication of quantum dot channel field effechsestors (QDC-FETS)sing cladded
Ge quantum dotsn poly-Si thin films grown on silicon-on-insulat8Ol) substrates.
HfAIO2 high-k dielectric layers are used for the gatdedieic. QDC-FETs exhibit
multi-state 1-V characteristics which enable 24mibcessing, and reduce FET count
and power dissipation, and are expected to makgniisant impact on the digital
circuit design. Germanium quantum dot QDC-FETs gl@whigher electron mobility

than conventional polysilicon FETs, which is congide to crystalline silicon.

Quantum dot channel FETs are also configured adirfip gate quantum dot
nonvolatile memories (QDC-QDNVMSs). In NVMs, we umating gate comprising of
GeQ-Ge quantum dots. QD nonvolatile memories (QD-NVMsg fabricated on
crystalline silicon substrates. HfAIdigh-k insulator layers are used for both tunnel

gate oxide as well as control gate dielectric. QBWN@Ms not only provide significantly



higher drain currentpl but also higher threshold voltage shiif®/¢+), and exhibit

potential for fabricating multi-bit nonvolatile memes.
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CHAPTER 1

INTRODUCTION



1.1. Background of Metal-Oxide-Semiconductor Field-Effet Transistor
Germanium quantum dot QDC-FETs provide higHecteon mobility than

conventional polysilicon FETSs, which is comparatolerystalline silicon.

1.1.1.0verview

The 2011 International Technology Roadmap for iSenductors (ITRS) shows the
MOS-FET scaling process technologies from 20110&12n Figure 1.1. The first row shows
gate-stack materials using high-k dielectrics layée second row shows the methods used to
improve electron mobility. These methods deal \lith stress layer that causes tensile strain
in Si, use of high mobility channel such as Gela&hAs. The third row shows a wrap-around
gate fabricated on bulk Si wafer or silicon-on-ilasor (SOI) wafer to improve the gate control.
The fourth row shows the evolution of the wrapagateusing the silicon-on-insulator (SOI)

in partially depleted (PD) and fully depleted (Ré@nfigurations.
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Figure 1.1. 2011 The International Technology Raaglfior Semiconductors (ITRS) [1



1.1.2.High-k Dielectric Insulator

The high-k dielectric materials include tantalumidex (TaQs), aluminum oxide
(Al203), titanium oxide (TiQ), hafnium oxide (HfQ), and zirconium oxide (Zrg) for the gate
dielectric [3]. Among them, ADs; and HfQ have the dielectric constants of 9 and 25 [4], and
the band gaps of 8anhd 5.8 [4]. Because AD; and HfQ provide these complementary
characteristics, thesre combined to produce hafnium aluminum oxide (B2 which has a
relatively large dielectric constant [5]. The MOB8vites presented in this thesis use HfAIO
nanolaminate as high-k dielectric combinationagtayfor the gate dielectric of the QDC FETSs,

and the gate dielectric and the control dieledfithe QDC NVMs.

1.1.3.Wraparound Gate Insulator for QDC FETs

Quantum dot channel (QDC) field-effé@nsistors (FETs) with 1I-VI wraparound
gate insulators are presented Figure 1.2 [2]. Taerdl-VI lattice-matched layers which serve
as gate insulators to reduce the density of inter§sates [2]. Figure 1.2a shows the wraparound
~9nm QDC FET structure in the FInFET configuratidhis device has three layers of GeO
cladded Ge quantum dots for the transport charjeHere, ZnS-ZnMgS serves as a bottom
barrier layer, ZnMgSSe serves as a top insulat@rjaand ZnSSe serves as a side insulator
layer [2]. Figure 1.2b shows the cross sectionawat the center line of Figure 1.2a [2], and
a metal layer covers top and side insulator laj@fsFigure 1.2c shows another QDC FET
which has three layers of SiOx-cladded Si quantats for the transport channel [2]. The
guantum dots are self-assembled on a ZnMgS layahwib lattice-matched to the p-silicon
substrate [2]. Hf@forms the wraparound gate dielectric, and sergas@and side insulator

layers, and ZnMgS serves as a bottom insulator [2}€The use of such a wraparound lattice-



matched epitaxial ZnMgSSe gate insulator layer lacg of HfQ potentially reduces the
interfacial trapped charge density and the threshaliability AVr4 to improve the noise
margins of logic gates [2].
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1.2.Dissertation Outline

This dissertation presents the fabrication, charaation, modeling, and simulation
of multi-state devices such as quantum dot chai@el) field effect transistors (FETs) and
guantum dot channel (QDC) non-volatile memories kY. Germanium QDC FETs were
fabricated on poly-silicon and exhibited comparaddiectron mobility to silicon QDC FETs
fabricated on crystal silicon. Also, silicon QDC NVand germanium QDC NVM exhibited
greater threshold shifts and potential for multidperation.

Chapter 2 summarizes the fabricatimh@haracterization procedures. The fabrication
procedures include the following operations; cgtsilicon wafers, silicon wafer cleaning, wet
oxidation, source and drain fabrication, phosphadalitfsision, silicon nitride deposition, first
gate opening, dry oxidation, second gate opengl§assembly, opening the source and drain
contacts, metallization, and interconnect. Chagtaiso explains about four masks, a mask
aligner, a high vacuum evaporator, atomic layewodijon, and a spectroscopic ellipsometer.
For the characterization of FETs and NVMs, Chapteexplains about a high-power
microscope, video camera equipment, a thin-filmyaea, a parametric analyzer, and atomic
force microscopy (AFM).

Chapter 3 describes the theory and dewioeeling which includes energy band
diagrams, various parameters, and nonvolatile mgmadel.

Chapter 4 presents the simulations iriclude the VisSim simulation and the Kronig
and Penney model simulation. The VisSim simulatieals with QDG-QDC NVM, QDG-
QDC FETs, and QDC FET.

Chapter 5 shows the experimental resilfsve devices which includes quantum dot

gate quantum dot channel (QDG QDC) field effeatdistor (FET), quantum dot gate quantum



dot channel (QDG QDC) nonvolatile memory (NVM) wgii quantum dots and Ge quantum
dots, quantum dot channel (QDC) field effect tratwsi (FET), and conventional field effect
transistor (FET). The structures angtMg, and b-Vp characteristics are explained and
compared with other devices.

Chapter 6 presents the analog behavioode! (ABM) for QDC-FETs. The model has
been used to simulate a quaternary inverter antlias?atic random access memory (SRAM).

The cross-sectional views of the FETs and the N\Awe shown from Appendix 1 to
Appendix 4. The buffered oxide etch (BOE) time rastie for the gate opening is shown in
Appendix 5A. The buffered oxide etch (BOE) timereste for the contact holes is shown in

Appendix 5B. Finally, the silicon wafer cleaningpedures are explained in Appendix 5C.



1.3. Summary of Fabricated QDC FETs and NVMs

A summary of QDC devices fabricated is shown below;

FET | GeO-Ge QDC-FET on| SiO«-Si QDC-FET on | GeQ-Ge QDC-FET on
Polysilicon Silicon Silicon
NVM | SiOSi NVM on Silicon | SiOk-Si QDC-NVM on | GeQ.-Ge QDC-NVM
Silicon on Silicon

Table 1.1 Summary of QDC Devices fabricated
1.3.1. QDC Field Effect Transistors (FETS)

The publishedd-V¢ characteristics of the quantum dot channel (QDE&N feffect
transistor (FET) is shown in Figure 1.3 [6]. Tbelrrent peaks are observed at the/bltages
are equal to approximately 1.6 volts and 2.1 watten \b is equal to 1.5 volts. Using these
two current peaks, the-V¢ characteristics are divided into four sectionstaswn in Figure
1.3, and the characteristics of this QDC FET amsitered as the four state (OFF;, ‘1l 2,
ON). The traditional FET has the two states (OPN), and two FETSs are required to produce
four-state characteristics. Therefore, this QDC EEAmatically reduces FET count and power
dissipation. Multi-state FETs are needed in mudlised logic (MVL) that can reduce the

number of gates and transistors in digital circfiis

Vp=1.0V

Vo=0.5V

15 - 05 0 05 1 15 2 25 3 35 VE(V)

Figure 1.3.3-Vs Characteristics of Quantum Dot Channel (QDC) FET



The experimentalp-Vs characteristics of silicon QDC FET fabricated onrgstal
silicon substrate are shown in Figure 1.4 [8]hk trystal silicon substrate is replaced by a
poly-silicon substrate, the production cost candbematically reduced. But the electron
mobility is also reduced. In order to compensate disadvantage, the germanium quantum
dots can be used for the transport channel of e A help-V s characteristics of germanium
QDC FET on a poly-silicon substrate are shown guFé 1.5. The mobility appears as the
slope of the current line of the-V ¢ characteristics, and the germanium QDC FET onlya po
silicon substrate in Figure 1.5 exhibits the mapilvhich is comparable to the silicon QDC

FETs on a crystal silicon substrate in Figure 1.4.
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Figure 1.4.4-V¢ Characteristics of Si QDC FET on Cristal SilicarbStrate
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Figure 1.5.3-V¢ Characteristics of Ge QDC FET on Poly-silicon Stdie

1.3.2. QDC Nonvolatile Memories (NVMSs)

The measuredpdVs characteristics of the germanium quantum dot ifigagate
nonvolatile memory [NVM] on a crystal silicon sutae are shown in Figure 1.6 [9]. The
drain pulse of 4V, duration of 400us and the gatsgof 15V, duration of 100us were applied
simultaneously. In Figure 1.6, the labels B4, B8 B6 correspond the drain voltages of 4, 5,
and 6V before the pulse, and the labels A4, A5A&Bidorrespond the drain voltages of 4, 5,
and 6V after the pulse. The maximum threshold geltshiftAV+ was approximately 0.9V at
the drain current of 246puA whenWas equal to 6V. On the other hand, the measured |
characteristics of the silicon quantum dot nonvidainemory [NVM] on a crystal silicon
substrate are shown in Figure 1.7 [3]. The draisgof 30V for 50ms and the gate pulse of

40V for 10ms were applied simultaneously. The maximthreshold voltage shifV 4 was



approximately 1.8V at 50uA whenpWvas equal to 2V. These distinctive long threshold

voltage shifts prove that quantum dot channel niate memories exhibit multi-bit storage.
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Figure 1.6.3-Vs Characteristics of Ge QDC NVM on Crystal SilicanbStrate
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2.1 Fabrication Procedures
The fabrication of FETs and NVMs require intteeand time consuming procedures.

In this section, seventeen major fabrication pracesl are explained [1].

2.1.1.1. Silicon Wafer Cleaning
The organic and metallic contaminants were remdwethe silicon wafer cleaning

procedures details in Appendix 5C.

2.1.1.2. Wet Oxidation

The wet oxidation furnace is shown in Figuré. Z’he purpose of the wet oxidation
was to apply the silicon dioxide layer at the tdphe silicon wafer. This silicon dioxide layer
prevented the electron penetration during the pghargs diffusion, and the thickness of the
wet oxide layer was critical. If the wet oxide tkiess was less than 1200A, electrons could
still penetrate through the wet oxide layer dutimg phosphorus diffusion. Therefore, the wet
oxidation was conducted to obtain the optimal thegs of approximately 1250A. But the time
duration of the wet oxidation significantly depeddm the room temperature, and it was not
predictable. In order to achieve the optimal wetlation thickness, the wet oxidation required
some steps, and the wet oxidation thickness wasumed after each step to calculate the
remaining time duration of the following step. Thwet oxidation thickness varied among
samples. The major factor of the thickness fluétmatvas the uneven temperature distribution
in the wet oxidation furnace. If the sample wasethfurther away from the heat center of the
wet oxidation furnace, it received less heat. Tloeeg the boat was placed at the heat center of

the wet oxidation furnace to prevent the unevenoésise wet oxidation. The wet oxidation
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thickness also varied in one sample. At the top sémple, the temperature was higher than

the bottom of the sample. Therefore, the oxiddtidrkness of the top of the sample was larger

than the bottom of the sample. The wet oxidatidfusion boat is shown in Figure 2.2.

Figure 2.1. Wet Oxidation Furnace Figure 2.2Wet Oxidation Diffusion Boat

2.1.1.3. Source and Drain Fabrication using Mask 3
Source and drain windows were fabricated by fh@ieation of Mask 3. These two
windows enabled donor electrons from the phosphpeamoxide to be absorbed into the p-

type silicon substrate during the phosphorus diffus

2.1.1.4. Phosphorus Diffusion

The phosphorus diffusion is the rapid thermalkpss to establish the n-type source
and the n-type drain in the p-type silicon substrahe phosphorus diffusion furnace is shown
in Figure 2.3. During the phosphorus diffusion, ¢lilecon dioxide layer on the silicon wafer
prevented the donor electron penetration, and dbece and drain windows enabled donor
electrons to be absorbed into the p-type silictrssate. The sample was placed at the entrance

of the furnace for 2 minutes, at the center offtmaace for 5 minutes, and at the entrance of

14



the furnace for 2 minutes again. Therefore, It ttiok total time duration of 9 minutes to

complete the entire phosphorus diffusion processo Famples were placed next to the

phosphorus pentoxide and are shown in Figure 2.4.

Figure 2.3. Phosphorus Diffusion Furnace Figure 2.4. Phusphorus Diffusion Boat

2.1.1.5.Silicon Nitride Deposition

A 75A thick silicon nitride layer wadeposited on the sample using the Plasma
Enhanced Chemical Vapor Deposition (PECVD) systérflavard University, Center for
Nanoscale Systems (CNS) or Yale Becton Engineesimd) Applied Science Center. The

PECVD system at Harvard University is shown in [FgR.5.

Figure 2.5. PECVD System at Harvard uFegR.6. Dry Oxidation Furnace
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2.1.1.6. Gate Opening using Mask 4 modified, Part 1

The purpose of this procedure was to eliminatel®®&0A oxide layer and the 75 A

silicon nitride layer above the gate region to esgthe gate region of the silicon wafer.

2.1.1.7. Dry Oxidation

The dry oxidation furnace is shown in Figure.2Z[6e purpose of the 250A dry
oxidation was to fabricate the 125A depth well iwo layers of silicon quantum dots. If the
silicon is oxidized, its volume almost doubles. fidiere, the 125A silicon layer was consumed
to produce the 2504 silicon dioxide layer. When2B6A silicon dioxide layer was eliminated
in the next procedure, the 125A depth well was sssfully fabricat to accommodate two

layers of 60A diameter silicon quantum dots. Theakidation timetable is shown in Table

2.2.

Quantum Dots Furnace Temperature Time

Si Quantum Dots 750°C 10 minutes

Ge Quantum Dots 350°C 10 minutes

SiGe Quantum Dots 425°C 10 minutes
Table 2.1. Anealing Time Table

Oxide Thickness Furnsace Temperature Time

20A

800°C

1 minute 40 seconds

40A 800°C 3 minutes 50 seconds
70A 800°C 5 minutes
250A 900°C/1000°C 20 minutes/10 minutes

Table 2.2. Dry Oxidation Time Table
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2.1.1.8. Gate Opening using modified Mask 4

The purpose of this procedure was to eliminate28®A oxide layer above the gate

region to provide the space for two sets of 60Amiter silicon quantum dots.

2.1.1.9.Self-Assembly of Quantum Dots in Recessed Channel
The self-assembly consists of theofslhg four steps: sonication, centrifugation,
etching of quantum dots using dilute HF, self-adslgran p-doped semiconductor thin films

or substrates. The self-assembly flow chart is shiowFigure 2.7.

Ball Milled Si/Ge Powder: 1.2mg, 5h " Ethanol: 75ml ([ Benzoyl Peroxide: 0.6mg, 0.9mg

30-50nm OD

Solution of
Si/Ge QDs
Maintain pH for

Precipitation: 2 days

Si: 4.5-5 Sonication
Ge: 3.3-3.5
Centrifugation )
30 min. Centrifugation: siabp Ge QD
3,000, 6,000, 9,000, 13,000 RPM . ®
500uL QD Solution + 490uL Ethyl Alcohol +10pL HF m
— % ~6nm ~4nm

. 3nm Ge core
A 4nm Si core
3 minutes EE—— Self-assembly 1nm Sio 0.5nm GeO,

Figure 2.7. Self-Assembly Flow Chart

A. Sonication
1. 2.5¢g of silicon or germanium powder were placedlimsf a ball milling jar, and it was
left in nitrogen ambient overnight.
2. The ball milling jar was moved to a shaker, anglés shaken for 5 hours to conduct the

ball milling process.
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3. The quantum dot powder was scrapped from the Lillihgijar, and left in a glass via
in glove box which has nitrogen.

4. 75ml of Ethyl alcohol, 0.6 mg of Benzoyl peroxid® fSermanium solution or 0.9 mg
of Benzoyl peroxide for silicon solution and 1.2 wifgscraped silicon or Germanium
powder were mixed together in a conical flask.

5. The conical flask was placed in a sonicator, anitafed for 2 days before using the
solution.

6. The pH should be maintained in the sonication. PpHeis around 4.5-5 for silicon

solution, and the pH is around 3.3-3.5 for Germamaolution.

B. Centrifugation
1. The germanium solution was taken in a centrifugirg.
2. The centrifuging tube was centrifuged at 3000 RB8O0 RPM, 9000 RPM and 13,000
RPM for 30 Min each.
3. Remove the top part of the solution carefully st the settled impurities won't mix in
the solution again.
4. For Etching of the solution, we take a new glassarid take 500uL of Germanium or
Silicon Solution + 490uL of Ethyl Alcohol + 10 ulf BIF (1/1000)*.
C. Etching of Quantum Dots using dilute HF*
1. 10 pl of BOE + 10mL of Ethyl alcohol.
2. 30 ul of BOE from the above solution + 270 ul dfiftalcohol.

