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ABSTRACT

In this thesis, we mainly study on using wet oxidation to form the blocking layer
of the SONOS (poly Si-oxide-nitride-oxide-silicon) type nonvolatile flash memory.
Generally, the blocking oxide layers are mostly deposited by furnace. We adopt
another way that is the deposited nitride trapping layer was directly oxidized by wet
oxidation to form the blocking oxide layer. This nonvolatile memory structure with
some changes in trapping layer will have superior characteristics in terms of

considerably high speed program/erase, long retention time, and excellent endurance.



First, we present a nonvolatile SONOS type flash memory that was fabricated
using wet oxidation to form the oxide layer as the blocking layer from the trapping
layer. Oxygen may diffuse faster into the nitride layer, and it can passivate the
shallow trap states in nitride. Therefore, there were only the deeper trap states in the

trapping layer, and this kind of memory device may have better reliability.

Then, the silicon atoms were provided in the nitride or on top of it for raising the
wet oxidation rate. There are two different methods. One of them is that a thin
amorphous silicon layer was deposited as the sacrificial layer on the nitride layer. This
method successfully improves the oxidation rate. At the same time, the method would
form a rough top oxide layer. We can use atomic force microscopy (AFM) and
transmission electron microscopy (TEM) te:check it. This memory structure would
provide another program/erase mechanism, because. the electric field was different in
the top oxide layer. The electrons injected into the trapping layer through the top
oxide layer instead of the bottom oxide layer. This memory still maintains a good

reliability.

Finally, the other way is that the silicon source was introduced into the nitride by
embedded silicon nano-crystals. Different heights of silicon nano-crystals determine if
they are oxidized or not, which results in different improvements. Embedded silicon
nano-crystals may improve the reliability or localize the trapping sites. This memory

structure can use two bit operation, and still keep good retention.


http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=successfully
http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=mechanism
http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=electric+field

AT

TR R N il B G AR LR R R e 2 R A e B e
Eﬁﬁ%?.iw§ﬁ~ﬁ ﬁ%%#ﬂp*ﬁiifiﬁﬁmﬁﬁﬁf%@°
BARE P A RARYIE L S E 2GR BPEY IS R T i

¥

ottt AT E RGN R 3L A G G L mé}z%;—%i’fa‘rﬁh BT AR R
it L AEF RS

B LE LA A L ER s B
ﬁ%lﬁ@ Sip FERAECEF o N ERHE LS
SR B 7 AeA e BB REE B F
FEIER o Vb BRW x B EHOREE

g

PHRAPELE 3 o FBFHRT UL AedEf 2 2L on 2 BE A3 E L F
AR RS LfER S RAPIR A EY L LR EERE % RET %
e 2ENFEPLELE I FEE | RELEEREECEPFEE B
FE o WS EL i B R

RO C- AP RIFATOEE RS P R XA R IR
& gar—g b T AC TS R w;»ﬁf:'g {ap@aﬁ;\mf—lfé’&\ Rl feAgp & XA F <
E-TEDRREED & LR ITE  GHARROAE R 2 FF e
FAN2 B Bk iz %&oﬁ%?.% SRR AR
Fra e ivko A3 AR ET %R { BB EEE S B3 2 renflE 2 K

PR R R anpegk oo

G

Bois  BAAMENFAR L L G - W E DN A R ARG
BERXZER ORI EA G R BRAE o B AR s fE R aapE i 83N et
i FELR o SR R S R B e 7 Frmd R g4 g e Em?[f’%.:@:"\ FIRA &

X E AT Mo A R



Contents

Abstract (Chinese) .................. I

Abstract (English).................. i
Acknowledge.................. \Y/
Contents...................VI

Figure Captions & Table Lists .................. VIl

Chapter 1 Introduction .................. 1
1.1 Background..............cceennee. 1
1.2 Motivation.................c...es 5
1.3 Thesis Organization ....................... 6
1.4 Reference..........ccccoennnn. 12

Chapter 2 Physical and Electrical Properties of SONOS Memory Using Wet

Oxidation.......... ... .. 15

2.1 Introduction............. . iiaee. %
2.2 Experimental ............0..... i 16
2.3 Results and discussion.... ¢ i ovn e i 17

2.3.1 Material Analysis of Memory Device ........cccevvviunnnnn. 17

2.3.2 Characteristics of Fresh Device....................... 18

2.3.3 Characteristics after P/E Cycling and Disturbance....................... 18
2.4 SUMmMary.......ccoovennennnns 19
2.5 Reference..........cc.cevveenis 33

Chapter 3  Physical and Electrical Properties of SONOS Memory Using Wet

Oxidation with Sacrificial Silicon Layer..................35
3.1 Introduction..................ee.. 35
3.2 Experimental....................... 36
3.3 Results and Discussion................c... ... 37
3.3.1 Analysis the Structure of Top Oxide Layer....................... 37
3.3.2 Operation of SONOS Memory with Textured Oxide....................... 38
3.3.3 Characteristics of P/E Cycling.................c...e. 39

Vi



3A4Summary......cooveiiiin i, 40
3.5 Reference.......coovvivnin... 51

Chapter 4  Characteristics of SONOS Memory Using Wet Oxidation with
Embedded Silicon Nano-crystals in Nitride Layer.................. 53
4.1 Introduction............ccoeeeunen. 53

4.2 Experimental....................... 54
4.3 Results and Discussion....................... 55
4.3.1 Material Analysis of Memory Device....................... 55
4.3.2 Characteristics of Fresh Device....................... 55
4.3.3 Characteristics after P/E Cycling and Disturbance....................... 56
4.3.4 Two-bit operation and migration of charges storage....................... 58
4.4Summary .......ooveviieninenn. 59
4.5 Reference..........coooeevnnens 77

Chapter 5 Conclusions........ 0. s 79

Vil



Figure Captions

Chapter 1

Fig. 1-1 The semiconductor memory tree. ....................... 7

Fig. 1-2 Schematic of a basic ETOX Flash memory device. ....................... 7

Fig. 1-3 Electron flow and hole flow during programming or erasing. ................ 8
Fig. 1-4 The basic current-voltage characteristic. ....................... 8

Fig. 1-5 (a) The cross-section of a SONOS structure. ....................... 9

Fig. 1-5 (b) The band diagram of nitride- based SONOS memory. ..............coevee. 9

Fig. 1-6 (a) The memory with continuous traps and charge leakage mechanism. ...10

Fig. 1-6 (b) The memory with discrete traps and charge leakage mechanism........ 10

