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Abstract

A novel nonvolatile memory (NVM) Top-floating-gate
(TFG) flash device is demonstrated in a CMOS
technology which can be implemented as a stand alone
device, or with additional benefit as an embedded
device. This device differs in both structure and
operation to typical split-gate or stacked-gate
approaches. The TFG device uniquely offers low
development cost, low power compliance and high
reliability. It can be fabricated using routine CMOS
processing making it clearly competitive to options
typically used in the industry. The structure and
operation of this novel device structure is described.
This is followed by a description of the processing
required and electrical results.

1. Introduction

Embedded flash rnonvolatiie memory (NVM) [1]
provides data storage on chip with CMOS logic devices.
In attempting to embed an NVM option three feaures
must be analysed. These ae development cost, CMOS
compatibility and with the advent of mobile gplications,
suitable low power operation. Two of the standard
approaches to implementing embedded NVM are the
spit-gate [2,3] and stacked-gate [4,5] devices. The split-
gate device suffers from large power consumption,
wheress the stadked-gate device requires a complicaed
stadk etch and suffers from over-erase isues. We present
in this paper a novel structure which is low power
compliant, has low development costs, and doesn’t suffer
from over-erase. With the evolution of the portable
appli cations market, the posdbility of a nonvolatile data
or code storage fadlity on chip with these alvantages
makes the Top-Floating-Gate (TFG) device[6] arival to
typicdly used embedded NVM options. In the following
sedions, we describe the structure and operation of the
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device ad conclude with a maao-model which
acairately describes the read operation of the device

2. Device Structure and Operation

The TFG device shown in figure 1, is a symmetricd
device in which Polyl congtitutes the cntrol gate (CG)
with Polyll comprising the floating cpte (FG) in a dired
inversion of typicd stacked o split-gate options. The
TFG cdl is designed with the FG surrounding the CG in
the lateral diredion and equal to the adive aeain the
width diredion thereby grealy enhancing the gate
coupling ratio (0q) alowing a smal area cd and
avoiding the use of expensive zdiredion extensions. The
program and erase functions of this device involve
charge transfer to and from the FG by Fowler-Nordheim
(FN) tunrelling aaoss Ty, Typicd bias conditions are
shown in the table in figure 1 while figure 2 shows a
SEM micrograph of the fabricated TFG cdl.
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Figure 1. Schematic cross-section representation of
the TFG EEPROM cell including biases for each
memory operation

Programming of the TFG is achieved with a high
positive pulse applied to the CG, the source region



floating and the drain and bulk silicon held at ground.
This couples a positive bias to the floating gate and
initiates FN tunnelling from the drain region beneath the
FG, setting the device to its logic'0" state. Induced
negative charge (Qi) on the FG causes depletion of
carriers in both source and drain regions beneath the FG
region while simultaneously causing accumulation of
carriers in the channel area which is controlled by the
FG.

cell

Bitwise low power erasing is completed by applying a
negative pulse to CG, positive bias to the source region
while leaving the drain floating and the bulk grounded.
This reverses the direction of tunnelling from FG to bulk
silicon now through the source region and returns the
TFG cell to its erased ("1"logic) state. Using alternate
regions for tunnelling has the advantage of improved
reliability.

The distinction of 2 memory states is achieved
due to a threshold voltage (Vy-shift and a
transconductance (gm) change, allowing a large lreq i)
Ieed (L0 rétio. As there is a native transistor controlled
solely by the CG overeraseis not an issue for thiscell

Critical dimensions of this cell, Lcgae aNd Lovenap are
defined by lithography steps, thus making manufacturing
straightforward and the cell highly CMOS compatible.

3. Fabrication Results

The TFG device was fabricated in a double-poly
double-metal 1.5pm CMOS technology within the
NMRC Silicon Fabricdion laboratory. Fabricaing the
TFG in a double-pay CMOS processis possble using
two additional standard processng steps, namely an
oxide strip after Polyl patterning and a high quality
thermal oxidation for a target Tunrel (Ty,)/Interpoly
(Tpp) Oxide of approximately 80A and 140A respedively.
Re-oxidation before the Source/Drain implants is
modified to allow for the new tunrel oxidation cycle
while maintaining the baseine therma budget.
Subsequent processng foll ows the standard CMOS flow
including a standard self-aligned Source/Drain implant.

Defining the FG is performed using standard
lithography techniques thus avoiding embedding
difficulties asociated with the complicaed stadk-etch
processng wsed for stadked-gate structures. Since Polyl
constitutes the CG sdlicidation is not possble for the
TFG and an extra masking step proteding TFG areas
will be required in the cee of a baseline tedhnology
using sali cidation. However, given that the FG only fully
covers the CG in one diredion polycide formation on an
extended CG is possbhle to reduce WL resistance
problems but which would incur masking and area osts.
Aswith al cdlsusing Fowler-Nordheim tunrelli ng, bath
PMOS and NMOS high wltage transistors are required
to transfer the programming woltages to the cédl.

4. Electrical Results & Discussion

Eledricd chaderisation was caried out on a TFG
device with a W/L of 2.5um/1.5pm and a Lgyeigp Of
0.3um. Figure 2 shows the transient program and erase
operations as a function of the pulse width applied.
Programming is achievable within 800us with Vg of
13.0V. Erasure is possible within 500us with Vg of -
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Figure 2. Measured transient program and erase
characteristic. Read out current, |, is at V_,=1.0V
and V,_.=0.1V. A pulse rise/fall time of 500es is used.