This gives 1/1000 parts of HF.
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Figure 2.8 and Equation 2.1 show the AFM measurgsraitwo layers of silicon quantum

dots and two layers of germanium quantum dotsjage 45 and page 46).

eight

P/ C 7/79nm

T 1
2 40 B0 o 0 10 2 k[l a0 50
" pm

Figure 2.8. AFM Measurement Results of Si (left) &e (right) Quantum Dot Diameters

”%ﬂmwmw 1)

130nm
Si:( j = 6.5nm DGe:(

D. Self-Assembly on p-doped Semiconductor thin Filmsr&substrates
1. The petri dish was cleaned with methanol usingctitton swabs.
2. The petri dish was dry by nitrogen gas.
3. The quantum dot solution was taken in the peth.dis
4. The sample was rinsed in DI water.
5. The sample was rinsed in Methanol.
6. The sample was dry by nitrogen gas.
7. The sample was immersed in the quantum dot soléhio8 minutes.
8. Rinse the sample in Methanol.
9. The sample was dry by nitrogen gas.

10. Annealing was conducted on the sample.
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Annealing of Silicon Quantum Dot Layer:
2.1.1.10A. Annealing the Silicon Quantum Dot Layer

Quantum dot layers were annealed at 750°C for Hutes in argon. The annealing
timetable is shown in Table 2.1.
2.1.1.11A. Dry Oxidation

After the first two layers of the silicon quantalots were annealed, dry oxidation was
conducted upon the second layer of the silicon tyunanots. Before the oxidation, the diameter
of the silicon dot core was 4 nm, the thicknesthefsilicon dot cladding was 1 nm, and the
total diameter of the silicon dot was 6 nm [1]. &fthe oxidation, the diameter of the silicon
dot core shrinked to 3 nm, the thickness of theail dot cladding expanded to 2 nm, and the

total diameter of the silicon dot was 7 nm.

2.1.1.12B. Self-Assembly of Two Layers of Silicon@ntum Dots
Two more layers of Si quantum dots were self-ab$éeanon the previous two layers

of Si quantum dots of the QDG-QDC FET. This proceds identical to 2.1.10A.

Germanium Quantum Dot Layer:
2.1.1.10B. Self-Assembly of Two Layers of Germaniui@uantum Dots

The sample was immersed into the Germanium datisolfor 3 minutes.

2.1.1.11B. Annealing the Germanium Quantum Dot Laye

Quantum dot layers were annealed at 350°C for Hites in argon. The quantum dot

annealing timetable is shown in Table 2.1.

20



2.1.1.12B. Hafnium Oxide Deposition
A hafnium oxide layer or HfAl@nanolaminate high-k dielectric layer was deposited
on the second layer of the first set of the germmamjuantum dot layer to form the gate tunnel
oxide.
2.1.1.13B. Self-Assembly of Two Layers of Germaniui@uantum Dots
Two more layers of Germanium quantum dots wereasd&mbled on the previous two

layers of Germanium quantum dots for QDG-QDC FHiisprocedure is identical to 2.1.10B.

Source/Drain Ohmic Contact Hole Fabrication and Meallization
2.1.1.14. Openinghe Sourceand the Drain ContactsusingMask 5
The purpose of Mask 5 was to establish the elettdonnection between the metal

and the source, also between the metal and the. drai

2.1.1.15. Metallization
The 2000A aluminum was deposited on the sampdstablish source, drain and gate

contacts using the high vacuum evaporator, Dentmuvm DV-502.

2.1.1.16. Metal Interconnects (Mask 6)
The purpose of Mask 6 was to separate one lay&iuofinum to isolate source, drain
and gate contacts. The geometrical relationshiwdsert Mask 6, the source, the drain and the

gate is shown in Figure 2.12
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2.1.2. Processing using a set of four Masks

The quantum dot channel FET (QDCFET) was faletéty the lithography involved
in applications of a set of four Masks. They areska, Mask 4 or Mask 4 modified, Mask 5
and Mask 6. Mask 3 was used to fabricate the sandethe drain of the QDC FET. Mask 4
was used to open the source contact holes andréire cbntact holes and gates. Mask 4
modified was used to open the gates. Mask 5 waktosgpen the source and the drain contact
holes. Finally, Mask 6 was used to interconnechieals of the source, the drain and the gate.

The functions of these four masks are describddllasvs;

2.1.2.1. Mask 3 (Source and Drain Mask)

One segment of Mask 3 is shown in Figure 2.9. ddreger two columns and ten rows
of devices correspond the total number of twerdapdgistors. These transistors have distinct
source and drain shapes and distinct source aimdghp. In order to establish source and drain
of the transistor, Mask 3 specified windows for $®urce and the drain, and electrons

penetrated through these windows during the phaogghdiffusion.
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Figure 2.9. Mask 3
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Left Device

Right Device

Length | Width | Length | Width
50 50 50 50
25 50 25 10
10 50 10 10
7 50 5 10
4 50 3173 10
50 50 50 50
25 26 50 50
10 26 10 26
3 26 5 6
31/3 26 31/3 6

Table 2.3. Contact Area between the Source anBithi@ of Mask 3 (Units in um)

2.1.2.2. Mask 4 and modified Mask 4

Both Mask 4 and modified Mask 4 are shown in FégR.10. Mask 4 has both gate
openings and source and drain openings, and istosgzbn the gates and the source and drain
contacts. On the other hand, modified Mask 4 hsgate openings, and is used to only open
the gates. The gate sizes of both Mask 4 and neddiflask 4 are shown in Table 2.4. Each
transistor has a distinct gate shape which corredpthe peculiarity of each transistor. Because

the gate of the seventh row, the right device dm¢dave a square nor rectangular shape, it is

enlarged, and shown in Figure 2.11.
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Mask 4 and modified Mask 4 were used for two srdaring the Buffered Oxide Etch
(BOE) of the QDC FET and the QDG-QDC FET fabricasioFirst, two silicon dioxide layers,
which were produced by the wet oxidation and thesphorus diffusion, and one silicon nitride
layer were etched by the application of Mask 4 odified Mask 4. Second, the 25®i02
layer was etched by the application of Mask 4 odified Mask 4 to make the trench for the
quantum dot self-assembly. The application of Maslod modified Mask 4 were extremely
difficult if the SisN4layer had more than 75A thickness, and the sampiace had little
contrast to distinguish between terminals and tihstsate of the QDC FET or QDG-QDC FET
transistors. In this case, the application of treski4 and modified Mask 4 required the video
camera equipment to increase the contrast of thplesurface. The usage of the video camera

equipment is described in Section 2.2.2 of thisithe
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Figure 2.10. Mask 4 (left) and modified Mask 4 [itig
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Left Device Right Device

Lengtt Width Aree Lengtt Width Aree
60 60 360( 60 22 132(
36 60 216( 36 22 79z
22 60 132( 22 22 484
16 60 96( 16 22 352
14 60 84( 14 22 30¢
60 36 216( 60 16 96(
60 60 360( 60 22 1080*
22 36 79z 22 16 352
16 36 57€ 16 16 25€
14 36 504 14 16 224

Table 2.4. Gate Length, Width, and Area of MaskJdi{s in um) *not rectangular

36um

Figure 2.11. Gate Size of the Seventh Row, Righidae
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2.1.2.3. Mask 5

Mask 5 was used for both fabricating contact $ifde the source and the drain of the
QDC FET. One segment of Mask 5 is shown in Figui®.2The purpose of Mask 5 was to
eliminate 250 A Si@and SiN, layers to establish the electrical connection betwthe metal
and the source, also between the metal and the. #acause a 75 A layer of SiN is evenly
applied on the whole sample after the phosphorffissibn, the sample das little contrast to
distinguish between terminals and the substrateedfQDC FET transistor again. Therefore,
the application of the Mask 5 also required theewidamera equipment to increase the contrast
of the sample as Mask 4 modified.

After applying UV light for 30 seconds on sample UV light penetrated through the
source and drain contact windows, and the patteiMask 5 was copied to the photoresist
layer on the sample. This UV exposed photoresist seveloped by the 351 Developer to be
eliminated. Finally, the SiQayer and the 75 A 8\, layer above the sample were etched by

the Buffered Oxide Etch (BOE) for 30 seconds.

Figure 2.12: Mask 5
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2.1.2.4. Mask 6

Mask 6 was applied after the completion of the thizstion. Because a single layer
of aluminum was coated on the source, the drainthedgate, these three terminals were
connected together at this stage. Therefore, thgopa of Mask 6 was to divide one single
layer of aluminum into three parts; the source, din@in and the gate. The geometrical
relationship between Mask 4 and Mask 6 is showigare 2.13. This Mask 6 has the common
source and the common gate, and the separateadraieen in Figure 2.13. Another type of
Mask 6 is also available, and it has the sepacatess, the separate gate and the separate drain.
This type of Mask 6 is called “Mask 4 modified.”taf applying UV light for 30 seconds on
sample, the UV light penetrated through the noralieetd part of the Mask 6 , and the pattern
of Mask 6 was copied to the photoresist layer estimple. This UV exposed photoresist was
developed by the 351 Developer to be eliminatedthdg stage, aluminum areas between
terminals were exposed to outside. Finally, thegp@eed aluminum areas were etched by the
aluminum etchant to fabricate source, drain and gaminals of transistors. In the next step,

the sample was characterized using these separateals.

Figure 2.13. Mask 6 and Geometrical Relationshigh Wither Masks
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2.1.3. Mask Aligner

The purpose of the mask aligner is to preciselynalig position of the present mask to
the previous mask image on the sample. The masieati procedures are summarized as
follows; First, both the mask and the sample wecaight into focus by adjusting the height
adjustment knob for the lens. Second, the anglth®fmask was adjusted by the angular
adjustment knob for the mask to position the masfkegtly straight to the sample. Third, the
sample was raised to minimize the gap betweenoih@hotoresist surface of the sample and
the bottom chrome surface of the mask using thghheidjustment dial for the sample. Fourth,
the mask was perfectly aligned to the sample bulangdjustment knob for the sample. Fifth,
the sample was perfectly aligned to the mask busdidig angular, horizontal, and vertical
adjustment dials for the sample. Finally, the Ughti was projected on the mask. The

adjustment knobs and dials are shown in Figure.2.14

| J W\ ]
Height Adjustment Knob for Lens

Horizontal & Vertical
Adjustment Handle for Lens

Angular Adjustment Knob
for Mask

Angular Adjustment
Dial for Sample Horizontal Adjustment

Dial for Sample

Vertical Adjustment

Dial for Sample ) . .
Height Adjustment Dial for Sample

Figure 2.14. Mask Aligner Adjustment Knobs and Bial
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2.1.4. High Vacuum Evaporator

The metallization was conducted using the Dentoouden DV-502A high vacuum
evaporator shown in Figure 2.16. For the prepangtimcedure, frozen nitrogen was poured
into the nitrogen inlet of the Denton Vacuum DV-B0® reduce the pressure inside the bell
jar, and this operation is shown in Figure 2.19% Tést of the metallization procedures are

summarized as follows;

Metallization Procedures (Valve Operations are showTable 2.5)

1. Sample Insertion
The sample was inserted into the sample holder,ptantbd under the bell. The sample
holder under the bell jar is shown in Figure 2.TRen the bell jar was lowered and closed.
The top control switch was set to “Manual Mode”déahis switch position is shown in
Figure 2.18.

2. Vacuum the pressure in the bell jar using the m@ichhpump.
The pressure in the bell jar was decreased by #uhamical pump until the vacuum gauge
indicated approximately 50 millitorr.

3. Vacuum the pressure in the diffusion pump usinghleehanical pump
The pressure in the diffusion pump was decreasethdymechanical pump before the
diffusion pump was used to decrease the pressthe ibell jar.

4. Vacuum the pressure in the bell jar using the diffn pump
The pressure in the bell jar was decreased byittusion pump below 50 millitorr. In order
to measure extremely low pressure very accurdtedyrange selector was used to measure

low pressure in different ranges. The final pressuas 2x10 torr.
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5. Metal Evaporation
High current was applied to the melting pot indide bell jar to heat the aluminum coil,
which was eventually evaporated and accumulatedhensurface of the sample. The
aluminum coil in the melting pot is shown in Figt0. The accumulation rate and the
thickness of the aluminum layer were measured hytdkaThickness Monitor Model TM-
100, which is shown in Figure 2.20. The amounhef¢urrent flow was approximately 30-
40A/sec. The final thickness of the aluminum layes approximately 2000A (200nm)

6. Ventilation
The pressure in the bell jar was increased totthesphere pressure using “AUTO VENT”.
It required approximately 20 minutes to completehntilation operation.

7. Sample Removal
The bell jar was lifted up, and the sample holdas wemoved from the bell jar. Finally,

a sample was removed from the sample holder.

Rough Valw Back Valve Hi-Vac Valve Vent Valve
Step : ON OFF OFF OFF
Step « OFF ON OFF OFF
Step ¢ OFF ON ON OFF
Rest Positio OFF ON OFF OFF

Table 2.5. Valve Operation Table for Denton VacuDui502A

Bell Jar :‘ Rough Valve

Hi-VAC Valve

Diffusion Pump

Mechanical Pump

Figure 2.15. System Schematic of Denton Vacuum D24
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Figure 2.18. Control Switches

Figure 2.20. Aluminum Coil in the Pot ghie 2.21. Maxtek Thickness Monitor
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2.1.5. Atomic Layer Deposition

Figure 2.22 shows Cambridge Nanotech Savanna 20D@hacontroller used for this
project. The atomic layer deposition (ALD) can pdsvexceedingly high conformality, and
the aspect ratio ranges from 100 to 100,000 whscsignificantly higher than the chemical
vapor deposition (CVD) which provides the aspetibnanges from 3 to 5. It can also provide
excellent uniformity which is less than 1% over imé&h wafer. But the major disadvantage of
the atomic layer deposition is the deposition retages from 4A to 6A/minute. It is
significantly lower than the chemical vapor degositwhich can provide the deposition rate
ranges from 100nm to 1,000nm/minute. Figure 2.28vshthe 26A HfAIQ nanolaminate high-
k dielectric combinational layer deposition for @®G-QDC NVM gate dielectric. Table 2.6

shows the computer program used for the deposkiigure 2.24 shows the snazzy software

interface used to control the process.

Figure 2.22. Cambridge Nanotech Savanna 200
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The program was executed twelve cycles to depoesi26A control dielectric. The
reactants and the precursors are introduced camtlyrin the regular chemical vapor
deposition. But the reactants and the precurs@snaroduced in alternating pulses in the
atomic layer deposition. First, water was pulsed ie reactor to form a monolayer. The
fourth and eighth instructions correspond thesegqatares in Table 2.6. Second, the precursor
was pulsed into the reactor to react with the firgtnolayer, and the first monolayer was
consumed. The sixth and tenth instructions cormedbese procedures in Table 2.6. These
four chemical pulses are also indicated in Figued 2The trimethylaluminum (TMA) and the
tetrakis (dimethylamino) hafnium (TDMAH) were usfed the precursors for aluminum oxide

(Al205), and hafnium oxide (Hfg).

Figure 2.23. 50A Control Dielectric Deposition ugi@ambridge Nanotech Savanna 200
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Instructior # Value
0 | Flow 20
1 | Heate 9 200
2 | Heate 8 150
3 | Stabilize 9
4 | Pulst 0 0.015 Wate
5 | Wait 7
6 | Pulse 3 0.015 TMA (Al ;03 Precursol
7 | Wait 7
8 | Pulse 0 0.015 Wate
9 | Wait 7
10 | Puls¢ 1 0.3 TDMAH (HfO Precursol
11 | Wait 10
12 | Gotc 4 12
13 | Wait 10

Table 2.6. ALD Computer Program for the 50A Conbalectric Deposition

FYE2405% 500000 d0ddas

HIO2 Revi3 110 Cycles | | |0Nl(amev (sccm)
but not saved 20 -
* | value |-

Instruction

flow 420
heater 9 | |
heater &

Souﬂ[om-unne

Clear Alarm

025 — Gzl i ; i i | ' ' ' :
800 805 810 815 820 825 830 835 840 845 80 855 8% Pressure
Time (5) 3

Figure 2.24. Snazzy Software Interface

Time (5)
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2.1.6. Spectroscopic Ellipsometer

Woollam Spectroscopic Ellipsometer is shown iguFé 2.25. Ellipsometry measures
a change in polarization as light reflected byightltransmit through a material structure. The
polarization change is represented as an amplitati® v, and the phase differenck, The
measured response depends on optical propertiesthécichess of individual materials.
Therefore, ellipsometry is primarily used to det@mnfilm thickness and optical constants.
Data analysis procedures are stated as follows:

1. After a sample is measured, a model is constructe@scribe the sample. The model is
used to calculate the predicted response from Efesequations which describe each
material with thickness and optical constantshéfse values are not known, an estimate
is given for the purpose of the preliminary caltiola

2. The calculated values are compared to experimedddd. Any unknown material
properties can then be varied to improve the mbétiveen experiment and calculation.

3. Finding the best match between the model and therarent is typically achieve through
regression. The Mean Square Error (MSE) is usegutmtify the difference between

curves. The unknown parameters are allowed to watii/the minimum MSE is reached.