Fig. 1-7 (a) Vertical migration in the trapping layer. ....................... 11

Fig. 1-7 (b) Lateral migration in the trapping layer. .«.................... 11

Chapter 2

Fig. 2-1 The process flow and the cross-section of the flash memory. ................ 23
Fig. 2-2 The C-V characteristics of ONO gate stacks. ....................... 25

Fig. 2-3 The TEM image of proposed ONO gate stack. ....................... 27

Fig. 2-4 Program speed curves of SONOS-type memory using wet oxidation. ...... 28
Fig. 2-5 Erase speed curves of SONOS-type memory using wet oxidation. .......... 29

Fig. 2-6 The endurance characteristics of the memory cell using wet oxidation after
10k P/E cycling. ...ccovviviiinnn, 30

Fig. 2-7 The retention characteristics of the memory cell using wet oxidation...... 31

Fig. 2-8 Gate disturbance characteristics of the memory devices. A threshold voltage
shift of only 0.21 V occurred after stressing at V4 =6 V and Vs = Vg = Vgup =

OV for1000S. ....coovvvvvininnnnn. 32

Vil



Chapter 3

Fig. 3-1. The special parts of process flow and the cross-section of the flash
MEMOTY. . eeeennen, 42

Fig. 3-2 The C-V characteristics of ONO gate stacks. ....................... 43

Fig. 3-3 The AFM of nitride layer with 50A-thick a-Si after WET300 recipe

oxidation. .............eeeeieinis 44
Fig. 3-4 The AFM of nitride layer without a-Si after 900°C 120 mins oxidation...... 45
Fig. 3-5 The TEM image of proposed ONO gate stack. The image clearly shows the

textured structure of top oxide layer. ....................... 46

Fig. 3-6 The program speed curves of SONOS-type flash memory with textured top
oXide. .o.ovviiiiiiii s 47

Fig. 3-7 The erase speed curves of SONOS-type. flash memory with textured top
oxide. ......oiiiiiiini s 48

Fig. 3-8 The endurance characteristics of the-memary cell with textured top oxide...49

Fig. 3-9 The retention characteristics of the'memory cell with textured top oxide....50

Chapter 4

Fig. 4-1 Cross section and process flow of the SONOS-type flash memory device. ..60

Fig. 4-2 The gas flow of silicon nano-crystal deposited in nitride layer. ................ 61

Fig. 4-3 The TEM image of proposed ONO gate stack. ....................... 63

Fig. 4-4 The program and erase speed curves of the memory which was oxidized in
180 minutes and had silicon nano-crystals in the nitride layer at 60A to the
bottom. ........ccoeiiiiii. 64

Fig. 4-5 The program and erase speed curves of the memory which was oxidized in
180 minutes and had silicon nano-crystals in the nitride layer at 120A to the

bottom. ..., 65



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-6 The endurance characteristics of the memory cell which was oxidized in 180
minutes and had silicon nano-crystals in the nitride layer at 60A to the
bottom. .......coveiiiiin. 66

4-7 The endurance characteristics of the memory cell which was oxidized in 180
minutes and had silicon nano-crystals in the nitride layer at 120A to the
[o70] 110} 1 67

4-8 The retention characteristics of the memory cell which was oxidized in 180
minutes and had silicon nano-crystals in the nitride layer at 60A to the
[o70] 110} 1 68

4-9 The retention characteristics of the memory cell which was oxidized in 180
minutes and had silicon nano-crystals in the nitride layer at 120A to the
bottom. .......ccoevvii i, 69

4-10 Gate disturbance characteristics of the memory cell which was oxidized in
180 minutes and had silicon-nano-crystals in the nitride layer at 60A to the
[070] 110} 1 70

4-11 Gate disturbance characteristics of the memory cell which was oxidized in
180 minutes and had silicon nano-crystals in the nitride layer at at 120A to
the bottom. .................c...l. 71

4-12 14s—Vgs Curves of the two-bit memory in a cell; forward read and reverse
read for programmed bit-D and programmed bit-S. ....................... 72

4-13 The two-bit retention characteristic of the silicon nano-crystals memory...74

4-14 The two-bit retention characteristic of the SONOS-type memory......... 75

4-15 The bit-S retention characteristic of the memories measured at 75°C.

(a) with silicon nano-crystals. (b) without nano-crystals. ...................... 76



Table Lists

Chapter 2

Table 2-1 The estimated thickness of top oxide layers. ....................... 26

Chapter 4

Table 4-1 The split condition of our experiment device with different height of the
silicon nano-crystals. ....................... 62
Table 4-2 Operation principles and bias conditions utilized during the operation of the

silicon nano-crystals Flash memory cell. ....................... 73

Xl



Chapter 1
Introduction

1.1 Background

Now, the complementary metal-oxide-semiconductor (CMOS) memory
technologies are widely used in mobile capabilities, computers, global positioning
systems and some other electronic consumer products.

As we know, memories can be divided into two main categories depending on
whether the storage data can be affected by the power supply. One is volatile memory,
and the other is non-volatile memory. As its name suggests, volatile memories will
lose the storage data if the power supply.is turned off. Non-volatile memories can
keep the stored information when the deviee.is turned off, and at the same time, offer
low power and high storage density solutions to generic needs of data storage [1.1].
The semiconductor memory treé-is shown'in-Figure 1-1.

In the memory family, Flash has‘the most explosive growth and owns the most
advantages. Flash offers the best compromise between these two parameters,
flexibility and cost. Flexibility indicates the possibility to be programmed and erased
many times on the system with minimum granularity (whole chip, page, byte, bit);
cost relates to process complexity and, in particular, silicon occupancy, i.e., density or,
in simpler words, cell size. Flash has the smallest cell size which is one transistor cell
with a very good flexibility. Flash can be electrically written on field for more than
100k times with byte programming and sectors erasing [1.2].

The most well-known commercial Flash memory is the Intel ETOX (EPROM
Tunnel Oxide) structure (Figure 1-2) [1.3]. The basic device is a

Metal-Oxide-Semiconductor-Field-Effect-Transistor (MOSFET) with a gate stack



which has two gates, control gate and floating gate, embedded in a dielectric material
such as silicon dioxide (SiO,). This structure was first invented by D. Kahug and S. M.
Sze at Bell Labs in 1967 [1.4]. The memory uses the isolated floating gate to store
data. Figure 1-2 shows the mechanism of programming and erasing state and its
location. Figure 1-3 shows the band diagram of programming and erasing operations
[1.5]. When the electrons are programmed into the floating gate by
Channel-Hot-Electron (CHE) programming, the ETOX goes to the “programming”
state. In this state, the threshold voltage (Vr4) would increase in the case of an
NMOSFET. On the other hand, Fowler-Nordheim (FN) tunneling or band to band hot
hole (BTBHH) injection injects the electrons from floating gate. The V4 would
decrease back to the initial voltage in an_ideal case. The voltage difference between
the programming state and erasing, statesis called.the memory window. Figure 1-4
shows the basic current-voltage characteristic. After We plot the current-voltage curve,
we can fix a constant voltage between:the Vi of programming state and erasing state
to sense memory state.