Figure 3 shows the measured read characteristic on a
linear and log scale for both memory states with the g,
and V, effect clearly observed. Ips at a specified Vg and
Vps is used as the read variable because both V, and g,
are modified when charge is on the FG. Through this
novel combination of g,- and V- based operation an ey
¢ Mread Loy Teio greater than 5 orders of magnitude is
possible.
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Figure 3. Measured programmed and erased states
for the TFG cell. The TFG cell is programmed for
3ms and erasure is carried out with for 3ms. A pulse
rise/fall time of 500es is used

The endurance caability of the TFG device has been
demonstrated through the o/cling test shown in figure 4
with a program operation using Vg of 13.0 V for 3ms
and aVg of =80V and VS 5.0 V for 3ms for the ease
operation. This endurance daraderistic demonstrates
only 3.5% degradation of the operating window in excess
of 10° W/E cycles.
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Figure 4. Measured cycling characteristic.
Programming is performed for 3ms and erasure is
for 3ms. A pulse rise/fall time of 500es is used.

To confirm the inherent large ag, a new coupling
ratio extradion methoddogy was developed [7]. To
model the read operation of the TFG, the structure may
be divided into three regions, the sourceside FG (S)
region, the channel (C) region (controlled dredly by the
CG €eledrode) and the drain-side FG (D) region. With
such an arrangement the cdl is made up o three
MOSFETS, Mg, Mc and Mp with an interpoly cpadtance
C,p between CG and FG as depicted in figure 5.
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Figure 5. Model of operation for the TFG cell

Ms and Mp are guivalent to stadked-gate cdls with
CG controlling the channel through coupling onto FG via
Cop Mc is a standard MOSFET controlled by CG
diredly. In the gased (low V,) state with a positively
charged FG the turn-on operation is determined by Mg, it
being the higher V, transistor in this case. It is the V, of
this native CG transistor M that determines turn-on of
the cdl.

With regative Q;y on FG in the programmed state,
again the higher V, transistor, now Mg, dominates and
defines the turn-on for the TFG cell.

It is this ability, in the programmed state, for Mg to
control the turn-on or subthreshold region of operation
which alows the subthreshold method d extradion [8]
to be gplied as the TFG is now analogous to a stacked-
gate cdl.

Using measurements from a TFG cdl and TFG
dummy cdl a aq value of 0.86 was extraded. This
compared to a designed ag of 0.79. This is to be
expeded as the extraded gate oupling ratio using the
subthreshold method is known to be gproximately 10%
larger than the layout value due to areduction in the Cygy
value from a depletion capadtance in the subthreshold
regime [9].

5. TFG Macromode

Using the previously described model of operation for
the TFG (see figure 5) the device ca be divided into
threetransistors, ead represented by aBSIM3 MOSHET
model. With the adition of a caadtor network to
represent the floating cate voltage, the maaomodel
shown in figure 6 can acarately represent the real
charaderistics of the TFG cdl [10].
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Figure 6. Three transistor macro model for the TFG
cell

Figure 7 compares the measured and simulated results
using the maaomodel. It is observed that the model
acarrately represents both the V-shift and the g,,, change
for various gates of program and erase.
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Figure 7. TFG characteristic in various states and
the macromodel fit

6. Summary

A novel TFG NVM cdl structure has been presented
which is low power, reliable and easy to implement in a
standard CMOS technology. It possesses an inherently
high gate @upling ratio which is advantageous for low
voltage Fowler-Nordheim operation. A maaomodel of
the cdl was proposed which acarately represents the
read charaderistics of the cdl.

7. References

[1] P. Pavan, R. Bez P. Olivo, E. Zanoni, “Flash
memory cdls - An overview,” in Proceedings of the
|EEE, vol. 85, no. 8, Aug. 1997, pp. 12481271

[2] Silicon Storage Tednology (SST), SuperFlash
EEPROM Technology, 1998

[3] Silicon Storage Tednology (SST), Technical
comparison of floating gate reprogrammable nonvolatile
memories, 1999.

[4] JK. Yeh, H.D. Su, Y.F. Lin, C.D. Shieh, D.S.
Kuo, M.S. Liang, G.Q. Tao, F.J. Ligt, L. Shi, R
Colclaser, N. Tandan, K. Chen, M. Chen, and A. van
Gorkum, “A 0.5um flash technology suitable for low
voltage embedded applicaions’, in Proceedings of
ESSDERC 1997, pp. 260-263

[5] W. Johnson, G. Perlegos, A. Renninger, G. Kuhn,
and T. Ranganath, “A 16Kb eledricdly erasable
nonvolatilec memory,” |IEEE ISSCC Dig. Tech. Pap., p.
152 1980

[6] G.Hong, C.Hsue, US Patent No. US5625213,
United Microeledronics Corporation, Taiwan, 1997.

[71 D. McCarthy, M. O'Shea R. Duane, K.
McCarthy, A. Concannon, A. Mathewson, “Extradion of
the Coupling Coefficients for the Top-Floating-Gate
(TFG) flash EEPROM Cell,” Proc. ICMTS Vol.15, pp.
139144, 2002

[8] M. Wada, S. Mimura, H. Nihira, H. lizuka,
“Limiting fadors for programming EPROM of reduced
dimensions’, IEDM Tech Dig 1980 pp 38-40.

[9] R. Duane, A. Concannon, P. O'Sullivan, M.
O'Sheg A. Mathewson, “Extradion of coupling ratios
for Fowler-Nordheim programming conditions’, Solid
Sate Electronics,Vol. 45, no. 2, pp. 235242, Feb. 2001

[10] M. O'Sheg D. McCarthy, R. Duane, K.
McCarthy, A. Concannon, A. Mathewson, “Compad
Model Development for a New Non-Volatile Memory
Cell Architeaure”, Proc. ICMTS Vol.15, pp. 151-156,
2002