Using Woollam Spectroscopic Ellipsometer, theeiabs of refraction of HfAIQ
nanolaminate high-k dielectric combinational layevéh many different thickness were
measured, and shown in Figure 2.26. The indexesf@ction are stable and the values are

between 1.83 and 1.88 at the thickness between 266800A.
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Figure 2.25Woollam Spectroscopic Ellipsometer
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2.2. Characterization
2.2.1. FET Probing Station

The Mitutoyo FS70 high power microscope is usedelyidor many inspection and
quality assurance applications, and shown in FiQue&. The microscope is equipped with
four objective lenses; M Plan Apo 2x, M Plan Apx,181 Plan Apo 20x and M Plan Apo 50x.
The M Plan Apo 2x objective lens and the M Plan Afa& objective lens were often used for
this project. This microscope has also a builtidee camera, which is cable of projecting an
image on the computer screen. When a device isdiesburce, drain and gate terminals are
connected to three probes of HP16058-60003 peiigpbalard, which is connected to a PC
computer to plotd-Ve and b-Vp characteristics. The three-probe connection isvehin

Figure 2.28.

Figure 2.27. Mitutoyo FS70 Figure 2.28.8&Probe Connection
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2.2.2. Video Camera to facilitate Mask Alignment

One example of silicon nitride samples is showRigure 2.29. Because a 75 A layer
of SkN4 is applied on the sample after the phosphorugsidh, the sample has little contrast
between terminals and the substrate of the QDC tr&iBistor. Therefore, the application of
the Mask 4 is extremely difficult, and requireseddcamera equipment to enhance the contrast
between the foreground and the background of treg@nThe Sony XC-77 monochrome
machine vision camera module, the Diagnostic Insénis HR100-CMT high-resolution
coupler, the Hitachi VM-906U video monitor were dder this purpose. The Sony XC-77
monochrome machine vision camera module and thgrdiic Instruments HR100-CMT
high-resolution coupler are shown in Figure 2.3t Task aligner with these video equipment
is shown in Figure 2.31. The user can increasetmérast between the foreground and the
background by adjusting the contrast adjustmetiteofmonitor, and the images of the gate area
of the device R4 is shown in Figure 2.32. The @sitenhancement is a must for applying

Mask 4 and Mask 4 modified.

Figure 2.29. Silicon Nitride Sample
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Figure 2.30. Sony XC-77 Monochrome Machine Visiam@ra Module
(Diagnostic Instruments HR100-CMT High Resolutioou@ler attached)

Figure 2.31. Video Camera Equipment attached tdAagk Aligner

Figure 2.32. Gate Image projected on the Video koni
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2.2.3. Thin-Film Thickness Measurements

The silicon oxide thickness is one of the mogtantant factors which determine the
performance of the QDC-QDG FFT. In order to detesmthe thickness of thin films
accurately, the Filmetrics F20-VIS thin-film anadyzhas played a vital role in all

nanotechnology related projects at the Univerdit@annecticut for past 15 yeaend

is shown in Figure 2.33.

2.2.3.1. Film Refractive Index

The electric magnetic field, which describes litshveling through a material at

fixed time, is expressed as follows [3];

—k*ﬁ*x
E=A*co n*@*x *e[ * ) ()
A

A = Constant

n = Film RefractiveIndex
A = Wavelengtbf Light
x = Distance

k = Extinctior Coefficiert

The refractive index ‘n’ is defined as the raifahe speed of light in a vacuum to the
speed of light in the material. The extinction dmé&nt ‘k’ is defined as a measure of how

much light is absorbed in the material. Thereftire film refractive index’n’ can be determined

by measuring the spectral reflectance ‘R’ and utfiegfollowing equation [5];

_(n-1P7+k?
A 2.2)
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2.2.3.2. Determination of Film Thickness

After the film refraction index n is determindte next step is to determine the film

thickness d using the following equation [3];

*
R:A+B*co{4Tn)*n*d (2.3)
R = SpectralReflectarnce
A = Constant
B = Constant

A = Wavelengthof Light
n = Film Reflactive Index
d = Thicknessof Film

From this equation, the following statements amchaed:;

1. The reflectance of a thin film varies periodicaMith the reciprocal of the wavelength [3].

2. If the film thickness d is increases, the speateflectance exhibits a greater number of
oscillations over a given wavelength range [3].

3. If the film thickness d is decreases, the spectfiéctance exhibits a smaller number of

oscillations over a given wavelength range [3].

2.2.3.3. Film Thickness Measurement
The procedures of film thickness measurementsgustiimetrics F20-VIS are
summarized as follows;

1. In order to calibrate the instrument, the followimgp measurements are required. The first
reference measurement was conducted when themeéesample was placed on the stage.
Thus, the sample was perpendicular to the lighirbddnis setup is showed in Figure 2.34.
The second dark measurement was conducted whaeférence sample was held at an

angle of 10°-80° to the light beam.
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2. In order to measure the film thickness of a samgpleample was placed on the stage, and
the film thickness was measured. The measuremenegures are shown in Appendix 8,
and the measurement results are shown in Fig@Be 2he horizontal axis corresponds for
the reflectance (%), and the vertical axis correggofor the wavelength (nm). Actual
measurement values and calculated values forlthediflectance (%) and the wavelength
(nm) were displayed. The top line indicates thecwdated values, and the bottom line
indicates actual measured values. If the measurtanansuccessful, the calculated values
are very close to the measured values. Reflectimaseither in-phase or out-of-phase
depends on the wavelength of the light and thekilgiss and properties of the layer. In
Figure 2.35, the top portions correspond reflesion-phase, and bottom portions
correspond reflections out-of-phase. If reflectiansin-phase, the wavelength is expressed
as follows;

:2*n*d
i

\ (24)

A = Wavelength

n = Reflectivéndex
d = LayerThickness
i = Integer

Therefore, the layer thickness can be determinedsdlying Equation 2-1. The film
thickness was calculated, and shown on the righe of the screen, and this particular

sample had the thickness of 257.9A.

42



Figure 2.33. Filmetrics F20-VIS
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2.2.4. Parametric Analyzer to measure |-V Characteristics
The conventional FET, QDC FET, QDG-QDC FET wergted for -V and b-Vp
characteristics using HP4145B in ITE 413Mg and b-Vp characteristics were plotted using

LabVIEW 8.5, and the measurement results were savedta files in the computer. HP4145B

is shown in Figure 2.36.

10da61€0

9 ¢ 6 nor:

Figure 2.36. HP4145B

The QDG-QDC Nonvolatile Memories was tested iB325. The drain pulse and the
gate pulse were simultaneously applied to the @awiing a pulse generator. Before and after
the pulses, ptVs and b-Vp characteristics were measured using HP4156C tairolbhe

treshold shift of the device. HP4156C is showniguFe 2.37.
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Figure 2.37. HP4156C
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2.2.5. Atomic Force Microscopy (AFM)

AFM measurements were conducted using Asylum RelsédFP-3D in Room 22 at
Institute of Materials Science (IMS). Figure 3.3®ws the instrument, and Figure 3.39 shows
the structure [5]. A laser beam impinges upon thekbsurface of the cantilever, and the
reflected beam goes through the recollimation ldinss reflected by the PD mirror, and

impinges on the photodetector to convert the mowmoithe cantilever to the output voltage.

Reflected Beam Cantilever Region

Figure 2.38. Asylum Research MFP-3D guFé 2.39. Structure of MFP-3D [5]

There are two objectives to use MFP-3D; the veifan of the dimensions of the FET
and NVM cross-sectional views and the measureménth® diameters of silicon and
germanium quantum dots. Figure 2.40 and Table [&owgshe AFM measurement results of
FET gate and drain region. Figure 2.8 shows the ARBasurement results of silicon and
germanium quantum dot diameters. They are calallasebelow, and the diameter of the

silicon quantum dot was 6.5A, and the diameterhef germanium quantum dot was 3.9A.

779”””) 039nm 21

130nm
Si:( j = 6.5nm DGe:(
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-37.50
=75.00 _
Figure 2.40. AFM Measurement Results of FET Gate@irain Regions
Test Numbe | Result:
Test 13374
Test : 13484
Test ¢ 12134
Test « 11974
Test ! 12114
Test ¢ 12154
Test 11994
Table 2.7. AFM Measurement Results of FET Gatelain Regions
4 1 1
b= \ 'ﬂ | -".-‘v ;I\’. A
r 24 | ;
e ’ |
. o] | X | | |
F . : - 7{79nm
2 4 | il |
N 13.?nm| = | |
fi4 | dnm :I ‘I
-wkl - T B T I T T T : !I_— 1
2 40 ) B 0 10 i n ] a0

m wm

Figure 2.8. AFM Measurement Results of Si (left) &e (right) Quantum Dot Diameters
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CHAPTER 3

QUANTUM DOT CHANNEL FIELD EFFECT TRANSISTORS

THEORY AND DEVICE MODELING
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3.1. MOS Introduction

In this section, parameters for NMOS devices aseuwtised. These include work

function @,s), surface potentiall{s), flat band voltage ().

The work functiordysi is shown in Figure 3.1.
® psi— Xt [EC - EF] (3-1)

E k*T N
O =y+|=+ I a 3.2
pSi X |:2 q n( ni ji| ( )

For Al-SiO,-pSi MOS device, the electron affinity ig = 415V, the energy bandgap is

E. - E, = E, = 1.1eV, the Boltzman constant Is=1.3806*10J /K the temperature

is T =300K,the acceptor concentration i, =10",the intrinsic concentration is
n =1.5*10".
Therefore, the work function is substantially cédted as follows;

11 10°
® = 415V +| Z=+0.0259 In[ —
Ps { 2 {1.5*1010ﬂ
® o = 415V +[055V +0.2876&V] = 415V +0.8376&V

® o =4.9876&V [14.987 7V for longchanneFETs

X=Electron Affinity ®=Work Function

Er

Figure 3.1. Surface-Induced Energy Band Diagramtyppe Semiconductor
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Surface Potential: @s

The internal electrostatic potential inside the isemductor is expressed @&§x) [1]. The
potential ®(x) is actually the function of a given point x whiis the depth into the
semiconductor. Therefore, the surface potedtigils the®(x) where x is equal to zero [1]. If
the electrostatic potentig(x) increases, the band-bending occurs downward. pidtential

®(x), and the surface potentibk are expressed as follow [1];
©(x) = [E,(buk) - €, (] 33)
®, = % [E, (bulk) - E, (surface)] (3.4)

Also, the relationship between the electrostatitepiial ®(x) and band-bending is shown in

Figure 3.2 [5].

@

?s

Oxide | Semiconductor

0

a. Electrostatic Potentiab

EC
-qri) R STIRPS  |

’_,/' } a0r Ee
Ey

/ F— Buik
——

0

b. Band-Bending
Figure 3.2. Relationship between the ElectricakRtial @ (a) and the Band-bending (b)

Source: R. Pierr8emiconductor Device Fundamentdlew York: Addison
Wesley Longman, pp. 573, 1996.
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Flat Band Voltage: Vrs
The energy band diagram shows “Flat band” whegate voltage was applied, and
this phenomenon is compared with “Accumulation”efiletion” and “Inversion”, and showed

in Figure 3.3 [1]. The flat band voltage is expeskas follows;

Qox _QM * Y _QIT
C C C

oxX

VFB = wms -

ox ox

D VFB D ¢ms - 20)( (36)

Qox =OxideCharge

C., = OxideCapacitane,Q,, = Mobilelon Chargen theOxide,
¥w = Mobile lon Distributionin theOxide

Q;; = Interfacid TrapsCharge

Energy
band

diagram
Applied
de Vi>Vg>0
voltage
Pl i E
[ | Exposed
+ +
0 H e | acceptors
Charge ! !
diagram { ] @
| 42 i
P [
1 I ! I Electrons
Name  Flat band Accurmulation Depletion Inversion

Figure 3.3 Energy Band Diagram and Charge Density Plots foype Device
Source: R. PierreGemiconductor Device Fundamentdliew York: Addison
Wesley Longman, pp. 570, 1996.
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3.2. Energy Band Diagram
3.2.1. Quantum Simulations in QDC FETs

An array of individually cladded quantum dots (eSif-cladded Si and Geg&ise),
results in a quantum dot superlattice (QDSL) whenlarrier separation between dots is ~1
nm [2]. Unlike Si-SiGe, GaAs-AlGaAs, InGaAs-InmidaN-GaN and other semiconductor
superlattice where the band discontinuiti&s.(@andAE,) are not very high, SiOx-Si and GeOx-
Ge QDSL exhibits very narrow energy mini-bands tdratseparated with the energy >0.2eV,

which is much higher than in nanowires [2].

Figure 3.4 shows the band structure of SifSPDSL using 3-D Kronig-Penny Model,
with inset showing expanded view of tHE hini-band [2]. Figure 3.5(a) shows the density of
states (DOS) of Si/SIKIYDSL with inset showing expanded view of tHen@ini-band [2]. The
energy mini-bands, intra-band separations and b@nd energy widths for Si and Ge QDs are
shown in Figure 3.5(b) using 1-D Kronig-Penny md@§l The parameters used are shown in

Table 3.1 [2]. Here, electron affinity s, energy band gap isgEelectron and hole effective

masses are yand m, and dielectric constant §s[2].

Band Dispersion

18 [
16 _ |
14 ' ' i
124 )
1.0 ‘
& 0.8

06

ergy (eV)

E

0.4
02
0.0

R I X M I

Figure 3.4. Band Structure of Si—-SiQuantum Dot Superlattice (QDSL) obtained using the
3D Kronig—Penny Model; inset shows expanded vieweaond mini-band [2
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DOS (cm™ eVv*!) x10=

Figure 3.5(a). Density of States (DOS) of Si-Si(23Q obtained using the 3D Kronig—
Penny Model; inset shows expanded view of eighthi-trand [2]

SiOx
_ o am
0.21eV 7 | e ~10.911 eV
0.14eVi: | 0.408 eV
0.07 eV iL | (2 10.102 eV
4 nm o
Si dot
0.028 eV ——— . Ty
0.056 eV i: | 10.163 eV
0.084 eVl | 0.367 eV

Figure 3.5(b). Schematic Representation of Energy-band Location, Separation, and Width
for Si—-Si0O2 QDSL [2]

Layer Thickness (nm) 7 (eV) E; (eV) me my £y
Si0, 1 0.9 9.0 0.5 0.5 3.9
51 QD 4 4.15 1.12 0.19 0.49 11.9

Table 3.1. Parameters used to compute-SBOQDSL Parameters [2]
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After the band structure of QDSL is computed, wiewdate the 2-dimnsional electron
distribution in the coupled quantum dot layers espnting the transport channel (treating them
as quantum wells) by solving the 1-D Poisson’s @dlarédinger's [Equation 3.7 and Equation
3.9] self-consistently [3,4,5]. Heré,is the electrostatic potentiakwis the 2D electron gas in
the quantum well, n and are the 3D electron and bohcentrations, andoNand Ny are the
ionized donor and acceptor concentrations. TBRecdntribution is given by Equation 3.8,
where E is the Fermi level, Eandy, define the eigen energy and wavefunction of bound
states, and® defines the Heaviside Step function. n ahdyn

are determined by the Schrédinger's Equation 3.9.

Dc{e 0g)=alngy +n-Ny +N; - p) (37)

n

m* Ef - En 2
Now =Z?G)(EF —En)ln[1+ex;{ = j|(//n| } (38)

n? 1 B
“—O0g—0OWw|+(E, -V)Pw=0 (3.9)
2 m *

Here, V is determined by the band offsets at thé-baarier interface and electrostatic
potential. Figure 3.6(a) and Figure 3.6(b) show ghmsulation of electron wavefunction in
GeOx-Ge quantum dot superlattice (QDSL) transp@&€C@hannel at gate voltages of -1.3 and
-0.3V, respectively. The voltage range can be aeljlisy varying the work function used. The

parameters are shown in Table 3.2.

HfO2 0.0000 2.4 (calc) 5.3-5.7 0.22 0.15 20.0 0.0e00[ .0e@®
Al20s 0.0000 1.95 6.95 0.2 0.25 9.34 0.0e00 0.0e00

Table 3.2. Parameters used for HfAlfate oxide (average)
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Energy Bands - Carrier Concentration Energy Bands - Carrier Concentration
Vg=-1.3 workfunction=1V Vg=-0.3 workfunction=1V
@ Legend P b Legend.
g 24 Ec § 2 _: Ec
31’ Ev §1/lﬂ H/Ev
© © ] AN
E ; E 1 C o ;
e e e e
3 2] 32
E, 3] El‘ 31
g g
o0 oot oo o0 oot 002
distance from gate (um) distance from gate (um)
Figure3.6(a). Electron wavefunction ¢ Figure 3.6(b). Electron wavefunction ¢
Ve=-1.3 V in floating gate Ve=-0.3 V in floating gate

As the gate voltage is increased from -1.3V toVVQtBe magnitude of charge in floating gate

increases
Layer Thick(um) | Chi(eV) | Eg(eV) | me mh er Nd Na
1. HfAIO2 0.0020 2.2 6.12 0.21 0.2C 14.7 | 0.0e00 | 0.0e00
2. Ge&x 0.0010 2.25 5.70 0.16 0.16 4.4 0.0e00  0.0e0D
3.Ge-QD 1 | 0.0030 4.55 0.67 0.0¢ 0.28 16.0 | 0.0e00 | 0.0e00
4. Ge&x 0.0020 2.25 5.70 0.16 0.16 4.4 0.0e00  0.0e0D
5.Ge—-QD 2| 0.0030 4.55 0.67 0.04 0.24 16.0.0e00 | 0.0e00
6. Ge(x 0.0020 2.2t 5.7C 0.1€ 0.1€ 44 0.0e00 | 0.0e00
7.Si 0.1000 4.15 1.12 0.19 0.49 119  0.0epQ.0el6

Table 3.3. Parameters for GeGe quantum dot channel FET
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3.2.2. Energy Band Diagram across the Channel antie¢ Gate

In this section, the energy band diagrams are stadony the channel (x) and the gate
(y). First, the diagram is shown across the soanckthe drain which is shown by the horizontal
arrow in Figure 3.7. Second, the diagram is shoenoss the gate which is shown by the

vertical arrow in Figure 3.7.