The ETOX device uses floating gate to achieve high densities, good
program/erase speed, and good reliability for Flash memory applications.
Nevertheless, the ETOX cell has several main drawbacks. First, for the superior
retention and endurance characteristics, the memory devices requires thicker tunnel
oxide (8~10nm). The thick tunnel oxide causes higher operation voltage, slower
program/erase speed, and poor scalability issues. Second, the poly-silicon floating
gate is a continuous material. The charge stored in floating gate would easily be
leaked through the tunnel oxide during P/E cycles. If there is only one leakage defeat,
all charges in the floating gate would leak away [1.6]. Third, scaling the ETOX cell

below 0.1um feature size is difficult. The main problems are related to the high



stressing and the leaky scaled-down oxide barrier during P/E cycles.

Because of the drawbacks mentioned above, a new memory structure with
discrete traps as charge storage elements is used to overcome those drawbacks. The
SONOS-type (poly-Si-oxide-nitride-oxide-silicon) structure memories [1.7-1.8] and
nano-crystals memories are the better candidates in the Flash memory application
[1.9].

The SONOS-type flash memories have recently attracted much attention for their
application in the next-generation nonvolatile memories [1.10]. Figure 1-5(a)
illustrates the cross-section of a SONOS structure. Figure 1-5(b) is the band diagram
of a nitride- based SONOS memory [1.11]. When the control gate is applied with a
positive bias, the electrons may tunnel through the tunneling oxide from the channel
and be trapped in the nitride layer. Alternatively, when a negative bias is applied on
the control gate, the negative charge in the nitride layer would inject into the channel
by directly tunneling. The electrons in the-nitride layer would be blocked by the
blocking oxide or tunneling oxide because of the shallow trap level in the nitride layer
[1.12]. This memory structure with a nitride trapping layer can provide a good
retention time, because of the discrete traps of the nitride layer. Unlike the floating
gate, the nitride trapping layer does not leak all charges during P/E cycles. Figure 1-6
illustrates the difference between continuous traps and discrete traps.

SONOS-type memory devices have several advantages including fast
programming, low power operation, high-density integration, and good endurance
characteristics [1.13-1.16]. However, to avoid the degradation of retention
characteristics by tunneling leakage through ultra thin tunnel oxide, the optimization
of the tunnel oxide thickness is necessary.[1.17] The optimization of the blocking

layer is also necessary to avoid electron tunneling through the blocking oxide during



the erase condition, which in turn causes an under erased problem [1.18-1.20].

The deposited silicon dioxide layer, TEOS (tetraethyl orthosilicate), is commonly
used as blocking layer. In this thesis, we want to use wet oxidation to form silicon
dioxide from nitride. The oxidized nitride can provide a better quality for blocking
electron injection from trapping layer to the gate. During wet oxidation, the oxygen
diffuses into the nitride layer and passivates the shallow traps in the nitride [1.21].
The retention time should be improved when there are only deep traps in the nitride.
Using the oxidized nitride layer as blocking oxide can increase the retention time, but
it takes a long time to oxidize the nitride into oxide [1.22-1.23]. To solve this problem,
we need to supply the silicon source during wet oxidation. Method one is that an
amorphous silicon layer is deposited on the nitride layer as a sacrificial layer. During
oxidation, this sacrificial layer can transferinto silicon dioxide easily and quickly. At
the same time, the oxygen can also diffuse into the: nitride layer for passivating the
shallow traps. It takes another mechanism to-program and erase operation [1.24]. This
structure would be discussed in chapter 3.

In the next chapter, we put silicon nano-crystals into the nitride layer. The nitride
layer with nano-crystals is used as the trapping layer which provides a high quality in
terms of retention and program/erase speed. Now, we want to use silicon
nano-crystals to offer silicon atoms for accelerating the wet oxidation. In order to
assure the silicon nano-crystals are not be oxidized, we used the same furnace as the
furnace which is used for depositing nitride layer. This way uses the horizontal
furnace system to change the gas flow ratio between SiH,Cl, and NH3;. When there
are both SiH,Cl, and NHs in the furnace, the nitride layer is deposited. When we only
turn off the flow of NH3gas, the silicon nano-crystals are deposited above the nitride

layer. Finally, we turn the flow of NH3gas back on, and the nitride layer is deposited



to cap the silicon nano-crystals. Using silicon nano-crystals seems to improve the
retention time and program/erase speed. The mechanism of lateral migration and
vertical migration is illustrated in Figure 1-7. Lateral migration can be reduced
effectively by the introduction of nano-crystals. The nano-crystals in the nitride layer
may also improve the retention of two bit per cell operation by reducing the lateral
migration [1.25]. Nitride with silicon nano-crystals is a better material for wet

oxidation.

1.2 Motivation

In this thesis, we designed a high performance nonvolatile memory with an
oxidized nitride layer as blocking oxide layer. Part of the trapping layer, nitride, was
transformed into oxide as blocking|layer by wet oxidation in the SONOS structure.
Compared to a deposited blocking oxide layer, an oxidized blocking oxide layer has
more compact structure which improves reliability: This nonvolatile memory structure
would have superior characteristics in terms of long retention time.

There are many trap states in the trapping nitride layer, and some of these are
shallow trap states which trapped charges in could easily flow away. This mechanism
would decrease the retention time or the reliability. It is expected that oxygen would
have a higher diffusivity in wet oxidation than dry oxidation. When the nitride layer
was oxidized by wet oxidation, the oxygen diffuses rapidly into the nitride layer and
passivates the shallow trap states. Only deep trap states are remained in the trapping
layer, and this nonvolatile memory structure should have a good reliability in
retention time.

When the nitride layer was oxidized into oxide layer the amount of silicon atoms

in the nitride layer plays an important role in the oxidation time and the quality of



oxide. In the thesis, we used two methods to provide the silicon source. First, a thin
amorphous silicon layer was deposited on top of the nitride layer. Then wet oxidation
was used to form the top oxide layer. This process would produce a different structure
in the top oxide layer which provides a different program/erase mechanism. A higher
program/erase speed can be used, but the retention time would be decreased.

