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L ow Voltage Hash Memory Cels Using S Ge Quantum Dots
for Enhancing F N Tunnding”
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Absgtract : A novel flash memory cell with stacked structure (Si substrate/ Si Ge quantum dots/ tunneling oxide/ poly-
Si floating gate) is proposed and demonstrated to achieve enhanced FN tunneling for both programming and
erasing. Simulation results indicate the new structure provides high speed and reliability. Experimental results show
that the operation voltage can be as much as 4V less than that of conventional full N tunneling NAND memory
cells. Memory cells with the proposed structure can achieve higher speed,lower voltage,and higher reliability.
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1 Introduction

Although flash memory technology is highly
developed ,it faces critical challenges in achieving
high speed and high densty for the next genera
tion. High-k dielectrics and novel program/erase
mechanisms and structures have been studied for
high density flash memory!* *'. The main problem
for high density memory is the relatively high op-
eration voltage ,which results in the necessty of a
thick tunneling oxide and a complicated external
high voltage circuit™ ®. The tradeoff between high
speed and reliability makes further downrscaling
difficult.

F-N tunneling is an effective tunneling mecha
nism ,but it requires a high voltage ( 18V) which
is not favorable for high densty memory. Several
years ago ,a texture-like poly-dioxide film was pro-
posed for enhancing F-N tunneling”’. This reduced
the operation voltage'® ,but the quality of this kind
of tunneling layer is too poor for use in real com-
mercial devices” .

Here we demonstrate a novel S substrate/
3 Ge quantum dots/ tunneling oxide/ poly-S float-
ing gate stacked structure (flat or with self-aligned
tips) for achieving enhanced FN tunneling for
both programming and erasing. Theoretically ,high-
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er speed,lower voltage,and higher reliability can
be expected for memory cells with the proposed
structure.Both smulation and experimental results
show that the operation voltage can be as much as
4V less than that of conventional full N tunne
ling NAND memory cells.

2 Device gtructure and principles

Figure 1 shows schematics of a memory cell
with the conventional structure and two cells with
the new structure. Structure A is a standard flash
memory cell. In structures B and C,S Ge quantum
dots are fabricated directly on S substrate with a
UHV/CVD system to achieve enhanced FN tun-
neling programming. The size and shape of the dots
are controlled by growth parameters such as tenr
perature ,duration ,and gas flux.

As shown in Fig. 1,structure A is a conven-
tional full FN tunneling NAND memory cell. In
contrast to the flat floating gate in structure B ,the
poly-S floating gate with self-aligned tips (struc
ture C) is desgned to achieve N tunneling for
erasing and programming.

The fabrication process of the poly-S floating
gate with self-aligned tipsis shown in Fig. 2. The
g film after the growth of 9 Ge dots (step 2) isde
signed to form a tunneling oxide layer. The oxida
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Fg.1 Schematic structure of conventional full FN
memory cell (A) and the two proposed enhanced FN
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Fig.2 Fabrication process of poly-S floating gate with
self aligned tips Step 1:self-assembled S Ge dots; Step
2:9 films epitaxy ; Step 3:oxidation; Step 4 :poly-S dep-
ostion

tion rate of the S Ge quantum dots is much lower
than that of S substrate s that after the S filmis
consumed ,faster oxidation of S substrate around
the quantum dots resultsin a tunneling oxide with
self-aligned pits on the surface (step 3). Then the
self-aligned floating gate tips are deposted using
these pits as moulds. Step 3 is the most important
process for fabricating a floating gate with self-a

ligned tips. For a flat poly-S floating gate,the S
concentration in the dots and the thickness of the
tunneling oxide should be caref ully designed to ob-
tain a tunneling oxide without pits.

The electric field between the S Ge quantum
dots and floating gate was calculated in ANSYS.
Figure 3 shows the local electrical field for struc-
turesB and C. For both structures,the local elec
tric field near the S Ge quantum dotsis sgnificant-
ly enhanced because of the N tunneling geomet-
rical enhancement factor of the quantum dots. As
indicated ,the local field near the self-aligned tipsin
structure C is enhanced, and thus the tunneling
current can be improved for erasng and program-
ming.

Fig.3 Loca dectrica field
Structure C

(a) Structure B; (b)

The energy band diagrams for structures B
and C are shownin Fig.4.Bidirectional barriersfor
both programming (injecting electrons from the
channel to the floating gate) and erasng (drawing
electrons out of the floating gate) faced
by electrons in structure C are effectively nar-
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rowed ,and thus bidirectiona FN tunnding can be sg-
nificantly enhanced. In structure B , however ,only the
barrier for programming is lowered , FN tunnding
for eradng cannot be enhanced (actudly ,the loca dec-
tric field near theflat floating gateis even dightly wea
ker thanin structure A) .