Cross Section across the Channel Cross Section across the Gate

v

Cladded Si Quantum Dot Layers

p-Si Substrate

Figure 3.7. Two Cross Sections across the QDC-QBT F

The relationship between the ®nd positions of mini-bands was sequentially shown
in Figure 3.8 [3]. In Figure 3.8 (a), there is np, \dnd none of the mini-bands are under the
Fermi level. In Figure 3.8 (b), if ¥is applied, and the first mini-bands are underRbemi
level. Thus, electrons are able to be transfeweabbve the first mini-band. In Figure 3.8 (c),
additional \b is applied, and the second mini-bands are undefFéinmi level. Thus, electrons
are able to be transferred to above the secondbami. In Figure 3.8 (d), additionab\is
applied, and the third mini-bands are under thenkégvel. Thus, electrons are able to be
transferred to above the third mini-band. Therefelectrons move above the next mini-band
if Vp increases. The relationship between thakd positions of mini-bands is shown in Figure
3.9. if Vi is applied, and the first mini-band in the secom is under the first mini-band in
the first well. Thus, electrons are able to bedfared from the first mini-band in the first well

to the first mini-band in the second well.
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Figure 3.9. Energy Band Diagram across the Gate
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3.3.Nonvolatile Memory Model

During the write operation of the memory, a gatétage pulse and a drain voltage
pulse are applied simultaneously to transfer chémge the inversion channel to the Ge
guantum dot layers at the floating gate. The changie floating gate shifts the threshold
voltage once the ‘Write’ operation is carried odihe threshold voltage/{w ) of a quantum
dot floating gate nonvolatile memoNh-opnvm is dependent on the amount of charge present
in the QD floating gate, and expressed as Equétibh [6-12].

V.

=V,, +AV (3.10)

TH -QDNVM TH

The threshold voltage shiih/4), which is due to the charges present in the @Ds¢pressed

as Equation 3.11 [9T is the capacitance between the control gate an@Ih floating gate.

ty

AV. -—Q-EKUAdt (317)
mTCT e -
Here,j(t) is the current per unit area flowing during thargjing time ) of the QD floating
gate while performing the write or program opematiand expressed as Equation 3.12.
(312)

jt)=9gCln,, LNy CR

QD W-d
Here,q is the charge of the electramy: is the number of electrons per dot (bound as asll
the electrons trapped at the QDs interfaldep, is the density of QDs, and.Fsis the tunneling
rate of carriers from the channel (QDSL treatedj@ntum well) to the quantum dots. The

tunneling transition rate of electrons from the Q@8annel to the floating gate quantum dots

can be expressed in the transfer Hamiltonian fafaguation 3.13 [13,14].

Puca = lwlH - Hulp ) (- 1)o(E, -E,)  (313)
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ww and yq are the wave functions for the QDS..andfq are the Fermi functions for the
occupation probability of states in the quantumlaetl quantum dot. The total Hamiltonian,

H can be expressed as Equation 3.14.

hZ
H=- s 02+V,(z)+V,(r) (314)

The electron distribution in an inversion chann8&). well can be calculated by solving the
1-D Schrédinger’'s and the Poisson’s equationscmibistently, and expressed as Equation

3.15[15].
e 1 B
—O0g—0OWw |+(E,-V)¥w=0 (315)
2 m*

m= is the effective mass of the electron,andE, define the bound states, ands\determined

by the band offsets at the interfaces in combinatiith the electrostatic potential.

De Dp)=alng, +n-Ny +N; - p) (316)
¢ is the permittivity of Sig is the electrostatic potential, g is the chargthefelectronnom is

the electron gas in the inversion channel, n aadkhe 3-D electron and hole concentrations,

N and N, are the ionized donor and acceptor concentrations.
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3.4. Quantum Simulation

The electron distribution in a transport channedfum well is calculated by
solving the 1-D Schrddinger’'s and the Poisson’saiqus self-consistently [16]. In
this simulation, the gate dielectric thickness@h5and the control dielectric thickness
of 20A are used [16]. Table 3.4 shows the paramsetsed for the simulation of device
characteristics for the QDC NVM, and Table 3.5 shdie parameters used for the
simulation of the Ge QDC NVM witHfAIO > combinational layers [16]. Figure 3.10
shows the simulation of charge transfer to Ge QD¥&iting’ bit ‘1’, and a part of
electrons is migrated from the inversion channeth® lower Ge QD layer of the
floating gate [16]. Figure 3.11 shows the chargesdg in the transport channel, and
the plateau part of the charge density line inés#hbat there is onset of tunneling from

the transport channel to the floating gate [16].

Legend:
Ec

Ev

Ec,Evin eV - n,p in normalized units

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
distance from gate (um)

Figure 3.10. Electron Wavefunctions in Quantum Dagers
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Figure 3.11. Charge Density in the Inversion Channe
Circle shows onset of tunneling from the inverdiayer (formed in the QDC transport
channel) to the floating gate.

Parameter | Unit Value Note

W pm 60

L um 60

vl cnt/V-s 80 State 1

v2 cnt/V-s 96 State 2 (1.2 x v1

Eeff 3.¢ Silicon

€0 Flcm 8.854X 10

t cm 1.2X 10°

Cox Flent 8.854X 107

Table 3.4. Parameters used for the Simulation efd@eCharacteristics for QDC NVM
Layer Thickness (um) | x (eV) Eq (eV) Me Mmh e
HFAIO2 0.002 3 0.12 7.15 0.10 0.20 17.0
GeOx 0.0010 2.25 5.70 0.16 0.16 12.0
GeQD 0.0040 455 0.67 0.08 0.28 16.0
GeOx 0.0020 2.25 5.70 0.16 0.16 12.0
GeQD 0.0040 455 0.67 0.08 0.28 16.0
GeOx 0.0010 2.25 5.70 0.16 0.16 12.0
HFAIO2 0.005 3.12 7.15 0.10 0.20 17.0
GeOx 0.0010 2.25 5.70 0.16 0.16 12.0
GeQD 0.0040 455 0.67 0.08 0.28 16.0
GeOx 0.0020 2.25 5.70 0.16 0.16 12.0
GeQD 0.0040 455 0.67 0.08 0.28 16.0
GeOx 0.0010 2.25 5.70 0.16 0.16 12.0
p-Si(1.0e16) | 0.5000 415 1.12 0.19 0.49 11.9
Table 3.5. Parameters used for the Simulation o§GE NVM with HfAIO, Layers
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CHAPTER 4

Simulation of Quantum Dot Superlattice using

Kronig-Penney Model
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4.1. Multistate | p-V Characteristics

This section describes quantum sirmaat empirical I-V models for multiple energy
mini-bands. Quantum simulations of Ge QDC FET (Fégli2a) have been carried out. Figure
4.1 shows the charge density in QDC transport atlaama function of ¥ (or Fermi level) [1].
If V¢ (or Fermi level) increases, the charge densithiénmini-band increases and saturates. If
V¢ (or Fermi level) increases more, the charge dgirsthe next mini-band also increases and
saturates. Thus, the quantum transport model egthe participation of various mini-energy
bands resulting in step like characteristics. Fig2 showsptVp characteristics at different
V¢[1]. The drain currentslin a QDC FET depends on the number of conductieggy mini-
bands, which depends on the magnitude &f ahd \bs [1]. Higher mini-bands participate as
Vg and \b increase. Table 4.4 shows the parameters useldefee simulations [1].

1020

=

(SN

—_

Carrier Density (cm-3)
(%)
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

o

o
—
(]

Fermi Level (eV)

Figure 4.1. Charge Density in QDC Transport Chaasel function of ¥ (or Fermi Level)
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Figure 4.2.3-Vp Characteristics at differentsV
Layer Thickness (um) | X (eV) Eg (eV) Me Mh & Na (cm3) Na (cm®)
1 ZnMgSSe 0.0020 2.05 4.0 0.16 0.50 8.5 0.0 0.0
2 GeOx 0.0010 2.25 5.70 0.16 0.16 4.4 0.0 0.0
3 Ge QD1 0.0030 4.55 0.67 0.08 0.28 16.0 0.0 0.0
4 GeOx 0.0020 2.25 5.70 0.16 0.16 4.4 0.0 0.0
5 Ge QD2 0.0030 4.55 0.67 0.08 0.28 16.0 0.0 0.0
6 GeOx 0.0020 2.25 5.70 0.16 0.16 4.4 0.0 0.0
7 Ge QD3 0.0050 4.55 0.67 0.08 0.28 16.0 0.0 0.0
8 GeOx 0.0010 2.25 5.70 0.16 0.16 4.4 0.0 0.0
9 ZnMgSSe 0.0050 2.05 4.00 0.16 0.50 8.5 0.0 0.0
10 Si 0.1000 4.15 1.12 0.19 0.49 11.9 0.0 1.0x10°

Table 4.1. Simulation Parameters for Multistate GWaracteristics

4.2. Quantum Simulation of Current Transport in QDC
4.2.1. Simulation Tools
4.2.1.1. Empirical Equation for Ib-Vp Characteristics
The following two published empirieajuations were converted to the VisSim block
diagrams to simulate the-Vpand b-Vgcharacteristics of QDC and QDG-QDC FETs [2];

) :(Vl\_/) C:, Ky [Zm: Zn: {VG '(VTHi + AV, )_ %VDSJ }V DSJ} (4.1)

i=0 j=0

Io (Sat):% (Vli/) C, [ i] {VG -(VTHi +AVqy, )}} (42)
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4.2.1.2.VisSim Simulation

The following four major steps were taken ttaibthe b-V s and b-Vp characteristics
of QDG-QDC FET fabricated in 2012. First, theMp characteristics were obtained from the
fundamental empirical equations 1 and 2, and tk&Mi program is shown in Figure 4.3. This
particular VisSim program was simulated fog ¥f 2V. Second, the VisSim program was
simulated with different ¥ voltages until it covers the entiregMange for the 3V
characteristics. Figure 4.13 shows the resulthisfirocedure, anddfovers from -1V to 2V.
The two-dimensional presentation of Figure 4.18hewn in Figure 4.14. Third, the-V¢
characteristics were derived from Figure 4.13 bgmuing the \ axis and the Vaxis by using
the “Switch Row/Colum” function of the Excel progmaand Figure 4.15 shows the results of
this procedure. Please note that Figure 4.13 aguaté4.15 contain the exactly identical data.
But Figure 4.13 has thepMor the horizontal axis, and Figure 4.15 has thddv the horizontal
axis. The two-dimensional presentation of Figur&54is shown in Figure 4.16. The

characteristics of thed/equal to 1.5V and 0.5V were extracted from Figuds, and shown

in Figure 4.17.

[m:| vG=05V = |3 ] &3
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Figure 4.3.3-Vp VisSim Simulation of QDG-QDC FET, 3£2V
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4.2.1.3.Current Jump Factor
The idea of the current jump factosweaiginated from the first QDG-QDC FET in
2009. Thed-Vs characteristics are shown in Figure 4.4, anditeedurrent peak B-1 had very

peculiar current jump characteristics [3]. The eatijump factor is defined as follows;

JumpCurrent _ 5178x10°

Current JumpFactor (2009 = —— = — [10511(43)
Drain Current 1.1012¢x1C
4.0E-05
3.5E-05
3.0E-05
2.5E-05
2.0E-05
1.5E-05
//' Jump Current = 5.178x10°A
1.0E-05 . vy
5.0E-06 e
s—-’f”‘-’—
s Drain Current = 1.0126x10°A
.............. = x._.&it*”"’."ﬁi*
0.0E+00 A 4
A 0.5 0 05 1 15 2 25 3

==Actual Measurement VD=0.5V =—Actual Measurement VD=1V ==Actual Measurement VD=1.5V

Figure 4.4. Design of Jump Characteristic
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4.2.2 Four State Simulation: QDG-QDC FET in 2009
4.2.2.1. Parameters

The parameters for the simulation are stated &sifs]

W= 0544um (5Qum)*
L=4um
v, =80V s (Statd)
v, =12xv, =96cmV s (StateD)
v, =12xv, =96V s (Stated)
¢, =12(SiliconQuantunbo)
&, =885410™F/cm
t=12x1C%m=12x1C°cnr
4.2.2.2 Width”
The right side 'Bdevice (R6) of the Yale mask was used to fabritiwEitedevice. The
WIL ratio was 50/4. But this W/L ratio was modified0.544/4 to produce the equivalent drain

current flow.

4.2.2.3.Capacitance

The capacitance of the oxide layer was determisatjithe following equation;

ey 6, _12+(8.854*10™)
o t 12¢*10°°

C =8.854*107" F/cm? (4.4)

4.2.2.4.Threshold Voltage
The actual measurement @f\I¢ characteristics are shown in Figure 4.5, and the

current peak information is shown in Table 4.2 étedmine threshold voltages.
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Figure 4.5. Threshold Voltage for Three State Satioh

Current Label |Ip (nA) Vo (V) Ve (V) V1 (V)
la1 11.8¢ 1 1.7 1.7

IB1 15.30¢ 1.5 1.6 1.€

Is2 23.2¢ 15 2.15 2.1F

Table 4.2. PealICurren Information of QDG-QDC FET (2009)
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Figure 4.10. Actual Measurement and Simulation

4.2.2.5. Actual Measurement and Simulation
When \b voltages are equal to 0.5 volts, 1 volt and 11%sythe actual measurements
and the simulations ofdV ¢ characteristics are two-dimensionally shown iruFégs.10. When
Vp is 1.5 volts, the simulation is very close to #ttual measurement before the major current
peak. Right after the major current peak, the docheasurement once decreased, and then
increased exceeding the simulation to form the m@tcnirrent peak without the current jump

characteristics.
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4.2.3. Four State Simulation: QDG-QDC FET in 2012
4.2.3.1. Parameters

The parameters for the simulation are stated &sifs]
W=22Qum (6Qum)*
L=60um
v, =80cniV s (Statel)
v, =12y, =96cniV s (State?)
v, =12xy, =96cniV s (States)
&.4 =12(Silicon QuantunDo
&, =885410™F/cm
t=12x1C*m=12x1C°crr
4.2.3.2. Width
The actual width of the Yale mask was 60um as shiowhable 2.4. But it was

expanded to 220um to match two current peak valoesoth actual measurement and

simulation when ¥ was equal to 1.5 volts, andsWas equal to 0.55 volts.

4.2.3.3. Capacitance

The capacitance of the oxide layer was determisatjuthe following equation;

C G e 12 (8.854%10")

o t 12(*10°®

=8.85410" Flcnt (4.4

4.2.3.4. Threshold Voltagea
The actual measurement gf\¢ characteristics are shown in Figure 4.11 and Eigur
4.12 in order to determine threshold voltages. aBise a minor current peak (B1) was found

at Ve was equal to -0.45 V, there were three peaks Whemwas equal to 1.5V.
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Figure 4.12. Threshold Voltage for Three State $atan 2

Current Label |Ip (pA) Vo (V) Ve (V) Vu (V)
[a1 16.55¢ 0.5 0.20 v 0.20 v
Is1 2.083t 1.5 -0.45V -0.45V
Is2 13.74¢ 15 -0.20 Vv -0.20 v
I3 140.8( 15 0.55V 0.55V

Table 4.3. PealICurrent Information of QDG-QDC FET (2012)
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Figure 4.17. Actual Measurement and Simulation

4.2.3.5. Actual Measurement and Simulation

When ¥ voltages are equal to 0.5 volts and 1.5 voltsattieal measurements and the
simulations of -V ¢ characteristics are two-dimensionally shown irukégd.17. When Vis
1.5 volts, the simulation is very close to the attaeasurement before the major current peak.
After the major current peak, the actual measurétnas the shape of concave down. But the

simulation is keeping on increasing, and has tl@elof concave up.
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4.2.4 Three State Simulation: QDC FET in 2014
4.2.4.1. Parameter

The parameters for the simulation are stated &sifs]

W= 436um (3Qum)*

L=18um

v, =80cniv s (Statd)

v, =12xy, =96cniV s (State)
&,4 =12(SiliconQuantunDo}
&, =885410"F/cm
t=12x10*m=12x1C°crr

4.2.4.2. Width
The actual width of the sensor mask was 30purhiti® width was reduced to 4.36um
to match two current peak values for Simulatiomidd the width was reduced to 1.90um to

match two current peak values for Simulation 2.

4.2.4.3. Capacitance
The capacitance for the oxide layer was detezthusing the following equation which
includes the permittivity of the silicon quantumsiadhe permittivity of the free space, and the

thickness of two silicon quantum dot layers.