The other silicon source is the embedded silicon nano-crystals in the nitride layer.
Different heights of the nano-crystal in nitride show different qualities. Embedded
silicon nano-crystals could improve the retention time and the characteristic of two-bit

operation.

1.3 Thesis Organization

We will propose the SONOS, type memory devices with different ways of
forming blocking layers and trapping layers by wet oxidation. In Chapter 1, we

introduced the background of the flash memory and SONOS-type memory.

Wet oxidation of deposited nitride serving as the blocking layer would be shown
in chapter 2. In this chapter, we measure the electrical properties and discuss its

performance.

In chapter 3, we will add a sacrificial Si layer on top of the trapping layer for
faster oxidation. This method gives another structure in the top oxide layer, and also

changes the program/erase mechanism of the memory device.

In chapter 4, the embedded silicon nano-crystals in the trapping layer play an
important role for the memory characteristics. We will split two conditions with the
height of silicon nano-crystal in trapping layer. Different conditions show different

improvement in retention or two-bit-per-cell characteristics.

At the end of this thesis, conclusions are presented in chapter 5.
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Chapter 2
Physical and Electrical Properties of
SONOS Memory Using Wet Oxidation

2.1 Introduction

As we know, the SONOS-type (poly-Si-oxide-nitride-oxide-silicon) flash
memories have recently attracted much attention for their application in the
next-generation nonvolatile memories [2.1].

SONOS-type memory devices have several advantages including fast
programming speed, low power operation, high-density integration, and good
endurance characteristics [2.2-2.5]. However, to avoid the degradation of retention
characteristics caused by electrons tunneling through the ultra thin tunneling oxide,
optimization of the tunnel oxide thickness Is necessary.[2.6] The optimization of the
blocking layer is also necessary-to avoid electrons tunneling through the blocking
oxide during the erase condition, which in turn causes an under-erase problem
[2.7-2.9].

The deposited silicon dioxide layer, TEOS (tetraethyl orthosilicate), is commonly
used as the blocking layer. The gate injection issue and short retention time would
occur when using TEOS oxide as the blocking layer. The reason is that the quality of
the deposited blocking layer is not good enough to prevent electron injection from
gate. In this chapter, the nitride layer used as the trapping layer would be oxidized to
form the blocking layer. The oxidation method offers several significant advantages.
First, the quality of a thermal top oxide is higher in comparison to that of a deposited
oxide. Second, an oxy-nitride transition layer with increased charge storage ability

forms between the top oxide and the nitride layer [2.10-2.11]. Third, it suggests that
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oxygen which diffused into the nitride passivates the shallow traps in the nitride near
the blocking oxide when wet oxidation was taken place. Therefore, charge carriers
injected into the nitride are stored in deep traps of the nitride, and memory
characteristics of SONOS devices are improved [2.12].

In this chapter, we fabricate the SONOS-type memory using wet oxidized
nitride as blocking layer. We analyze the quality of the wet oxidized blocking layer by
examining its program/erase speed, charge retention time, endurance and XTEM

images.

2.2 Experimental

The process flow of the proposed SONOS flash memory is shown in Figure 2-1.
The fabrication of a wet oxidized nitride SONOS-type memory started with a LOCOS
isolation process on a p-type (100) 150-mm silicon substrate. First, a 3 nm thick
tunnel oxide was thermally grown at 1000°C in a vertical furnace system. After that,
the trapping layer, nitride layer, was deposited by a horizontal furnace. The thickness
of the trapping layer was about 15 nm. The main step of this structure was the
fabrication of the blocking oxide. The top part of the nitride was oxidized by wet
oxidation for 120 minutes or 180 minutes at 900°C. After the ONO gate stack was
formed, the 200nm-thick poly gate electrode was deposited by a horizontal furnace.
Then, the gate electrode was patterned. For NMOSFET, the source/drain and gate
were doped by self-aligned P ion implantation at the dosage and energy of 5x10%
ions/cm? and 20 KeV. The substrate contact was patterned and the sub-contact was
implanted with BF; at the dosage and energy of 5x10" ions/cm? and 40 KeV. After
these implantations, those dopants were activated under rapid thermal annealing at
1050°C for 5 seconds. The rest of the subsequent standard CMOS procedures were

completed to fabricate the memory devices.
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2.3 Results and Discussion

2.3.1 Material Analysis of Memory Device

We fabricated SONOS-type capacitors to check the oxidation rate in the first
place. Figure 2-2 illustrates the capacitance versus the applied voltage curves under
three different conditions: wet oxidation for 90 minutes, 120 minutes and 180 minutes.
The oxidized nitride layer was transformed into the top oxide layer as blocking layer.
As the C-V curves show, there is hysteresis even in the 180 minutes case. It indicates
the nitride layer may not be transformed into oxide totally. We used some reference to
estimate for the thickness of the top_oxide which was transformed from nitride
[2.12-2.13]. In our recipe for depesiting nitride, the SiH,Cl, was in 30 sccms and NH3
was in 130 sccms. The ratio- of nitride. to silicon: dioxide is 1:1.69. We set the
transformation in the linear region 'so that-it-is_controlled by surface diffusion and
oxidation. Table 2-1 shows the estimated thickness of the top oxide. As the table
shows, the conditions of wet oxidation for 120 and 180 minutes are suitable
thicknesses for the top oxide as the blocking layer.

Figure 2-3 illustrates the cross section of the ONO gate stack by transmission
electron microscopy (TEM). This sample was oxidized for 180 minutes. As the image
shown, the thickness of the blocking oxide is about 5 nm. There is quite a difference
between the real thickness and the estimated one. This indicates that the oxidation rate
was not linear for this thickness or we overestimated the rate at first. It took three
hours oxidizing the nitride, and there was only a 5Snm-thick oxide. The oxidation rate

should be raised for better applications.
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2.3.2 Characteristics of Fresh Device

Figure 2-4 illustrates the program speed curve of the memory using 180-munutes
wet oxidation. We use channel hot electron injection (CHEI) mechanism to program
the memory cell. Here, we show four different stress conditions: Vg=Vd=5V,
Vg=Vd=6V, Vg=Vd=7V and Vg=Vd=8V. When the programming gate voltage
becomes more positive, more hot electrons are generated in the channel. The
generated electrons would be trapped in the nitride layer and causing V; to shift
positively. As the figure shows, the condition Vg=Vd=6V, 1msec causes V; to shift
over 3V. The condition Vg=Vd=8V, 1msec causes V; to shift even over 5V. Figure
2-5 illustrates the erase speed curve of the memory using 180-minutes wet oxidation
in. We use band to band hot hole(BTBHH). mechanism to erase. There are four
conditions: Vg/Vd = -3V/8V, -4V/8V, -5V/8V and -6V/8V. We can see that V; shift >
2V in 1msec under all stress:conditions. There is-no electron back tunneling and
over-erase during erasing. As the figure shows, the final erase state would not go back
to the initial state. This may affect the endurance characteristics and we wili discuss it

later.