3 Resultsand discussion

Figure 5 shows the smulated threshold volt-
age shift and gate current during programming op-
erations for the three structures (assuming only
one S Ge quantum dot in the channel for structures
B and C ,a gate voltage of 16V ,and atunneling area
of 30nm x 30nm ,whichis much smaller thanin real
devices) . Structures B and C yield higher tunneling
currents and shorter program times than structure
A. Even with a 14nm tunneling oxide in structures
B and C ,the threshold voltage shifts (memory win-
dows) and gate currents are both larger than those
of structure A with a 10nm tunneling oxide.

40F(@) Stucture Ct =1

35f
%30'-

Stucture B/ =10nm

ol
L
A\

LI

Stucture C /_=14nm

=10 Stucture B 1_=14nm
0.5
0 Stucture /ﬂg =10nm
e A i L 5 L A AL
0 0.01 0.02 0.03 0.04
Programing time/s
10—]4 (b)
Stucture C 7 =10nm
§ 10 tucture B
5 10 3
E 107 IS tucture B 4 -1 4nSIf_lucture Ct_=l4nm
Biom
109 Stucture A 7_=10nm
10% Stucture A £, =14nm
sal A Ak aaaaal - X
104 107 102
Programing time/s
Fig.5 Threshold voltage (a) and gate current (b)

during programming processes Tunneling oxide thick-
ness tox =10 ,14nm

Figure 6 shows the corresponding results for
erasing operations. A s expected ,the threshold volt-
age and tunneling current of structure B are not

improved significantly over those of structure A.
Structure C,however ,shows the largest tunneling
current during erasng.
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Fig.6 Threshold voltage (a) and gate current (b) during
eragng Tunneing oxide thickness tox =10 ,14nm

As shown in Fig. 7 ,the memory cells with a
10nm tunneling oxide with structures B and C
show a larger threshold shift than conventional
cell s under relatively low control gate voltages. By
extrapolation,Vce can be reduced by about 4V
without sacrificing the programming/ erasing speed
of the conventional structure.
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For comparison ,samples with the three struc-
tures (Fig. 1.) were fabricated with standard
0. ¢ m CMOS technology ,and the tunneling cur-
rent was measured. The measured gate currents of
the three samples for both programming and era
sng are shown in Fig. 8. They show the same
trends observed in the smulation. The gate current
during programming in samples B and C is more
than 10° times better than that of sample A under a
gate voltage of 12V. During erasng,only the gate
current in sample C is improved sgnificantly over
sample A. This demonstrates the eff ectiveness of a
floating gate with tipsin enhancing N tunneling
during erasing.

102
|0‘3!(a) .
10§ ‘.u""'_
g 10% -..,-.
= .
6 o
?:; 10°F sample Bes® _..-" ot
L | ot
2 10°F M SampleC e’
S o fon
10° g:::'
ol Lo Sample A
10 l"-".o
| [O RN PPN FPPIIVIT FIVUTITTI FPPIOT aalaissaneanals

S R R TR T R
Control gate voltage/V

Gate current/uA
g
Lh
T

0 -2 -4 -6 -8
Control gate voltage/V

Fig. 8 Experimental results of gate current during
programming (a) and erasing (b) for three structures

Finally ,we explain how structure C improves
reliability during programming and erasing. Be
cause the mean electric field in the tunneling oxide
is reduced by the enhanced FN tunneling mecha
nism (for the same order of programming and era-
sing current) ,the straininduced by the loca high e
lectric fidd can be partialy relaxed in the surrounding

tunneling oxide ,where the elec tric field is lower.

Furthermore,snce a thicker tunneling oxide
than in the conventional structure can be used with
no loss of speed ,the strain-induced |leakage current
(SILC) can be further reduced.

4 Summary

In summary ,we propose two new structures
for flash memory cells with the enhanced N tun-
neling effect of S Ge quantum dots and self-aligned
tipsof thefloating gate. The two structuresfor full
FN programming/ erasng show higher speed and
lower operation voltage than the conventional
structure without reducing the tunneling oxide
thickness. Because of the low mean electric field in
the tunneling oxide, higher reliability can be &
chieved for further scaling-down of the next gener-
ation flash memory.
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