C ey _12¢ (8.854 *10™)

ox " 20 10 =8.854*10"" Flcm’ (4.4)

4.2.4.4. Threshold Voltage
The actual measurement @\l ¢ characteristics are shown in Figure 4.18, Figut84

and Figure 4.20 in order to determine thresholtagas.
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Figure 4.18. Current Peaks for QDC FET (2014)

Peak Label | b (A) | Vo (V) | Ve (V) | Vi (V)
lax 1098 | 050 |055V | 0.55V
a2 13.6¢ |05( |1.60v | 1.60V
™ 1.181¢ |0.75 |-0.85V]|-0.85V
ls2 1512 |0.7¢ | 155V | 1.55V
lca 1.072° | 1.0C | -1.68 | -1.6¢
Iz 11.07* |1.0C |-0.10V|-0.10V
™ 11.5¢ |1.25 |-1.00V|-1.00V

Table 4.4. PeaklCurrent Information of QDC FET (2014)
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Figure 4.2z. 2-D Ip-Vp Simulation
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Figure 4.25. Actual Measurement and Simulationb&f & Characteristics

4.2.4.5. Actual Measurement and Simulation

When ¥ was equal to 0.5, 0.75, 1 and 1.25 volts, theahatueasurements and
simulations of thegHV s characteristics are shown in Figure 4.25. WherVihgoltages were
0.5 volts and 0.75 volts, actual measurements emalation results were fairly close. When
the Wb voltages were 1 volt and 1.25 volts, actual measents and simulation results were
totally different. These two groups were independend showed totally different-Vg

characteristics.
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Figure 4.26. Actual Measurement and Simulatiorbef & Characteristics

In order to closely investigate the difference lmsw the actual measurements and
simulation results when thepWoltages are 0.5 volts and 0.75 volts, these twoeat lines
were extracted from Figure 4.25, and are showngdarE 4.26. Just before the major current
peaks, the actual measurement lines and simultities have huge leaps. But the actual
measurement lines are concave up, and the simulties are almost straight. On the other
hand, just after the major current peaks, the haheasurement lines are concave down, and

the simulation lines are concave up.
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4.2.5. Conclusion

ForQDG-QDC FET in 2009 and QDG-QDC FET in 2012, tluhiaracteristics were
considered as the four state (OFE, ‘I 2/, ON) as Section 2.3.3 of this thedr QDC FET
in 2014,the the actual measurement sfMc and the simulation of two empirical current
equations are shown in Figure 4.23, and both glatsv a distinct current peak when the V
voltage was equal to 0.5 volts and 0.75 volts. Aent peak of 13.6uA was observed at the
Vg voltages of 1.60 volts when the,Woltage was equal to 0.5 volts. On the other hand,
current peak of 15.1uA was observed at thevdtages of 1.55 volts when the Voltage was
equal to 0.75 volts. These twedurrent peak differentiated the first state aredgcond state,
and the current saturation state was consideréteahird state. Therefore, the characteristics
of this QDC FET in 2014 were considered as theetistate (OFF, il, ON). The multi-state
FETs have advantages over the conventional FET&Xample, multi-state FETs are used for
the multi-valued logic (MVL) in order to reduce tmaimber of gates and transistors [4].

Therefore, they can reduce power dissipation iitaligircuits.
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4.3. Kronig and Penney Model for Quantum Dot Supedittice
We have used the Kronig and Pennney model to ate@d 3-dimentional cladded

guantum dot array. As in bulk semiconductors, thenkg and Penney model gives formation
of energy mini-bands in a 3-dementional quantumsdpgrlattice (QDSL). We see formation
of energy mini-bands in conduction and valence bard the quantum dot superlattice
(QDSL), decreasing the barrier thickness and intcagty more wells lead to the creation of a
continuous band of states called the energy mingh8]. The Kronig and Penney model was
used to determine locations and widths of the gnetigi-bands, and the equation is expressed

as follows [3,6];

P sir;ﬁ;a) +cosHa*b)* cosp *a) = cos(k*a) (4.5

The simulation parameters are defined as follows;

i =SimulatiorVariable;0<i < 10000

Pi=n =3.141592653%rad

g = Fundanmeral Charge=1.6021765653x107°C

h = ReducedPlank'sConstant= 1.054571726Z x 107 J-s
m, = Rest Mas®f Electron=9.109382185x10*"kg

m, = ElectronEffective Massin Barrier= 0.3

m,, = ElectronEffective Massin Well = 019

V, = Well Depth= 34V

The VisSim program for the simulation parametershiswn in Figure 4.27.

3.14159265359 [PI] 3.14159

60217656535 ] . 150213519
0 ow

05457172647 | T05357e 30
0 ow

9.1093821545

10 ] pow | 9.10938e-31
0.3 mB 3
0.19 mWW NE]
34 Vo 3.4

Figure 4.27. Simulation Parameters
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4.3.1. Variables
Five variables in the VisSim computer program aagesl as follows;
1. Simulation Variable: k*a
2. Electron Energy: E
3. Electron Momentum: P
4. Wave Amplitude Parameter of the Barrier:

5. Wave Amplitude Parameter of the Well:

The definitions for these five variables are stasdollows;

k = WaveNumber
h?* (k *a)
*a®*mW *mo*q

E = Total Energyof theElectron= >

2
P = ParticleMomentune [a - B}* 2* sinh{a.* b)
o

_\2*mB*mo*q* (Vo -E)

a = WaveAmplitudeParametefor theBarrier h

_J2*mW*mo*E*q
h

B = WaveAmplitudeParametefor theWell

Vo = Well Depth=3.4eV,

a = Dot Diameér;=4nm,

b = BarrierWidth =1nm

mW = ElectronEffectiveMassin theWell =0.19
mB = ElectronEffectiveMassn theBarrier=0.3
q = FundamenteCharge= 1.6021810°C

h = ReducedPlancksConstant 1.0545810 % Js
mo= Rest Massf Electron= 9.1095*10 *'kg
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4.3.1.1.Simulation Variable: k*a

The electron energy, the electron momentum, theevamplitude parameter of the
barrier, and the wave amplitude parameter of tHeware simulated using the simulation
variable for the horizontal axis. The simulatiomighle is defined as follows;

k = WaveNumber
a = Quantum Dot Dianeter

k*a=-3*n+6*n*

| 0<i<10,000 -3*n<k*as3*z (4.11)
10,000

The VisSim program for the simulation horizontatishle is shown in Figure 4.28.

B Simulation Horizontsl Va.. | = || @ |[ &2

o
o
T

B
Y v v v v v

I I
0 20000 60000 100000
i

Figure 4.28. Simulation Variable: k*a
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4.3.1.2.Total Energy of Electron: E

The total energy of the electron, E is expressddlksvs;

h** (k ~a)’ (4.7)

E = Total Energyof the Electron = 5
2*a“"*mW*mo*q

6*i*n
1000
k = ReducedPlanck Constant=1.05457*103*J * s/radian
a = QuantumDot Diameter =4 *10°m
mW = Electron Effective Massin Well =0.19
mo = Rest Massof Electron=9.1095*10% kg
g = Fundamentd Charge=1.60218*10"°C

X=-3*m+

The simulation for the total energy of the electigns shown in Figure 29.
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Total Energy of Particle (E)

(=1
=
-

10 15 20
k*a

Figure 29. Total Energy of the Electron (E)

87



4.3.1.3.Electron Momentum: P

Define the Barrier Width: b=1nm

1
Tl 123

W

The value of P(b=1nm) is expressed as follows;

P, = (a - Ej* (gj* Sinf(a * bo) (4.8

J2* mB* mo*q* (V, - E) J2* mW* mo* E *q
o= B:
h h
a=Quantum Dot Diameter=4*10°m
b, = Barrierwidth = Inm=1*10°m

The VisSim program for the particle momentum, ghewn in Figure 4.30.

1] Particle Momentum (P0) = || B ER
1000

750

Particle Momenturm (PO}
o
=
=

%
Y v v v ¥ v

0 5 10 15 20

Figure 4.30. Particle MomentumgjP
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4.3.1.4Wave Amplitude Parameter of the Barrier: a

The value ofx is expressed as follows;

J2*mB*mo*q* (V, - E)
o=

- (4.9)

(h) * (k *a)*
2*a’>*mW *mo*q
h = PlanckConstant/2r=1.05458103*J * s/radian
a=QuantunDot Diameter=4*10°m
mo= RestMassof Electron=9.1095*10"kg
mB = ElectronEffectiveMassin Barrier=0.3
mW = ElectronEffectiveMassin Well=0.19
q = FundamentaCharge=1.60218*10*° C
V, = Well Depth=3.4eV

E = Total Energyof Electron=

The VisSim program for the wave amplitude paramet¢he Barrier ¢) is shown in Figure

4.31.

s |

5] Alpha o [=]|[=

2 6000000000
p
5000000000

4000000000

3000000000

Alpha
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2000000000

1000000000
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0 5 10 15 20

Figure 4.31. Wave Amplitude Parameter of the Ba(tie
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4.3.1.5.Wave Amplitude Parameter of the Well:p

The value of} is expressed as follows;

_\J2*mW* mo*E *q
B h

(410)

() * (k *a)°
2*a’* mW* mo*q
h = ReducedPlanckConstant 1.0545810°*] * s/radian
a= QuantumDot Diaméer=4*10°m
mo= Rest Mas®f Electron=9.1095*10°"kg
mB = ElectronEffectiveMassin Barrier=0.3
mW = ElectronEffectiveMassin Well =0.19

q = FundamenteCharge=1.6021810"° C

E =Total Energyof Electron=

The VisSim program for the wave amplitude parametehe wello is shown in Figure 4.32.
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Figure 4.32. Wave Amplitude Parameter of the W3II (
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4.3.1.6.Left Hand Side: LHS

Five variables were applied for the left hand £ideS);

LHS =P * % +cosHa * b)* co{p *a)

__ ()P (k*a)*
2*a** mW* mo*q

P=(a—ﬁj*(§j*sinr(a*b)

o

OL:\/Z*mB*mo*q*(Vo—E)
h
B:\/Z*mW*mO*E*q
h

(411)

The quantum dot diameter and the barrier widthdatermined as follows;

Quantum Dot Diameter; a=4*fth

Barrier Width; b=1*1¢ m

The VisSim program for the left hand side, LHS8hswn in Figure 4.33.

 alpha
»{ bl
- beta
L E
5] Left Hand Side (LHS0) = [= [ =
LHS0 1;22
o
¥ 3 700
# 2 500
w
# B 300
I
N ‘E 100
-100
N
0 5 10 15 20
> k*a

Figure 4.33. Left Hand Side: LHS
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4.3.1.7 Allowable Energy Bands: b

The allowable energy bandsgjls expressed as follows;
If —-1<LHS, <1

E,=E

The VisSim program for the allowable energy barkd¥ i€ shown in Figure 4.34.
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Figure 4.34. Allowable Energy Bands; E

4.3.1.8.Saving Data
Finally, the values of k*a andyEre saved in a data file.

The VisSim program for the saving data is showRigure 4.35.

»ca
+ﬁlj:: KRONIG_AND_PENNEY dat

Figure 4.35. Saving Data
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4.3.2.Simulation Results
4.3.2.1.Kronig and Penney Model

In order to determine the energy levels of minids the Kronig and Penney model
was used. As seen in Equation 5, the right harel (ReHS) is the cosine function. Therefore,
if the value of the left hand side (LHS) is morarth1 and less than 1, the equation is valid and

there is a mini-band. This is the assumption of #iiinulation.

4.3.2.2.Combinational Level

In QDC FET, the silicon quantum dots were dry @ed. So the core diameter and the
barrier width were different according to the légatof the silicon quantum dot. At the bottom
surface, the core diameter was approximately 4mu,the barrier width was approximately
1nm. When the silicon quantum dot was dry oxidizked,barrier width expanded, and the core
diameter shrank. Therefore, at the top surfacegthe diameter was approximately 3nm, and
the barrier width was approximately 2nm. The barmedth was assumed to increase
proportionally from the bottom surface to the topface, and the core diameter was assumed
to decrease proportionally from bottom surfacéneotop surface. The quantum dot layers were
divided into eleven combinational levels from tretbm surface to the top surface, and the
relationship between the combinational levels,dbe diameters, and the barrier widths are

shown in Table 4.5.
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Barrier Width = 2nm
2nm

Core Diameter = 3nm

n*

Barrier Width = 1nm
1nm

Core Diameter = 4nm

Figure 4.36. Core Diameter and Barrier Width of $lilecon Quantum Dot

Combinatior | 1 2 3 4 5 6 6 8 9 10 11
Number

Core 4C | 3¢ |3.¢€ |37 [3€ 3£ |34 |38 |3z |31 |3C
Barriel 1¢ (11 |1z |13 |14 |1t |1€ |17 |1 |1¢ |2C
Total 6C |61 |62 |63 |64 |65 |6.€ |67 |6.€ |6.S |7.C

Table 4.5. Core Diameter and Barrier Width Combaret of Silicon Quantum Dots
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4.3.2.3. Simulation Results

The left hand side of the equation (LHS) is plottesing the eleven different
combinational levels according to Table 4.4, anowshin Figure 4.37. This plot must be
bounded between +1 and -1 to determine the allenaiérgy values to give the conditions for
which Schrodinger’s equation will have a solutidhe intersections between LHS and the +1,
-1 axis for Mini-band 1, 2, and 3 are shown in Fé&gd.38. The intersections between LHS and

the +1, -1 axis for Mini-band 4, 5, and 6 are shamRigure 4.39.

4.3.2.4.Energy levels

From the intersection points of Figure 4.38 anduFeg4.39, the range of k*a was
determined, and these values were transferredgiord-i4.40 “Relationship between Electron
Energy (V) and k*a (radian)” to determine the eneryels of each mini-band. Finally, the

electron energies (V) for mini-bands and core-baicombinations are shown in Figure 4.41.

4.3.2.5.Conclusion

The left column of Figure 4.41 shows the totalrgpdevels of the mini-bands, and
there are only four mini-bands are observable. dfoeg, the results clearly showed that there
were only four mini-bands if the silicon quantumdaere dry oxidized. All mini-bands were

combined together above the fourth mini-bands,
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Figure 4.37. Simulation déft hand side (LHS) of the Equation
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Figure 4.38. Simulation déft hand side (LHS) of the Equation

Dot Diameter=4nm, Barrier Width=1nm —Dot Diameter=3.9nm, Barrier Width=1.inm —Dot Diameter=3.8nm, Barrier Width='
Dot Diameter=3.7nm, Barrier Widt 3nm Dot Diameter=3.6nm, Barrier Width=1.4nm Dot Diameter=3.5nm, Barrier Widt
—Dot Diameter=3.4nm, Barrier Widtl .6nm —Dot Diameter=3.3nm, Barrier Width=1.7nm —Dot Diameter=3.2nm, Barrier Width=1.8nm
—Dot Diameter=3.1nm, Barrier Width=1.9nm —Dot Diameter=3nm, Barrier Width=2nm -1
—

Figure 4.39. Simulation déft hand side (LHS) of the Equation
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CHAPTER 5

Experimental |-V Characteristics of

QDC-FETs and Nonvolatile Memories
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5.1. Quantum Dot Channel Quantum Dot Gate Field E#ct Transistor
5.1.1. Device Numbering System

The device numbers of a sample are shown in FiglreThe location of a device is
specified using the following notation; Row NumbeiColum Number + Device Number.
Because this figure is the microscopic view, the garminal is shown at the upper part of each
section. From the past research, it has been kitloatrihe right side middle four devices; R4,
R5, R6 and R7 are considered as most successfickdeT herefore, these four devices were

tested in this sample.

5.1.2. Test Results

Sample 9 was the first sample wher afrthe devices showed the characteristics of
the Quantum Dot Field Effect Transistor (QDC-FETMNere were 32 sections in this sample,
and four devices; R4, R5, R6 and R7 were testeddh section. Therefore, the total number
of tested devices was 128. Figure 5.1 shows theostopic view of Sample 9, and the gate
terminal is shown at the upper part of each seclibere are three different symbols in Figure
5.1. The star mark stands for the QDC-FET, thautaranark stands for the conventional FET,
and triangular mark also stands for the conventiBEA . But significant noise components
were mixed into the characteristics. The QDG-QDQ ks found at the device location of
“R5C1r4", and is shown in Figure 5.1. The enlargieiv of the device is shown in Figure 5.3.
The gate length, the gate width and the gate dralhaevices are shown in Table 2.4. Because
Figure 5.1 is the microscopic view where the gatminal is shown at the upper part of each
section, Table 2.4 is applied reversely. Therefthre gate length, the gate width and gate area

of the QDG-QDC FET are @@, 6Qum and 3600m>. For the rest of 127 devices, twenty-five
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devices showed the conventional FET characterjstigight devices also showed the
conventional FET characteristics, but significamise components were mixed into the results,
and 94 devices did not show any significant charéstics. The locations of these devices are

shown in Figure 5.1.

- QDC FET Charactenistics
FET Characteristics
R1 FET Characteristics with Noise
R2 (@) @)
R | ° ¢
HEAL T
R4 l 4 E3Ed Fikd |
1! u:; £03 Eo.%’ PR W 1
R5 ilioiliilio]i~|
LRI ERIERIERS "
L IEN . 303 e »
Rel |Gl C1ER1E
e 55 ~ . B! i.’ .2
R7TBF | ;8& 4
R8

C1||C2||C3| C4||C5]||C6| C7

Figure 5.1. Microscopic View of Sample 9
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Figure 5.2. Device Numbers Feghr3. Fabricated QDG-QDC FET (R5C1r4)
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5.1.3. b-V¢ Characteristics

Figure 5.4 shows the-V ¢ characteristics of the fabricated QDG-QDC FET, tored
Vp voltages of 0.5 volts and 1.5 volts were used. Wthe \t voltage was equal to 0.5 volts,
one b current peak was observed at thevdltage of 0.20 volts. Thig lcurrent peak is labeled
as ‘1A'. When the ¥ voltage was equal to 1.5 volts, threecurrent peaks were observed at
the Vs voltages of -0.45, -0.20 and 0.55 volts (the upgkrinset shows the enlarged view of
the first and second Icurrent peaks). These three peaks are labeletBis'2B’ and ‘3B’.
Because the firstplcurrent peak is minor, characteristics of this QRBC FET are still
considered as the four state (OFI, ‘12, ON) as the first QDG-QDC FET, and the state
numbers are also indicated in Figure 5.4. The skbeod third § current peaks of the v
voltage equal to 1.5 volts differentiate the firsgcond and third states, and the current
saturation state is considered as the fourth Jtate: b current peaks are individually shown
in Figure 5.6. Thepl current peak information, which includes the pksddel, \b voltage, b
peak current and corresponding Voltage, is shown in Table 5.1. As seen in Figudeand
Table 5.1, thed current peaks occurred at differens Wltages for the ¥ voltages of 0.5 volts

and 1.5 volts.