2.3.3 Characteristics after P/E Cycling and Disturbance

Figure 2-6 shows the endurance characteristics of the memory cell. The
programming and erase conditions were Vg = 7V, Vd = 7V for 100 usec and Vg = -6V,
Vd = 10V for 10ms, respectively. Remarkably, V; in the program state increases about
0.5V and increases about 1V in the erase states after 10° P/E cycles. The spatial
distributions for electrons and holes are localized during the channel hot-electron

injection and band-to-band hot-hole injection for the programming and erasing
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operation of our SONOS memory. If the electron distribution does not completely
match that of the hole, a few electrons are left behind in the trapping layer after each
P/E cycle [2.14]. This so-called “hard-to-erase” phenomenon cannot be eliminated
readily when using band-to-band hot-hole erasing. Up to 10° P/E cycles, there is still a
memory window of 2V, which is an acceptable endurance for the memory cell.

Figure 2-7 shows the data retention characteristic of SONOS memory measured
at 25°C. Relative to the fresh device, the device operated at room temperature retained
its good retention time (up to 10° s) for 10% charge loss. We ascribe this result to the
effect of shallow trap states which were passivated by oxygen atoms during wet
oxidation.

Figure 2-8 shows the gate disturbance characteristics in the erase state. Gate
disturbance may occur during .programming. one. of the cells sharing a common
word-line. We observed a threshold voltage shift -of only 0.21 V, i.e., negligible
disturbance, under the following condition:Vg= 6V, Vs = V4 = Vg = 0V, and 1000s
stress. When the gate electrode was applied with a voltage, the voltage drop at the
tunneling layer was too little to cause a noticeable direct tunnel current. The blocking

layer also provides a good barrier for avoiding gate injection.

2.4 Summary

In this chapter, we successfully used wet oxidation to form the blocking oxide
layer of the ONO gate stack from the nitride layer. The devices show high
program/erase speed and good disturbance characteristics. The cells also show an
acceptable endurance and long retention time after 10K P/E cycles. We can raise the

oxidation rate to fabricate a device with a better performance in chapter 4.

19



Tunneling oxide

Tunneling oxide

20



Wet Oxidation

Tunneling oxide

Blocking oxide

Tunneling oxide

21



LOCOS

LOCOS

P3;+Ion implantation

Blocking oxide

Tunneling oxide

Blocking oxide

Tunneling oxide

LOCOS

LOCOS




Blocking oxide

Tunneling oxide

Fig. 2-1 The process flow and the cross-section of the flash memory.
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Table 2-1 The estimated thickness of top oxide layers.

Bottom oxide / Nitride (A)

Wet Oxidation (T, Hrs)

Estimated Oxide (A)

30/75 900°C, 1.5 hr 43
30/85 900°C, 2 hr 58
30/85 900°C , 3 hr 86

26




Fig. 2-3 The TEM image of proposed ONO gate stack.
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Chapter 3
Physical and Electrical Properties of
SONOS Memory Using Wet Oxidation with

Sacrificial Silicon Layer

3.1 Introduction

The process of using wet oxidation to form the blocking layer was mentioned
previously. This kind of ONO gate stack provides some improvements including
longer retention time and better charge storage ability at interfaces [3.1-3.2].

Although the method gives.some advantages:in reliability, there is one thing that
must be solved. Oxidizing silicon‘nitride layer is very time-consuming. For example,
when depositing the nitride layer using two-kinds of active gas, SiH,Cl,in 30 sccm
and NHzin 130 sccm, it takes two hours to transform the 4.2nm-thick nitride layer,
which is deposited in the mentioned recipe, into a 7.2nm-thick oxide layer at 900°C
by wet oxidation [3.3-3.4]. The oxidation rate is about 3 nm/hr. Compared with
deposited oxide, forming wet oxide from nitride layer is too slow. To solve this
problem, we need to increase the concentration of silicon atoms in the silicon nitride
layer. There are several methods to change the concentration of silicon. Among them,
changing the ratio between SiH,Cl, and NH3 in the deposition recipe is the simplest
method. Implanting low energy and low dose silicon ions into nitride also works. The
increase of silicon atoms evidently accelerates oxidation speed [3.5]. In this chapter, a
thin amorphous silicon layer is deposited on the nitride layer as a sacrificial layer

which is used to form oxide as top oxide layer. It suggests that amorphous silicon
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would be totally oxidized and a small part of nitride would be oxidized too. The
oxygen can also diffuse into trapping layer to passivate the shallow trap states. The
addition of sacrificial layer solves the long oxidation time issue and also improves

reliability [3.2].

3.2 Experimental

The special parts of process flow would be shown in Figure 3-1. First, a 3 nm
thick bottom oxide was thermally grown on a p-type (100) 150-mm silicon substrate
with LOCOS isolation process at 1000°C in a vertical furnace system. After that, the
15mn-thick trapping layer, the nitride layer, was deposited by horizontal furnace. A
thin amorphous silicon layer was deposited on the nitride layer as a sacrificial layer by
horizontal furnace. The thickness of amorphous.silicon layer is about 5nm. And then,
wet oxidation was used to form top oxide layer in a few minutes at 975°C. After the
ONO gate stack was formed, the'remaining steps are the same as described in chapter
2. The 200nm-thick poly gate electrode was deposited. Then, the gate electrode was
patterned. For NMOSFET, the source/drain and gate were doped by self-aligned P ion
implantation at the dosage and energy of 5x10% ions/cm™ and 20 KeV, respectively.
The substrate contact was patterned and the sub-contact was implanted with BF, at
the dosage and energy of 5x10% ions/cm™ and 40 KeV, respectively. After these
implantations, those dopants were activated under rapid thermal annealing at 1050°C
for 5 seconds. The rest of the subsequent standard CMOS procedures were completed

to fabricate the memory devices.
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3.3 Results and Discussion