5.1.4.1p-Vp Characteristics

The b-Vp characteristics of the QDG-QDC FET are shownamfiFigure 5.5. Seven
different \is voltages were used to measure %} characteristics. ThesesWoltages are
0.5, 0.7, 0.9, 1.1, 1.3, 1.5 and 1.7 volts. Theudrrent line of the ¥ voltage of 0.5 volts

corresponds to the second state. Otheutrent lines correspond to the third and fouttes.
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5.1.5.Conclusion

One of the most distinctive characteristitthis QDG-QDC FET is the number of |
current peaks. Threg turrent peaks were observed at thevditages of -0.45, -0.2 and 0.55
volts when the ¥ voltage was equal to 1.5 volts. Therefore, it Wasvery first time when
three current peaks were observed in QDG-QDC FBiisthe characteristics of this QDG-
QDC FET were still considered as the four-stateROF’, ‘I ', ON) because the first current
peak was minor. Also, the much highgrcurrent flow was obtained from this QDG-QDC FET
than the first QDG-QDC FET which was fabricated2iiL1. The highesblpeak current of
approximately 14{1A was obtained from this QDG-QDC FET. The highegteak current of
approximately 2@A was obtained from the first QDG-QDC FET. Therefothe highestol
peak current was approximately 6 times higher tharfirst QDG-QDC FET.

For the d-V¢ characteristics of QDG-QDC FET, the ¢urrent peaks occurred at
different s voltages for the ¥ voltages of 0.5 volts and 1.5 volts in Figure 2.%8e peak
label, \b voltage, b peak current and corresponding Ybltage are shown in Table 5.1. When
the b voltage was equal to 0.5V, the first peak occuatthe \& voltage of 0.20V. When the
Vp voltage was equal to 1.5V, the first peak occuatethe \& voltage of -0.45V, second peak
occurred at the ¥voltage of -0.20V, and the third peak occurrethatVs voltage of 0.55V.
The electron leakage at the inconsistent and impedate insulator caused theselirrent
peaks which occurred at different; Woltages for two different ¥ voltages. Therefore, the
gate dry oxidation process of the silicon quantwnldyer must be improved to prevent the

electron leakage at the gate in the future.
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Figure 5.6. Fourd Current Peaks of Sample 9

Peak Label | Wb (V) | Ip (nA) | Ve (V)
1A 0.5 16.55¢ | 0.20 v
1B 15 2.083t | -0.45V
2B 15 13.74% | -0.20 Vv
3B 15 140.8( | 0.55V

30 025 020 015 010
VG(V)

Table 5.1. PeaklCurrent Information of Sample 9
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5.2. QDG-QDC Nonvolatile Memory using Silicon Dots
5.2.1. Structure

The structure of the QDG-QD®onvolatile Memory using silicon quantum dots is
shown in Figure 7.7. It consists of two layersiti€an oxide (SiOx)-cladded Si quantum dots
in the channel region and the floating gate regham.oxidized SiOx-Si upper quantum dot
layer forms the gate dielectric which has a thick€dx cladding layer with a narrower Si core
[4]. A 75A SiNalayer forms the control dielectric. The memory d@evihas a channel width of

60um and the length of 60um, and the W/L ratioGi23.

Source Contact Drain Contact

Source Drain
Cladded Si Quantum Dot Layers
p-Si Substrate

Figure 5.7. Structure of QDG-QDC Nonvolatile Memaging Silicon Quantum Dots

5.2.2. Fabrication

The fabrication procedures started with a p-tyfiecsi wafer with a masking SiO
layer. Phosphorus diffusion was performed for ayipnately 10 min at 100 to form the
source and drain regions. This was followed by dijom of the silicon nitride layer for the
chemical and thermal protections. The gate regias wxidized to form the silicon dioxide

layer which was etched to create a recessed régioveen the source and the drain. This was
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followed by self-assembly of two layers of claddditon quantum dots in the recessed region
for the transport channel. After self-assembly,tthe layers of cladded silicon quantum dots
were annealed, and the top quantum dot layer wdilpaoxidized in oxygen ambient to
obtain the gate insulator. This was followed by-aesembly of two layers of cladded silicon
quantum dots for the floating gate, and & BHicon nitride layer was deposited for the cohtro
dielectric. Finally, the gate metal aluminum wagpasited for approximately 2080 and

divided for source, drain and gate contacts.

5.2.3.1p-Vs and Ip-Vp Characteristics

Figure5.8shows thed—V¢ characteristics before and after the ‘Write’ pul$ée gate
pulse was 40V for 10 ms, and drain pulse was 30nN50 ms [4]. The measured threshold
voltage shiftAVry was approximately 1.8V at g8 before and after the ‘Write’ cycle when
Vp was equal to 2V. Figurg.9 shows thed-Vp characteristics before and after the ‘Write’
pulse. The gate pulse was 40V for 10 ms, and gnase was 30 V for 50 ms. The Voltages

are OV, 1V, 2V, 3V, and 4V. EachsWoltage shows clear shift before and after thegul
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Figure 5.81p-Vc Characteristics of the QDG-QDC NVM using Silicond@tum Dots
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Figure 5.91p-Vp Characteristics of the QDG-QDC NVM using Silicond&tum Dots
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5.3. Quantum Dot Channel Quantum Dot Gate Nonvolali Memory using
Germanium Quantum Dots
5.3.1. Structure
The structure of Quantum Dot ChannehQum Dot Gate (QDG-QDC) Nonvolatile
Memory (NVM) is shown in Figure 5.10. The nonvdiatinemory has the gate size of 60um
X 60um, and the W/L ratio of 26/25. Figure 5.11wghthe gate structure of QDG-QDC NVM.
The gate dielectric consists of RHfAIO, and the control dielectric consists of%6BIfAIO .

The transport channel and the floating gate con$i&eQ-cladded Ge quantum dots.

Source Contact Drain Contact

HfAIO, Layer

Sio; Gate Contact S0,

Source
Cladded Ge Quantum Dot Layer

p-Si Substrate

Figure 5.10. Structure of QDG-QDC NVM using GermamiQuantum Dots

Germanium Quantum Dots

Gate Contact

[OXUXOXOXOXOXOXOXOXOXO)
OX0010XOCXOI0I000) -l
 KOXOXOXOXOXOXOXOXOXOXON————
+ (OXOXOXOXOXOXOXOXOXOXO)

HfAIO,: 53A
HfAIO,: 26A

Source

Figure 5.11. Gate Structure of QDG-QDC NVM using@anium Quantum Dots
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5.3.2. Fabrication

The fabrication of the nonvolatile memory was imaal in the following twelve major steps;

1. 1250A Wet Oxidation on P-Type Silicon Substrate

S0,

p-Si Substrate

2. Source and Drain Fabrication using Mask 3, and |ftiasis Diffusion

SO, SO, SO,
S
Source Drain
p-Si Substrate

3. 75A Silicon Nitride Deposition

—— T =
SO, SO, SO,
 ——  —r—
0t | l n*

Source Drain
p-Si Substrate

4. Mask 4: Gate Opening, Part 1 (Refer to Appendix BAE Time Estimate)

SiO; SiO;

Source Drain

p-Si Substrate
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5. 250A Dry Oxidation

+

n
Source Drain

p-Si Substrate

6. Mask 4: Gate Opening, Part 2

+

n
Source Drain

p-Si Substrate

7. Germanium Quantum Dot Deposition:
Self-Assembly and Annealing at 350°C for 1@umtés

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

8. Aluminum Oxide and Hafnium Oxide Deposition

Cladded Ge Quantum Dot Layers

p-Si Substrate
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9. Self-Assembly and Annealing at 350°C for 10 minutes

Cladded Ge Quantum Dot Layers
p-Si Substrate

10. Aluminum Oxide and Hafnium Oxide Deposition

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

11. Mask 5: Open Source and Drain Contacts (Refer fpeArdix 5.B BOE Time Estimate)

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

12. Metallization and Mask 6: Interconnect

Source Contact Drain Contact

HfAIO, Layer

Gate Contact

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

QDG-QDC NVM using Germanium Quantum Dots
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The HfAIO, nanolaminate high-k dielectric combinational layeere deposited using
the Savannah Atomic Layer Deposition (ALD) systdime program was executed for twelve
cycles to deposit the 26A gate dielectric in Stearil for thirty-four cycles to deposit the 53A

control dielectric in Step 10. Please refer to ®ac2.1.5 of this thesis for more information.

5.3.3. b-Vc and Ip-Vp characteristics

The measureh-Ves and b-Vp characteristics of the fabricated floating gate
nonvolatile memory are shown in Figure 5.12 andiféd.13. The drain pulse of 4V for 400us
and the gate pulse of 15V for 100us were applisdibaneously. In Figure 5.12, the labels
B4, B5 and B6 correspond the drain voltages of, 4nfl 6V before the pulse, and the labels
A4, A5 and A6 correspond the drain voltages of,darfd 6V after the pulse. In Figure 5.13,
the labels B4, B5 and B6 correspond the gate vedtaf 4, 5, and 6V before the pulse, and the
labels A4, A5 and A6 correspond the gate voltaged, b, and 6V after the pulse. The
maximum threshold voltage shifi/t in Io-V s characteristics was approximately 0.9V at the
drain current of 246pA. The maximum threshold wgédtahiftAV 1y in Ip-Vp characteristics
was approximately 0.8V at the drain current of 380fihe maximum current flow inbiVe
characteristics was 522U A before the pulse, angi248ter the pulse. The maximum current
flow in Ip-Vp characteristics was 704 A before the pulse, and 820ter the pulse. Therefore,
it is concluded that the QDC-FET nonvolatile memariyh HfAIO-> nanolaminate high-k
dielectric combinational layers at the gate digle@nd the control dielectric provides both the
significantly higher# current flow and the significantly higher threghebltage shifts which
improve the threshold voltage variation, and shiwe potential for fabricating multi-bit

nonvolatile memories.
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Figure 5.12.d-V¢ characteristics of QDG-QDC NVM using Germanium Quan Dots
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Figure 5.13.d-Vp characteristics of QDG-QDC NVM using Germanium Quan Dots
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5.4. Quantum Dot Gate Nonvolatile Memory using Sition Quantum Dots
5.4.1. Structure

The structure of Quantum Dot Gate (QDGnvolatile Memory (NVM) is shown in
Figure 5.14. The nonvolatile memory has the gate af 10um x 5um, and the W/L ratio of
10/5 [X]. The gate dielectric consists of 20A silicdioxide, and the control dielectric consists
of 75A silicon nitride, and the floating gate castsdf SiQ-cladded Si quantum dots [X]. The
major advantage of this structure is the electiicalilation provided by the SiOx cladding
layer [X]. It reduces lateral dot-to-dot charge doction in the floating gate layer, and allows

improved dot uniformity and higher density resudtin higher charge storage [X].

20A sio,
SizNy Layer

S0, ° S0,
0

L n n’
Source Drain
Cladded Si Quantum Dot Layers

p-Si Substrate

Figure 5.14. Structure of QDG NVM using Silicon @uam Dots

5.4.2. b-V¢ and Ip-Vp Characteristics

The b-Vs and b-Vp characteristics of the fabricated floating gatevadatile memory
are shown in Figure 5.15 and Figure 5.16 [X]. Thardpulse of 10V for 1us, 2us, and 10us,
the gate pulse of 6V for 1us, 2us, and 10us wepdiegpsimultaneously [X]. TheptVe
characteristics show the maximum threshold vol&tt# AV 4 of approximately 0.7V at the
drain current of approximately 100pA [X]. The-Vp characteristics show the significant

current reduction after the drain and gate pulsgés [
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Figure 5.15.3-V¢ Characteristics of the QDG NVM using Silicon QuantDots
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Figure 5.16.d-Vp Characteristics of the QDG NVM using Silicon QuantDots
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5.5. Quantum Dot Channel Field Effect Trannsistor ging Ge Quantum Dots
5.5.1. Structure

The structure of QDC FET is shown in Figure 5Tffe QDC FET consists of two
layers of cladded Germanium quantum dots in thamflaregions. Here, GeOx cladded forms
the thin-barrier (~1nm) over Ge quantum dots (3nrdiameter). An array of these cladded
dots behaves as a quantum dot superlattice (QDEL)This superlattice has energy mini-
bands that are very narrow and separated with dangergy than in conventional quantum
well/wire superlattices [2]. The Kronig-Penney mbdas used to determine the energy mini-
band locations and widths [2]. The measured QDC-&&jice has the gate length and the gate

width of 6Qum, and the gate width and the gate length ratid_(kfio) of 26/25.

SiO;

Figure 5.17. Structure of QDC FET

117



Fig. 5.18 shows that this FET has the followingtenials for the gate; aluminum gate
contact, HfAIQ, GeQ-cladded Ge quantum dots, silicon nitride. In orttlerenhance the
current flow in the transport channel, a silicotnide layer was deposited on the substrate. Two
layers of Ge@cladded Ge quantum dots were self-assembled éatrdmsport channel at the
recessed region between thesource and themrain. Electrons flow from the source to the
drain through the transport channel. Eighty sewaies of HfAIO, nanolaminated high-k
dielectric combinational layers were depositedtfar 204\ tunnel oxide in order to attain
relatively large dielectric constant and band gbpe combinational layers were deposited
using the Savannah Atomic Layer Deposition (ALD§teyn at Harvard. For more information
about the Savannah Atomic Layer Deposition (ALDgtegn, please refer to Section 2.1.5 of

this thesis.

Germanium Quantum Dot Layers

Gate
Contact

AlO,: 200A

TN en
+ .
n,
Source Drain

Figure 5.18. Gate Structure of QDC FET
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5.5.2. Fabrication Procedures
The fabrication of the field effect transistor viagolved in the following twelve major steps;

1. 1250A PECVD Deposition on the Polysilicon Substrate

Sio,
Poly-Si Poly-Silicon: 10004
e - Silicon Dioxide: 2004
Si Silicon: 1150A
SiO; Silicon Dioxide: 1280A

2. Source and Drain Fabrication using Mask 3

Poly-Si Poly-Silicon: 10000A
5 I Silicon Dioxide: 2004
'
Si Silicon: 11504
Sio, Silicon Dioxide: 1280A

3. Phosphorus Diffusion

so;

0t
Source

Drain

?
Poly-Silicon: 1000A
Y

Silicon Dioxide: 2004
A

Silicon: 1150A

SiO,

Silicon Dioxide: 1280A

4. 75A Silicon Nitride Deposition

so,

so,

N

+

n n o
. Poly-Silicon: 1000A
Source Drain vt
6 I Silicon Dioxide: 200A
'
Si Silicon: 1150A
Sio, Silicon Dioxide: 1280A
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5. Mask 4: Gate Opening, Part 1

Poly-Silicon: 1000A

T~ Silicon Dioxide: 200A

Silicon: 1150A

- p— p—
¥ Gate n*
Source Drain
SiO;
Si
Sio,

Silicon Dioxide: 1280A

6. 250A Dry Oxidation

Poly-Silicon: 10004

- sSilicon Dioxide: 200A

Silicon: 1150A

]: — —
n* Gate n*
Source Drain
Sio;
si
Sio,

Silicon Dioxide: 1280A

7. Mask 4: Gate Opening, Part 2

e e
] - :
A +
n Gate n Poly-Silicon: 1000A
SOU'.ce Drain oly-Silicon:
507 Silicon Dioxide: 200A
A
si Silicon: 1150A
h
S0 Silicon Dioxide: 1280A

8. 20A Silicon Nitride Deposition
— —
so, SisN, Layer so,
- = L
n* Gate n* Sifcon:

Source Drain Poly-Silicon: 1000A
o) Y- Silicon Dioxide: 200A
Si Silicon: 1150A
SiO. Silicon Dioxide: 1280A
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9. Self-Assembly of Germanium Quantum Dots and Aing at 350°C for 10 minutes

Poly-Silicon: 1000A
I Silicon Dioxide: 200A
A
Si Silicon: 1150A
A
SiO2 Silicon Dioxide: 1280A

HfAIO,: 200A

10. Hafnium Oxide/Aluminum Oxide Combinational Lay@eposition for the Tunnel Oxide

Poly-Silicon: 1000A
5 [ silicon Dioxide: 200A
Si Silicon: 1150A
3
SiO, Silicon Dioxide: 1280A

11. Mask 5: Open Source and Drain Contacts

HfAIO, Layer

HfAIO2: 200A

Poly-Silicon: 1000A
Source y-Sil
e Silicon Dioxide: 200A
A
Si Silicon: 1150A
4
SiO, Silicon Dioxide: 1280A

12. Metallization and Mask 6: Interconnect

HfAIO,: 200A

Poly-Silicon: 1000A
5 : Silicon Dioxide: 200A
Si Silicon: 1150A
3
SiO, Silicon Dioxide: 1280A
v

QDC FET using Germanium Quantum Dots with Silicon Ntride Insulator
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5.5.3. b-V¢ Characteritics

The fabricated QDC FET was tested for multi-stdigracteristics. Figure 5.19 shows
the b-Vs characteristics of QDC FET, andWas changed from -3 to 13 volts, and Was
changed from 0 to 15 volts. When, Was greater than 3 voltp lpeaks was observed at
numerous locations. The distinct three-state chariatic (low-intermediate-high) were
observed when Ywas equal to 12, 13 and 14 volts. Wheywéas equal to 12V, the maximum
Io peak was 9.17A at Vs equal to 9.5V. When ywas equal to 13V, the maximum peak
was 9.0{A at Vs equal to 9.0V. When pwas equal to 14V, the maximumpgeak was 9.98A

at Vg equal to 8.0V.