3.3.1 Analysis the Structure of Top Oxide Layer

First, we used SONOS-type capacitor measurements to figure out the suitable
thickness of the sacrificial silicon layer which was later on oxidized to form the top
oxide layer. Figure 3-2 shows the capacitance and gate voltage curves of the MOS
capacitors. We used two different thicknesses of the sacrificial layer, 50A and 100A.
After wet oxidation, we can see that hysteresis does not exist in the capacitor with a
100A-thick sacrificial layer when the gate voltage sweeps from -10V to 10V and back
to -10V. The reason is the top oxide layer is so thick that the most part of gate voltage
drops across it. There is hysteresis in the capacitor with 50A-thick sacrificial layer.
Nevertheless, the curve is different from the normal curve we expect. When we use
the sweep voltages from -10V to 10V as initial forward sweep and from 10V to -10V
as reverse sweep, the C-V curve should-shift.to the right in reverse sweep. That is
because when the applied voltage is positive; the electrons tunnel to the trapping layer
through the oxide. In our C-V curve, the curve shift to left in reverse sweep,
indicating some holes trapped in the nitride layer. We postulate these holes tunnel
from the gate through the top oxide layer.

Figure 3-3 illustrates the atomic force microscope (AFM) images of the oxidized
thin amorphous silicon. The sample is an oxidized ONO gate stack with 50A-thick
deposited amorphous silicon on top of the nitride layer. In these images, we can say
the oxide layer is a textured structure. Figure 3-4 shows the AFM image of the nitride
layer after oxidizing without the amorphous silicon layer. Compare fig. 3-3 with fig.
3-4, we can insure that the textured oxide is formed by the thin amorphous silicon not

by the nitride layer. Figure 3-5 illustrates the real cross section of ONO gate stack by
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transmission electron microscopy (TEM). It clearly shows the textured structure of the
top oxide layer. Owing to the textured structure, the electric field would not be
uniform in the top oxide layer when applying a gate voltage. The electric field in the
thinner oxide region would be larger and it would let charges tunnel through the top
oxide layer into the trapping layer. The textured interface results in localized high
fields and causes a much higher charge injection rate [3.8].That explains why our C-V
curve shifts to the left in reverse sweep mode. When the applied voltage is positive,
more holes tunnel through the top oxide layer from the gate into the nitride layer than
electrons tunnel through the bottom oxide from the substrate. We need to use this

mechanism to operate the ONO gate stack memory device.

3.3.2 Operation of SONOS Memory with Textured Oxide

According to the textured:top oxide layer, we need to use another program/erase
mechanism to operate the SONOS-type memory.-Figure 3-6 illustrates the program
speed curve of the memory with textured top oxide layer. The program mechanism is
Fowler-Nordheim (FN) tunneling. We only have to apply voltage to the gate for
programming the memory. We show four different stress conditions: Vg=-8V,
Vg=-9V, Vg=-10V and Vg=-11V. As the figure shows, under the condition Vg=-11V,
V. shifts about 2V in 10ms. To shift the threshold voltage to right, the charges stored
in nitride must be negative. In this textured oxide structure memory, the stored
charges in the trapping layer are tunneled from the gate not the substrate. The
negative voltage would be used for programming state, which is different from
normal memory operations.

Figure 3-7 shows the erase speed curve in different stress conditions: Vg=8V;

Vg=9V; Vg=10V; Vg=11V. The erase mechanism is also Fowler-Nordheim (FN)
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tunneling. The holes must tunnel into the trapping layer from the gate to shift the
threshold voltage to the left. The positive voltage is used for erasing operations.
Under the condition Vg= 8V, V; shifts back to initial voltage in 10ms. However,
under the condition Vg=11V, V; shifts to the right again afer 1ms. This situation is
called back tunneling. The electrons tunnel into the trapping layer through the bottom
oxide when the gate applied voltage is too high. As fig. 3-7 presents, when 11V is
applied to the gate for over 1mesc, there are more electrons tunneling through the
bottom oxide than the holes tunneling through top oxide. As a result, the memory acts
as it is in programming operation.

In the program and erase operations, the charges only tunnel through the top
oxide not the bottom oxide. In this way, we only need to focus on the quality of the
top oxide instead of the bottom, oxide. There:is similar operation was mentioned by

other people. [3.6]

3.3.3 Characteristics of P/E Cycling

Figure 3-8 shows the endurance characteristics of the memory cell with textured
top oxide. The programming and erasing conditions were Vg = -11V, Vd = 0V for 1
ms and Vg = 8 V, Vd = 0V for 1ms, respectively. Remarkably, the values of V; in the
program and erase states do not increase significantly up to 10° P/E cycles. Using F-N
tunneling to program and erase the memory cell can maintain a good endurance.
During programming and erasing, the whole gate stack was applied voltage and the
electric filed was induced in the whole stack. There is no “hard-to-erase” charge in the
trapping layer and no endurance issue in our memory cell [3.7].

Figure 3-9 illustrates the retention characteristics of the memory cell with

textured top oxide. The curve shows a 20% charge loss up to 10*sec at 25°C. The
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textured top oxide may provide a leakage path for charges. Thinner physical thickness
would have problem in blocking charges which are in the nitride. Thus, the retention
time would be an issue for this memory cell. However, we can use nano-crystals or
thicker textured top oxide to work it out. Otherwise, we can elongate the wet
oxidation time for better retention. Using oxygen to passivate the shallow trap states

can increase the retention time.

3.4 Summary

In this chapter, we used thin amorphous silicon as sacrificial layer on top of
nitride to form a textured oxide layer which served as the top oxide of ONO gate stack.
The program/erase operations of the.memory cell with textured top oxide utilize F-N
tunneling. The charges tunnel into the trapping layer through the top oxide instead of
the bottom oxide. The textured-oxide memory cell has a good P/E speed and excellent

endurance. Nevertheless, the retention problem still needs to be solved.
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Fig. 3-1. The special parts of process flow and the cross-section of the flash memory.