5.5.4. b-Vp Characteritics

Figure 5.20 shows thep-Mp characteristics which was generated frogaVe
characteristics. ¥ was changed from 0 to 15 volts, and Was changed from -3 to 13 volts.
These b-Vp characteristics represented three distinct gragyspifihe d currents of ¢ less than
8.5 volts formed the first group, thedurrents of \¢ equal to 8.5, 9, 9.5, 10, 10.5 volts formed
the second group, and thedurrents of \¢ equal to 11, 11.5, 12, 12.5, 13 volts formed the
third group. In the past, distinct groupings wds®abserved in quantum dot gat quantum dot
channel field effect transistor (QDG-QDC FET). Bugse groups were completely separated.
In the QDC FET, some groups were actually overlagmach other, and show completely

different b-Vp characteristics from QDG-QDC FET.
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Figure 5.19.d-V¢ Characteristics of the QDC FET using Germaniumr@ura Dot
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Figure 5.20Ip-Vp Characteristics of the QDC FET using Germaniumr@Qua Dots
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5.6. Conventional Field Effect Transistor

5.6.1. Structure

The structures of conventional FETs are showifrigare 5.21. These figures show
the FETs which have 200A and 300A Hfal@anolaminate high-k dielectric combinational
layers for the tunnel oxides. The measured QDC-&&fice has the gate length and the gate
width of 6Qum, and the gate width and the gate length ratid_(k&#io) of 26/25. The devices
with 25A, 50A, 100A and 150A HfAI@nanolaminate high-k dielectric combinational layer
were also tested. But electrons penetrated thrtheghunnel oxides, and the experiments were
unsuccessful. Also, the device with 400A HfAlOnhanolaminate high-k dielectric
combinational layers was tested. But the resultsswery similar to the device with 300A

HfAIO > nanolaminate high-k dielectric combinational layer

HfAIO, Layer: 200A
HfAIO, Layer: 300A

Source Drain Source

p-Si Substrate p-Si Substrate

Figure 5.21. Cross-section of the conventional RER 200A and 300A tunnel oxide

5.6.2. b-V¢ and Ip-Vp characteristics

Io-V s characteristics for the 200A tunnel oxide devige shown in Figure 5.22, and
Io-Vp characteristics for the 200A tunnel oxide device shown in Figure 5.23pN¢
characteristics for the 300A tunnel oxide device ahown in Figure 5.24, ana-Vo

characteristics for the 300A tunnel oxide devieesirown in Figure 5.25.
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Figure 5.22.4-Vs characteristics of the Conventional FET with 2a0Anel oxide
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Figure 5.23: 3-Vp characteristics of the Conventional FET with 2G0Anel oxide
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Figure 5.24.4-Vs characteristics of the Conventional FET with 3@0Anel oxide
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Figure 5.25.4-Vp characteristics of the Conventional FET with 3@0Anel oxide
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From the $-V and b-Vp measurement results, it was conclude that theesdional
FETs with HfAIO; nanolaminate high-k dielectric combinational layfar the tunnel oxides
have the following characteristics.
1. Extremely High Current Flow
For the device with 300A tunnel oxide, the curémiv was exceeded 2mA whens\and
Vp were over 10 volts. Therefore, they are stronglickates for power transistors.
2. Unique b-V¢ and b-Vp Characteristics
It was difficult to determine the threshold voltagsecause no straight current line existed
in the b-Vs characteristics. Also, the current increased almxgonentially when ¥ was
low in the b-Vp characteristics. Therefore, the traditional cureguations could not be

applied for these results.

The gate structures of these devices are summagzémlows;

Device Name Ge Quantum Dots HfAIO SiEN4 | Total Thickness
QDG QDC NVM | 50A*4=200A 25A+50A =75A | © 275A
QDC FET 50A*2=100A 200A 25A | 325A
Con. FET (200A) | 200A 0 0 200A
Con. FET (300A) | 300A 0 0 300A

Table 5.2. Gate Structures of Four Devices

These devices had more than 200A total thicknessna electron leakage.
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Chapter 6

Quantum Dot Channel (QDC) Field-Effect Transistors

Analog Behavior Model (ABM)
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6.1. Introduction
This chapter describes use of analog behavior hiagd1) developed for QDC-FETs
representing their multi-state characteristicfolr states n-QDC-FET, the threshold voltage
changes linearly when the gate voltage increasesgh a range of voltages (Vgl to Vg2, Vg3
to Vg4). The relationship is showing in equatiofi]L
VTgrr = VT + AVTH (6.1)

( 0, Ves < Vgl

I al(Vgs +Vgl), Vgl<Vg<Vg2

AVT = { al(Vg2+Vgl), Vg2 < Vs <Vg3

l al(Vg2 +Vgl)+ a2(Vgs +Vg3), Vg3 <Ves < Vg4
al(Vg2+Vgl)+a2(Vgs+Vg3), Ves = Vg4

Berkeley Short-channel IGFET Model (BSIM3) and ArgaBehavioral Model (ABM)
libraries are used to establish the n-type QDC-Fitidel that can address the changing in
threshold voltag&VT. The output of ABM block represents\VT, the applied gate voltage
of the BSIM transistor is equal to the output of MBlock, and the threshold voltage of the
BSIM transistor is VT. This approach captures thbdvior of the four state n-QDC-FET. The
advantage of using the BSIM models is that theyscate to 45 nm and 25 nm with capturing
the latest technology advances.

This model is set in hierarchical block and it npémibe used in Cadence-OrCAD CIS
as shown in Figure 6.1. TheslVgs characteristic of the four states n-QDC-FET isvai@n
Figure 6.2 (the setting for this circuit as L=lumW=5um, \bp=3V, VT=0.5,
Vg1=1*Vpp/3=1V, Vg2=1.5*\bp/3=1.5V, Vg3=2\hp/3=2V, and Vg4=2.5*¥p/3=2.5V).
The simulation result shows the four regions (OFEDA-MOD2-ON) of the transfer

characteristics.
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Figure 6.1. BSIM Four-State n-QDC-FET Model Circuit
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6.2. Quaternary Inverter

The four state QDC-FETSs are suitable for thaternary logic application with less
complex and more efficient than existing quaterragic circuits. The quaternary inverter
logic circuit and its transfer characteristics stiewn in Figure 6.3 and Figure 6.4, respectively.
The input single is regenerated by inverting thigouof the circuit in Fig.6.3 using other four

state inverter, the regenerating input signal mashg in Figure 6.4Figure 6.5 shows the

transient time simulation of the quaternary invelbgic.

WD
MO
PMOS j

0 OUTPUT
QD _

a3

]

_’_||N Gm X

=

-0

Figure 6.3. Four State n-QDC-FET Inverter Circuit.

The four state inverter comprising of p-MOSidaur states n-QDC-FET (pseudo-
nMOS). If Vin<kVDD/3, the output of the inverter \4DD (Logic3). When VDD/3 < Vin >
2*VDD/3, the output of the inverter is 2*VDD/3 (L&@®). The inverter output is VDD/3
(Logic2) when Vin= VDD/3, the output of the inverter is <VDD/3 (Lo@icif the input is

>2*VDD/3.
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Figure 6.4. Transfer Characteristic of Four Sta@DC-FET Inverter.

Figure 6.5 shows the transient time simulatiorhefquaternary inverter logic.
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Figure 6.5. Transient Time Simulation of Quaterriamerter Logic
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6.3. 2-Bit SRAM

The conventional 1 bit SRAM consists of two coniemdl-coupled COMS Inverters

for the memory implementation, the same circuitloamised to make 2 bit SRAM by replacing

the COMS Inverter with a four state n-QDC-FET inteeas showing in Figure 6.6.

WH

VDD

: ‘
- G
fupnaal

DATA

|5 ol

&ls

o Mz

1

DATA_BAR

Figure 6.6. The two bit SRAM 6T cell using n-QDC-Fverter.

E —|Iz

Figure 6.7 shows transient simulations of the ZSIB{AM using a 6T (transistor) cell.

In case of the “Write” input signal is on (=VDD)stored data signal flows a data input signal.

When the “Write” input signal is switched off (=@he voltage/logic stays at the storage node.

The simulation result depicts the 2-bit SRAM stotleel data as expected.

134



3ov
1 n H M
 —vioata) 1} Ii | i i i
== = ViR H i ! I !
i it i ! i i !
: i ) ! i i |
20v H H] 1 1 H 1 T
1 i! i il i i {
i i i i i i !
H 1 1 M 1
} i i i i i :
10v i K i I; H n 1
X T H it H] H 1] :
i il i [H 1 ! i
1 1 1 [ 1 1
=| |= :| I: 1 :I i
i i i i : h :
ov —Ht i i H ! i L
0s 0.2ms 0.4m Time 0 6ms 0.8m 1.0ms
3oV —
Logic3 ——V(STORED DATA)
vDD=3V 2/3 VDD=2 V|
Logic2 Logic2
2.0V
- 2/3VvDD=2V
VvDD/3=1V
Logic1
1.0V
| | Logico
ov >VDDI/6=0.5 V
0s 0.2ms 0.4m Time 0.6ms 0.8m 1.0ms

Fig. 6.7 Simulation of 2-bit SRAM

6.4 References
The information in Chapter 6 was extracted fromrdygort e-mailed by Dr. Bander Saman

on April 17, 2017.
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7. Conclusion and Future Plan

7.1. Conclusion

The FET comparison chart is shown in Figure 7.2][-and the NVM comparison chart is

shown in Figure 7.2 [3,1,4]. The conclusion of thisject is stated below;

1. Germanium QDC FETs were fabricated on poly-siliaod exhibited comparable electron
mobility to silicon QDC FETs fabricated on crystilicon. Thel-V characteristics of
germanium QDC FET on a poly-silicon substrate amwv at the first row of Figure 7.1.
Thel-V characteristics of silicon QDC FET on a cryssdicon substrate are shown at the
second row of Figure 7.1 [1]. The germanium QDC BB R poly-silicon substrate exhibits
the mobility which is comparable to the silicon QIBETs on a crystal silicon substrate.

2. Ge QDC NVM exhibited greater threshold shift anteptial for multi-bit operation. The I-
V characteristics of QDC NVM using germanium quamtdots is shown at the first row in
Figure 7.2 [3]. The maximum threshold voltage shiftr in I-V characteristics was
approximately 0.9V at the drain current of 246uA lso, the I-V characteristics of QDC
NVM using silicon quantum dots is shown at the selcoow in Figure 7.2 [1]. The
maximum threshold voltage shif 4 in Io-V g characteristics was approximately 1.8V at
the drain current of 50A [1]. These greater threshold shifts exhibit ptitdrfor multi-bit
operation.

3. Quantum simulations were performed, and analogvietz models (ABM) were recently

developed.
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Figure 7.1. FET Comparison Chart
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Figure 7.2. NVM Comparison Chart
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7.2. Future Plan
The future plans of this project are stated agvait
1. Development of multi-state logic circuits using QIPETs
The four state inverter comprising of p-MOS and BEFET was successfully
designed using the ABM model. Also, the two-bit IRBomprising of two p-MOS,
two n-MOS, and two QDC-FETs was successfully dexignsing the ABM model.
This work will be extended to the applications ottievices.
2. Multi-bit NVM memories on a poly-silicon substrate
The germanium QDC FET on a poly-silicon substraae successfully fabricated, and
the mobility is comparable to the silicon QDC FEi a crystal silicon substrate.
Therefore, the germanium QDC NVM on a poly-silicubstrate will be fabricated in
order to reduce the fabrication cost.
3. Demonstration of QDC FETs and NVMs below 130 nm.
Presently, most of the devise are fabricated ugirg6Oum x 60um gate size. The
device size must be significantly reduced in tharkl
4. Investigate wrap-around Gate QDC FETSs.
Wrap-around Gate QDC FETs will be fabricated ineortb reduce the interfacial
trapped charge density, and the threshold varigbdV 4y to improve the noise

margins of logic gates.
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Appendix 1

Conventional FET using Crystal Silicon Substrate

1. P-Type Silicon Substrate

p-Si Substrate

2. 1250A Wet Oxidation on P-Type Silicon Substrate

Sio,

p-Si Substrate

3. Source and Drain Fabrication using Mask 3

Sio, Sio, Sio,

p-Si Substrate

4. Phosphorus Diffusion

SO, SO, Sio,
L n ] [ n ]
Source Drain

p-Si Substrate
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5. Mask 4: Gate Opening
(Refer to Appendix 5.1: BOE Time Estimate for G@igening)

Sio, Sio;

Source Drain

p-Si Substrate

6. Dry Oxidation

SO, SO,
= | e— | — /|=
n" n*
Source Drain

p-Si Substrate

7. Mask 5: Source and Drain Contact Hole
(Refer to Appendix 6.1: Source and Drain ContadeHo

SO, SO,
= — | —
. —J
I A N I S
Source Drain

p-Si Substrate
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8. Metallization

Source

p-Si Substrate

9. Mask 6: Interconnect

Source Contact

+

n
Source

Gate Contact

Drain Contact

p-Si Substrate

Conventional FET
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13.

14.

15.

16.

Appendix 2

Trench Fabrication for Crystal Silicon Substrate

P-Type Silicon Substrate

p-Si Substrate

1250A Wet Oxidation on P-Type Silicon Substrate

Sio,

p-Si Substrate

Source and Drain Fabrication using Mask 3

Sio, Sio, Sio,

p-Si Substrate

Phosphorus Diffusion

SO, SO, Sio,
L n ] [ n ]
Source Drain

p-Si Substrate
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17. 75A Silicon Nitride Deposition

SO, SO, SO,

p-Si Substrate

18. Mask 4: Gate Opening, Part 1 (Refer to Appendix BQE Time Estimate)

*___________'*
Sio, SO,
= p— pr—

n" n*

Source Drain
p-Si Substrate

19.  250A Dry Oxidation

SO, SO,
p— p—
- e
n n
Source Drain
p-Si Substrate

20. Mask 4: Gate Opening, Part 2

SiO, SiO,
— —
;/+ %’
n n
Source Drain
p-Si Substrate
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A. QDC FET using SiliconQuantum Dots

9A. Silicon Quantum Dot Deposition

Self-Assembly of Si Quantum Dot Layers

SO,

Sio,

Source
Cladded Si Quantum Dot Layers
p-Si Substrate

Annealing at 750°C for 10 minutes

Cladded Si Quantum Dot Layers
p-Si Substrate

SO, SO,
— —
7 —J
n n
Source Drain

Dry Oxidation at 800°C for 5 minute

SiO«-Si

SO,

Source
Cladded Si Quantum Dot Layers
p-Si Substrate
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10A. Mask 5: Open Source and Drain Contacts usingkvb
(Refer to Appendix 6.2: BOE Time EstimideContact Holes)

Source
Cladded Si Quantum Dot Layers

p-Si Substrate

11A. Metallization

Cladded Si Quantum Dot Layers

p-Si Substrate

12A. Mask 6: Interconnect

Drain Contact

Source Contact

Cladded Si Quantum Dot Layers

p-Si Substrate

QDC FET usirgjlicon Quantum Dots

148



B. QDG-QDC FET using Silicon Quantum Dots

9B. Silicon Quantum Dot Deposition

Self-Assembly and Annealing at 750°C for 10 minutes

Sio,

Sio,

— —
7 =
n n
Source Drain

Cladded Si Quantum Dot Layers
p-Si Substrate

Dry Oxidation at 800°C for 5 minute

SiO«-Si

Sio,

Source
Cladded Si Quantum Dot Layers
p-Si Substrate

Self-Assembly and Annealing at 750°C for 10 minutes

Source
Cladded Si Quantum Dot Layers
p-Si Substrate
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10B. Mask 5: Open Source and Drain Contacts
(Refer to Appendix 6.2: BOE Time Estimatethe Contact Holes)

SO,

Cladded Si Quantum Dot Layers
p-Si Substrate

11B. Metallization

Cladded Si Quantum Dot Layers
p-Si Substrate

12B. Mask 6: Interconnection

Source Contact Drain Contact

Gate Contact

Source
Cladded Si Quantum Dot Layers
p-Si Substrate

QDG-QDC FET usingltson Quantum Dots
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C. QDC FET using Germanium Quantum Dots

9C. Germanium Quantum Dot Deposition for QDC FET

Self-Assembly

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

Annealing at 350°C for 10 minutes

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

Hafnium Oxide Layer Deposition

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

Rapid Thermal Annealing (RTA) at 520 °C for 10 g&t®

Source
Cladded Ge Quantum Dot Layers
p-Si Substrate
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10C. Mask 5: Open Source and Drain Contacts
(Refer to Appendix 6.3: BOE Time EstimideContact Holes)

Drain
Cladded Ge Quantum Dot Layers

p-Si Substrate

11C. Metallization

Al

HfO, Layer

Source Drain
Cladded Ge Quantum Dot Layers

p-Si Substrate

12C. Mask 6: Interconnect

Source Contact

HfO, Layer

Source
Cladded Ge Quantum Dot Layers
p-Si Substrate

QDC FET using Germamin Quantum Dots
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D. QDG-QDC FET using Germanium Quantum Dots
9D. Germanium Quantum Dot Deposition

Self-Assembly and Annealing at 350°C for 10 minutes

e s |
Sio; S0,
- —
7
n
Source

Cladded Ge Quantum Dot Layers
p-Si Substrate

Hafnium Oxide Layer Deposition

Source
Cladded Ge Quantum Dot Layers

p-Si Substrate

Rapid Thermal Annealing (RTA) at 520°C for 10 setn

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

Self-Assembly and Annealing at 350or 10 minutes

Cladded Ge Quantum Dot Layers

p-Si Substrate
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10D. Mask 5: Open Source and Drain Contacts
(Refer to Appendix 6.3: Time Estimate @ontact Holes)

Source Drain
Cladded Ge Quantum Dot Layers

p-Si Substrate

11D. Metallization

Al

HfO, Layer

Source Drain
Cladded Ge Quantum Dot Layers

p-Si Substrate

12D. Mask 6: Interconnect

Source Contact Drain Contact

HfO, Layer

SiO,

Source Drain
Cladded Ge Quantum Dot Layers

p-Si Substrate

QDG-QDC FET using Germanium Quantum Dots
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E. QDG-QDC NVM using Silicon Quantum Dots
9E. Silicon Quantum Dot Deposition
Self-Assembly and Annealing at 750°C for 10 min. &

Dry Oxidation at 800°C for 5 minutes

) SiQ«-Si
SiO, SO,

Source Drain
Cladded Si Quantum Dot Layers
p-Si Substrate

Self-Assembly and Annealing at 750°C for 10 minute

Cladded Si Quantum Dot Layers
p-Si Substrate

Deposit Silicon Nitride Layer for the@ftrol Dielectric

Cladded Si Quantum Dot Layers
p-Si Substrate
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10E. Mask 5: Open Source and Drain Contacts

SO, SO,

Source
Cladded Si Quantum Dot Layers
p-Si Substrate

11E. Metallization

Source
Cladded Si Quantum Dot Layers
p-Si Substrate

12E. Mask 6: Interconnection

Source Contact Drain Contact

Cladded Si Quantum Dot Layers
p-Si Substrate

QDG-QDC NVM using 8ion Quantum Dots
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F. QDG-QDC NVM using Germanium Quantum Dots

9F. Germanium Quantum Dot Deposition
Self-Assembly and Annealing at 350°C for 10 minutes

e
n
Source

Cladded Ge Quantum Dot Layers
p-Si Substrate

Aluminum Oxide and Hafnium Oxide Deposition

Cladded Ge Quantum Dot Layers
p-Si Substrate

Self-Assembly and Annealing at 350or 10 minutes

Cladded Ge Quantum Dot Layers

p-Si Substrate

157




10F. Aluminum Oxide and Hafnium Oxide Deposition

Cladded Ge Quantum Dot Layers
p-Si Substrate

11F. Mask 5: Open Source and Drain Contacts (Refappendix 6.2: BOE Time Estimate)

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

12F. Metallization

Al

HfAIO, Layer

Cladded Ge Quantum Dot Layers
p-Si Substrate

13F. Mask 6: Interconnect

Source Contact Drain Contact

HfAIO, Layer

Gate Contact

Source Drain
Cladded Ge Quantum Dot Layers
p-Si Substrate

QDG-QDC NVM using Germanim Quantum Dots
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Appendix 3

Conventional FET using Polysilicon Substrate

1. Poly-silicon Substrate

Poly-Si Poly-Silicon: 27000A
Y- Silicon Dioxide: 200A

A

Sio,

Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

2. 1250A PECVD Deposition on the Polysilicon Substrate

SiO,
Poly-Si Poly-Silicon: 1000A
5 Silicon Dioxide: 200A
y
Si Silicon: 1150A
SO, Silicon Dioxide: 1280A
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3. Source and Drain Fabrication using Mask 3

Sio,

Sio,

Sio,

Poly-Si

Poly-Silicon: 17000A
"~ Silicon Dioxide: 200A

Sio,

Si

A

Silicon: 1150A

SiO,

Silicon Dioxide: 1280A

4. Phosphorus Diffusion

Sio;

Sio,

Sio;

+

n
Source

Drain

Poly-Silicon: 1000A
"~ Silicon Dioxide: 200A

SiO,

Si

A

Silicon: 1150A

SiO,

Silicon Dioxide: 1280A
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5. 75A Silicon Nitride Deposition

+ +
n n I
) Poly-Silicon: 1000A
Source Drain y
o Y- Silicon Dioxide: 200A
A
Si Silicon; 1150A
SiO, Silicon Dioxide: 1280A
6. Mask 4: Gate Opening
- — p—
+ +
n Gate n’ Poly-Silicon: 1000A
Source Drain
T Silicon Dioxide: 200A
A
Si Silicon: 1150A
Sio, Silicon Dioxide: 1280A
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7. Hafnium Oxide/Aluminum Oxide Combinational Layer fizssition for

for the Tunnel Oxide

Sio,

HfAIO, Layer

Sio,

HfAIO,: 200A

P
Poly-Silicon: 1000A

I Silicon Dioxide: 200A

Silicon: 1150A

v

SiO;

Silicon Dioxide: 1280A

8. Mask 5: Open Source and Drain Contacts

HfAIO, Layer

HfAIO,: 200A

* G
n ate n I
. Poly-Silicon: 1000A
Source Drain y-sil
S0z _ Silicon Dioxide: 200A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A
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9. Metallization

Self-Assembly of Germanium Quantum Dots

Al

HfAIO,: 200A

HfAIO, Layer

+

Sor|l,| rce Poly-Silicon: 1000A

Silicon Dioxide: 200A
A

Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

10. Mask 6: Interconnect

Source Contact Drain Contact

|~ HfAIO,: 200A

?

HfAIO, Layer

Gate Contact

Sio, Si0;

+

t o
Poly-Silicon: 1000A

n
Source
S0 Silicon Dioxide: 200A
y
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

Conventional FET
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Appendix 4

Trench Fabrication for Poly-silicon Substrate

8. Poly-silicon Substrate

Poly-Si Poly-Silicon: 1000A
Y- Silicon Dioxide: 200A

A

SiO,

Si Silicon: 1150A

SiO, Silicon Dioxide: 1280A

9. 1250A PECVD Deposition on the Polysilicon Substrate

SiO,
Poly-Si Poly-Silicon: 1000A
5 Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A
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10. Source and Drain Fabrication using Mask 3

11.  Phosphorus Diffusion

Poly-Si Poly-Silicon: 27000A
o "~ Silicon Dioxide: 200A
A
Si Silicon: 1150A
Sio, Silicon Dioxide: 1280A
+ +
n n T
) Poly-Silicon: 1000A
Source Drain y
T Y- Silicon Dioxide: 2004
A

Si Silicon: 1150A

SiO, Silicon Dioxide: 1280A
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12. 75A Silicon Nitride Deposition

+ +
n n T
) Poly-Silicon: 2000A
Source Drain y
50 '~ Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

13. Mask 4: Gate Opening, Part 1

- p— —
+ +
n Gate n —
) Poly-Silicon: 2000A
Source Drain y
T Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 12804
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14.

15.

250A Dry Oxidation

Poly-Silicon: 1000A
Silicon Dioxide: 200A

Silicon: 1150A

| p—
n* Gate
Source
SiO,
A
Si
SiO,

Silicon Dioxide: 12804

Mask 4: Gate Opening, Part 2

Si0,

—
N I
Gate n’ Poly-Silicon: 1000A
Drain
505 Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A
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A. QDC FET using Germanium Quantum Dots

9A. Self-Assembly of Germanium Quantum Dots

SiO,

9000OE00C T—
Gatd”
a . .
. Poly-Sil - 1000A
Source Drain oly-Silicon
S0; ' Silicon Dioxide: 200A
7y
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

Annealing at 350°C for 10 minutes

Annealing
[0PPPPOPPCOOE)

SiO,

Poly-Silicon: 1000A
Silicon Dioxide: 200A

Silicon: 1150A

T /+ B0 oY %/
n Gate n"
Source Drain
SiO,
A
Si
SiO,

Silicon Dioxide: 1280A
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10A. Hafnium Oxide/Aluminum Oxide Combinational lexyDeposition
for the Tunnel Oxide

HfAIO, Layer

Sio

—, 385808500 - A
n Gate n Polv-Silicon:
. oly-Silicon: 1000A

Source Drain y

S0z ' Silicon Dioxide: 200A

A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

11A. Mask 5: Open Source and Drain Contacts

Sio,

HfAIO, Layer

gesseeesess

(515106106010

I
Poly-Silicon: 1000A
Y Silicon Dioxide: 200A

SiO,
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A
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12A. Metallization

- . 4
n Gate n Poly-Silicon: 1000A
Source Drain
03 Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

13A. Mask 6: Interconnect

Drain Contact

Source Contact

HfAIO, Layer
Gate Contact
v Ucate m | L
. Poly-Silicon: 1000A
Source Drain

S0, it Silicon Dioxide: 200A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

QDC FET using Germanium Quantum Dots
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B. QDC FET using Germanium Quantum Dots with Silicon Ntride Insulator

9B. 2 Silicon Nitride Deposition

Source

Gate

o
Poly-Silicon: 1000A
Silicon Dioxide: 200A

Si0,

Si

A
Silicon: 1150A

v

SiO,

Silicon Dioxide: 1280A

10B. Self-Assembly of Germanium Quantum Dots andédating at 350°C for 10 minutes

Si0,

— u@gonfo%aollgoo=

Poly-Silicon: 1000A
Y Silicon Dioxide: 200A

Silicon: 1150A

—_ e —
n Gate n"
Source Drain
SiO,
A
Si
Sio,

Silicon Dioxide: 1280A
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11B. Hafnium Oxide/Aluminum Oxide Combinational lemyDeposition

for the Tunnel Oxide

HfAIO,: 200A

n e .
. Poly-Silicon: 1000A
Source Drain i y
Si0; I Silicon Dioxide: 200A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

12B. Mask 5: Open Source and Drain Contacts

HfAIO, Layer
SizN4 Layer

HfAIO,: 200A

+

n
Source

Poly-Silicon: 1000A
' Silicon Dioxide: 200A

A
Silicon: 1150A

y

SiO;

Silicon Dioxide: 1280A
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13B. Metallization

Al

HfAIO,: 200A

HfAIO, Layer

iSi3N4 Layer

+
n Gate n Poly-Silicon: 1000A
Source Drain y-stiieon:
— ' Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

14B. Mask 6: Interconnect

HfAIO,: 200A

Gate
Contact

+ +
n Gate n 1 N
. Poly-Silicon: 1000A

Source Drain y-sl

502 Y Silicon Dioxide: 200A

A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

QDC FET using Germanium Quantum Dots with #icon Nitride Insulator
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C. QDG-QDC FET using Germanium Quantum Dots

9C. Self-Assembly of Germanium Quantum Dots ande@ting at 350°C for 10 minutes.

+

n Poly-Silicon: 10004
Source
Silicon Dioxide: 200A
A
Si Silicon: 1150A
Sio, Silicon Dioxide: 12804

10C. Hafnium Oxide/Aluminum Oxide Combinationalyea Deposition
for the Tunnel Oxide
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©OOPOCOOE

+
Gate Drr;in Poly-Silicon: 1000A
Y Silicon Dioxide: 200A

A
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Si Silicon: 1150A
SiO; Silicon Dioxide: 1280A
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11C. Self-Assembly of Germanium Quantum Dots andeating at 35¢C for 10 minutes

HfAIO, Layer

Si0, Sio

I
Poly-Silicon: 1000A
' Silicon Dioxide: 200A

A

Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

12C. Mask 5: Open Source and Drain Contacts

Poly-Silicon: 1000A

A

A

Si Silicon: 1150A

SiO, Silicon Dioxide: 1280A
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13C. Metallization

Al

HfAIO, Layer

XOJOX XOXOXOX
+ +
n Gate n. Poly-Silicon: 10004
Source Drain
55 Silicon Dioxide: 200A
A

Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

14C. Mask 6: Interconnect

Source Contact Drain Contact

HfAIO, Layer

Sio, Gate Contact
n |Gate| n I
) Poly-Silicon: 1000A
Source Drain il Y
Sio; L Silicon Dioxide: 200A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

QDG-QDC FET using Germanium Quantum bts
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A. QDG-QDC Nonvolatile Memory using Germanium QuantumbDots

9D. Self-Assembly of Germanium Quantum Dots andéating at 350°C for 10 minutes

Poly-Silicon: 1000A
Silicon Dioxide: 200A

Silicon: 1150A

Silicon Dioxide: 1280A

Poly-Silicon: 1000A
Y- Silicon Dioxide: 200A

Silicon: 1150A

{ /+ &mao‘o‘o'a \ 5 ]
n Gate n"
Source Drain
SiO,
A
Si
SiO;
Annealing at 350°C for 10 minutes
Annealing
X A B3388888883 7 -
n Gate n’
Source Drain
SiO,
A
Si
SiO,

Silicon Dioxide: 1280A
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10D. Hafnium Oxide/Aluminum Oxide Combinational lesyDeposition
for the Tunnel Oxide

Sio;

HfAIO, Layer

xxxxxxxx

MOéooooooo \+_/
n ate n Poly-Silicon: 1000A
Source Drain y-=fieon:
S0, Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO; Silicon Dioxide: 1280A

11D. Self-Assembly of Germanium Quantum Dots ande&ling at 350C for 10 minutes
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HfAIO, Layer
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Poly-Silicon: 1000A
Silicon Dioxide: 200A

A
Silicon: 1150A

y

SiO;

Silicon Dioxide: 1280A
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12D. Hafnium Oxide/Aluminum Oxide Combinational lesyDeposition for

Control Dielectric

© ©

+ +
n Gate n Poly-Silicon: 1000A
Source Drain y '
_— ' Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

13D. Mask 5: Open Source and Drain Contacts

HfAIO, Layer

Poly-Silicon: 1000A
Silicon Dioxide:; 200A

A

Silicon: 1150A

y

SiO;

Silicon Dioxide: 1280A
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14.D. Metallization

Al

+ = ” + ?
n Gate n. Poly-Silicon: 1000A
Source Drain
o Silicon Dioxide: 200A
A
Si Silicon: 1150A
SiO, Silicon Dioxide: 12804
15D. Mask 6: Interconnect
Source Contact Drain Contact
HfAIO, Layer
S0, Gate Contact
n |Gate| n I
) Poly-Silicon: 1000A
Source Drain | Y
S0, L Silicon Dioxide: 200A
Si Silicon: 1150A
SiO, Silicon Dioxide: 1280A

QDG-QDC Nonvolatile Memory using Germanium Quatum Dots
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Appendix 5

Etch Rate

A. BOE Time Estimate for Gate Opening

1. Conventional FET

Material Thickness (A)
SiO; (Phosphorus Diffusion) 80A

SiO, (Wet Oxidation) 1250A

Total Thickness 1330A

Time Duration Estimate

133 seconds

2. QDC FET & QDG-QDC FET using Silicon Quantum Dots

Material Thickness (A)
SiN, (Silicon Nitride Deposition) 75A

SiO; (Phosphorus Diffusion) 80A

SiQ, (Wet Oxidation) 12508

Total Thickness 140=A

Time Duration Estimate 140.5 seconds

B. BOE Time Estimate for Contact Holes

1. Conventional FET

Material Thickness (A)
SiO, (Dry Oxidation) 250A
Time Duration Estimate 25 seconds

2. QDC FET, QDG-QDC FET, and QDG-QDC NVM using SilicQuantum Dots

Material Thickness (A)
SiO; (Si Quantum Dot Oxidation) 70A
Time Duration Estimate 7 seconds

3. QDC FET, QDG-QDC FET, and QDG-QDC NVM using Gamum Quantum Dots

Material Thickness (A)
HfO, (Hafnium Oxide Deposition) 50A
Time Duration Estimate 5 seconds
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a A W N P

. Silicon Wafer Cleaning Procedures

. Boil wafer in Trichloroethylene (TCE) for 5 mitas.
. Boil in Acetone for 5 minutes.

. Boil in Methanol for 5 minutes.

. Rinse in de-ionized Water.

. Soak in 5% Hydrofluoric Acid (HF) for 10 minutes

HF : Water =5 : 100, HF : Water = 10 : 200

6. Rinse in de-ionized Water.

7. Soak in freshly made 1,80,: 1 HO (always add acid at the end) for 5 minutes.

Make sure the #:has not expired.
This 1 HSQu: 1 H,O; solution should be hot when made, and will givieholbbles when

the wafers are placed in the solution.

8. Rinse in de-ionized water.

9. Soak in HF for 5 minutes.

10.
11.
12.
13.
14.
15.

16.
17.
18.
19.

Rinse in de-ionized Water.

Soak in freshly made L8O : 1 H,O; for 5 minutes.

Rinse in de-ionized water.

Soak in HF until the Acid rolls off the Wafer.

Rinse in de-ionized Water.

Soak in freshly made RCA Solution (604 1 HO,: 1 HCI) at 70°C for 5 minutes.
H>0O: H,O,: HCI=120cc: 20cc: 20cc

Heat up the Water before adding th@©kHand HCI (always add acid at the end).

If the RCA solution turns green when you yijr tweezers in it, please discard this RCA
solution and remake it.

Again, there should be bubbles given off wtrenWafers are placed in the solution.
Rinse in de-ionized water.

Soak in HF for 5 minutes.

Rinse in de-ionized water.

Store in Propanol at 160°.
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