42



Sacrificial silicon layer: 100A

i l | _
oxide
1.2 nitride
oxide
Si substrate
i
£ os | .
(& ] reverse sweep forward sweep
10V to -10V -10V to 10V
et el A gy 4
0.4 i
0 1 1 1
-10 -5 (o] 5 10
Applied Voltage (V)
J EHIEN B
Sacrificial silicon layer: 50A = * = = =
- ~
5

= oxide
nitride
\ oxide
3 L ‘, Si substrate
—
= )
= -
o reverse sweep 1.
2r 10ovto-1ov 1 T
II forward sweep
. -10Vto 10V
i ]
.1" e et
.
0 1 1 1
-10 -5 ] 5 10
Applied Voltage (V)

Fig. 3-2 The C-V characteristics of ONO gate stacks.
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Fig. 3-3 The AFM of nitride layer with 50A-thick a-Si after WET300 recipe oxidation
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Fig. 3-5 The TEM image of proposed ONO gate stack. The image clearly shows the

textured structure of top oxide layer.
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Chapter 4
Characteristics of SONOS Memory Using
Wet Oxidation with Embedded Silicon

Nano-crystals in Nitride Layer

4.1 Introduction

SONOS-type (poly-Si-oxide-nitride-oxide-silicon) structure memories, which
include nitride and nano-crystals memories, have recently attracted much attention for
their application in the next-generation nonvolatile memories [4.1-4.10]. The trapping
layer with silicon nano-crystals can provide a high.gate stack quality. In this chapter,
we want to use silicon nano-crystals to provide silicon atoms for accelerating the wet
oxidation.

We use in-situ method to form®silicon nano-crystals. During the process of
nitride and silicon nano-crystals deposition, the wafer is in vacuum all the time. This
avoids the silicon nano-crystals from contacting the air and transforming into silicon
dioxide. This is done by changing the gas flow ratio between SiH,Cl, and NHs in the
horizontal furnace system. The nitride layer is deposited, when SiH,Cl, and NHz both
in the furnace. When we turn off the flow of NHj3 gas, silicon nano-crystals are
deposited on top of the nitride layer. Finally, we turn the flow of NH3gas back on,
capping a deposited nitride layer above the silicon nano-crystals. During the process,
silicon nano-crystals have no chance to contact oxygen. It can still remain as silicon
nano-crystals in the nitride layer. We use the atomic force microscope (AFM) to

prove that the silicon nano-crystals are indeed in the nitride layer.
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According to the heights of the silicon nano-crystals in nitride layer, memories
exhibit different qualities. If the nano-crystals are embedded in the top part of the
nitride layer and being oxidized, the blocking layer can be formed quickly. It shows a
good performance in the retention time. The nano-crystals in the nitride layer can

make the device work well in the two bit per cell operation [4.11].

4.2 Experimental

The fabrication process of the SONOS-type flash memory is shown in Figure 4-1.
A 2nm tunneling oxide was thermally grown on a (100)-oriented p-type Si substrate
by a vertical furnace. The 15nm-thick nitride layer with Si nano-crystals was
deposited by a horizontal furnace. The silicon nano-crystals were deposited by the
same furnace which was used deposit the nitride layer. When nitride was deposited,
there were two kinds of gas, SiH,Cl, and NHz. The gas flow is shown in Figure 4-2.
When there is only SiH,Cl,, the silicon nano-crystals would be deposited on top of the
nitride layer. We can modulate the time to fit our requirements for the chosen heights
of Si nano-crystals in the nitride. The 6nm-tall and 12nm-tall silicon nano-crystals
would be deposited on top of the nitride layer. The next step was wet oxidation for
120 minutes or 180 minutes at 900°C. Table 4-1 shows the split conditions of our
experimental devices.The 200nm-thick poly gate electrode was deposited. Then, the
gate electrode was patterned. For NMOSFET, the source/drain and gate were doped
by self-aligned P ion implantation at the dosage and energy of 5x10* ions/cm™ and
20 KeV. The substrate contact was patterned and the sub-contact was implanted with
BF, at the dosage and energy of 5x10™ ions/cm™® and 40 KeV. After these
implantations, those dopants were activated under rapid thermal annealing at 1050°C

for 5 seconds. The rest of the subsequent standard CMOS procedures were completed
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to fabricate the memory devices.

4.3 Results and Discussion

4.3.1 Material Analysis of Memory Device

Figure 4-3 illustrates the cross section of the ONO gate stack by transmission
electron microscopy (TEM). This sample was oxidized for 180 minutes and there
were silicon nano-crystals in the nitride layer at a 3 nm depth (device no.3). As the
image shows, the thickness of the blocking oxide is about 7.5 nm. Compared to the
sample which was oxidized in the same oxidation condition but without silicon
nano-crystals, the oxidation rate of the sample with nano-crystals is 50% larger (from
5 nm to 7.5 nm). Silicon nano-crystals in the nitride layer successfully provide silicon

source during wet oxidation and raise the oxidation rate.

4.3.2 Characteristics of Fresh Device

Figure 4-4 illustrates the program and erase speed curves of the memory which
was oxidized for 180 minutes and had silicon nano-crystals in the nitride layer at 60A
away from the bottom. We use channel hot electron injection (CHEI) to program the
memory cell. Here, we show four different stress conditions: Vg=Vd=5V,
Vg=Vd=6V, Vg=Vd=7V and Vg=Vd=8V. As the figure shows, the condition
Vg=Vd=6V, 1msec causes V; to shift over 2.5V. The condition Vg=Vd=8V, 1msec
causes V; to shift even over 5V. Compare to the device in chapter 2, the silicon
nano-crystals in the nitride layer cannot improve the program efficiency up. We use
band to band hot hole (BTBHH) to erase. There are four conditions: Vg/Vd = -3V/8V,

-4V/8V, -5V/8V and -6V/8V. We can see that V; shift > 2V in 1msec under all stress
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conditions. There is no electron back tunneling and over erase for erasing. As the
figure shows, t the final erase state would not go back to the initial state. The silicon
nano-crystals in the nitride do not improve the erase speed either.

Figure 4-5 illustrates the program and erase speed curves of the memory which
was oxidized for 180 minutes and had silicon nano-crystals in the nitride layer at 30A
from the top. We use channel hot electron to program and show the same conditions
mentioned above. As the curves show, the program speed of this device is slower
because the blocking layer is thicker. However, it does not affect the device
performance. We use band to band hot hole to erase and show the same conditions
mentioned above. There is also no electron back tunneling or over erase for erasing.
The final erase state would not go back. to the initial state. That may affect the

endurance characteristics and we'will discuss:it. later.

4.3.3 Characteristics after P/E Cycling and Disturbance

Figure 4-6 and 4-7 show the endurance characteristics of the memory cells. The
programming and erasing conditions were Vg = 7V, Vd = 7V for 100 usec and Vg =
-6V, Vd = 10V for 10ms, respectively. V; shift in both two devices are almost the
same; V. increases about 0.5V in the program state and about 1V in the erase state
after 10° P/E cycles. The reason of increasing V't is mentioned in chapter 2. Those
“hard-to-erase” charges are not easily eliminated by using band to band hot hole erase
[4.12].

Figure 4-8 is the data retention characteristic of the SONOS memory (device
no.1) measured at 25°C and 75 °C. Relative to the fresh device, the device operated at
room temperature retained its good retention time (up to 10° s) for 5% charge loss. We

ascribe this result to the effect of shallow trap states which were passivated by oxygen
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atoms during wet oxidation. Comparing with the device mentioned in chapter 2,
silicon nano-crystals in the nitride indeed improve the retention time. We ascribe this
result to that the silicon nano-crystals create more trap states around themselves, and
these states can trap charge tightly.

Figure 4-9 is the data retention characteristic of SONOS memory (device no.3)
measured at 25°C and 75 °C. Relative to the fresh device, the device operated at room
temperature retained its good retention time (up to 10° s) for only 3% charge loss.
Comparing with the device mentioned in chapter 2, the retention shows a huge
improvement because of the thicker the blocking layer. The silicon nano-crystals not
only raise the oxidation rate but also maintain the quality for blocking charges. For
comparison with device no.1, we raised.the temperature to 75 °C. The memory
window of device no.1 had 25%:loss up:t0:10° seconds. The device no.3 retained its
excellent retention time (up to 20°'s) for only 7% charge loss. According to this result,
we infer that most charges trapped by silicon'nano-crystals are detrapped at 75°C. We
can say that using silicon nano-crystalsto-provide silicon source during oxidation is a
more efficient way to improve the retention than using silicon namo-crystals to trap
charges.

Figure 4-10 and 4-11 show the gate disturbance characteristics in the erase state.
We observed the threshold voltage shift in both devices of only under 0.2 V, i.e.,
negligible disturbance, under the following condition: V4 =6V, Vs = V4= Vs, =0V,
and 1000s stress. Both two devices offer the good quality blocking oxide layer to
avoid gate injection. Device no.3 is a little better than no.l in terms of gate

disturbance. That indicates device no.3 has a better quality in gate stack.
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4.3.4 Two-bit operation and migration of charges storage

Figure 4-12 demonstrates the feasibility of performing two-bit operation with our
embedded silicon nano-crystals memories (device no.3) through a reverse read
scheme in a single cell. From the I4—Vgs curves, it is clear that we could employ
forward and reverse reads to detect the information stored in the programmed bit-D
and bit-S, respectively. The read operation was achieved using a reverse read scheme.
Table 4-2 summarizes the bias conditions for two-bit operation.

Figure 4-13 is the two-bit data retention characteristic of the silicon nano-crystals
memory (device no.3) measured at 25°C. Figure 4-14 shows the two-bit data retention
characteristic of the SONOS-type memory measured at 25°C. This SONOS-type
memory cell is fabricated under the_ same conditions as device no.3 but without silicon
nano-crystals in the nitride layer. As the -figures shows, the retention of bit-S are
different between two devices. The threshold voltage of the memory with silicon
nano-crystals has only increased 0.3V. The -memory without nano-crystals has
increased 0.6V. To clearly prove the difference, we raise the temperature to 75°C and
demonstrate their retention of bit-S. Figure 4-15 are the bit-S retention characteristic
of the memories measured at 75°C. The reason of the increased threshold voltages is
lateral migration. The charges which were trapped in the drain side would diffuse to
the source side during retention. The memory with silicon nano-crystals can localize
charge storage and provide a better trapping layer for data retention. More localized

charge storage makes the memory cell more suitable in two-bit operation.
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4.4 Summary

In this chapter, the memories with embedded silicon nano-crystals exhibit
superior reliability, especially in retention time. Silicon nano-crystals successfully
supply the silicon source during oxidation and raise the oxidation rate. The silicon
nano-crystals in the trapping layer also can localize charge storage and improve the

quality for two-bit operation as well.
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Fig. 4-1 Cross section and process flow of the SONOS-type flash memory device.
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Fig. 4-2 The gas flow of silicon nano-crystal deposited in nitride layer
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Table 4-1 The split condition of our experiment device with different height of the

silicon nano-crystals

Number | Trapping Si Dot | Sacrificial Blocking
1 150A @ 60A wet oxidation 180 min @ 900°C
2 150A @ 60A wet oxidation 120 min @ 900°C
3 150A @:120A wet oxidation 180 min @ 900°C
4 150A @ 120A wet oxidation 120 min @ 900°C

62




Fig. 4-3 The TEM image of proposed ONO gate stack.
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180 minutes and had silicon nano-crystals in the nitride layer at 60A to the bottom.
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Table 4-2 Operation principles and bias conditions utilized during the operation of the

silicon nano-crystals Flash memory cell.

Program Erase Read
Bit D V, 7V -8V 4V
Vyq 7V 8V oV
Vi oV oV >2.5V
Bit S V, 7\ -8V 4V
V4 oV oV >2.5V
V, A" 8V ov
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Chapter 5
Conclusions

The thesis of “Study on the Improvement of ONO-stacked Flash Memory by Wet
Oxidation of SizN4 Layer” was proposed. In the first part, we successfully used wet
oxidation to form the blocking oxide layer of ONO gate stack from the nitride layer.
We expected the oxygen would diffuse into the nitride layer and passivate those
shallow trap states for longer retention time. The devices provided the high
program/erase speed and good disturbance characteristics. Relative to the fresh device,
the device retained its good retention time (up to 10° s) for 10% charge loss when

operated at room temperature. However, the slow oxidation rate needs to be raised.

Then, we added an amorphaus silicon.layer above the nitride layer to supply the
silicon source during oxidation.”However, the thin amorphous silicon formed a
roughness oxide film after oxidation. As a result, we used thin amorphous silicon as a
sacrificial layer above the nitride to forma textured oxide layer which became the top
oxide of ONO gate stack. The program/erase operations of the memory cell with
textured top oxide utilize F-N tunneling. The charges tunnel into the trapping layer
through the top oxide instead of bottom oxide. The top textured oxide memory cell
has a good P/E speed and excellent endurance. Using this operation, we need not care

about the quality of the bottom oxide.

Finally, we used the embedded silicon nano-crystals to offer the silicon source
during oxidation and enhance the quality of trapping layer. According to the TEM
image, the nano-crystals indeed raised the oxidation rate. The nitride layer with

silicon nano-crystals would have a long retention time and decrease lateral migration.
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