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ABSTRACT-This paper investigates the use of floating gate MOS devices for
analog trimming. A floating gate MOSFET structure, in which tunneling occurs
at the corners of a polysilicon slab, has been fabricated using a standard 1.2pm n-
well CMOS process. A three-dimensional device simulator, DAVINCI, is used to
characterize the field enhancement due to geometry. The analog storage
performance of the floating gate is evaluated. The charge-transfer behavior of
floating gate MOS devices is analyzed and modeled. This model describes the
charging and discharging of the floating gate and provides insights to the design

of analog floating gate devices. A feedback-based programming strategy is also

discussed.

I. INTRODUCTION

Floating gate MOS transistors currently have widespread applications as the storage elements
in EPROM and EEPROM circuits. These devices are optimized for small area, high write/erase
speed and low failure rate when used for digital memory [1] [2]. Dueto their long-term charge
retention, the floating gate devices would have potentia applicationsin analog circuits [3-5] but
they are not trivial to implement and need much fundamental work.

The research is directed toward the use of floating gate devices as compact and non-volatile
elements for analog trimming. Among the desired features of such a device are bi-directiona fine
trimming, low programming voltages, good charge stability, and large trim range. It isaso
desirable to avoid the need for special processing to achieve ultrathin oxide film [6] or textured-

surface polysilicon [7] since these processing features are expensive and often not available.
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Based on a previous attempt to build a tunneling injector in a2um standard p-well CMOS process
by L. R. Carley [3], we have designed and fabricated tunneling injectors which rely on the corners
of a polysilicon slab and a floating gate MOS device to test the feasibility of floating gate analog
trimming circuits. Theimplementation technology isa 1.2um n-well standard CM OS process
(CMOs4S) [8].

To analyze these tunneling injectors, a three-dimensional field smulation is required. This
study uses athree-dimensional device simulator, DAVINCI [9], to analyze field enhancement
effects induced by geometric features.

To understand and control the transfer of charge onto and off the floating gate, it is necessary
to develop a model which analytically describes charging and discharging of the floating gate via
Fowler-Nordheim tunneling. Our model ties together most important parameters necessary for the
anaog floating gate MOS device design such as tunneling oxide thickness, tunneling area, critical

coupling capacitances, programming time, programming voltages and initial floating gate voltage.
II. TUNNELING INJECTOR STRUCTURES AND CHARACTERIZATION

The floating gate MOS device in our study consists of a tunneling injector, a sense transistor
and a polysilicon bootstrap capacitor (Figure 1). The tunneling injector enables the flow of
electrons onto or off the floating gate by means of Fowler-Nordheim tunneling, and thereby sets
the analog voltage on the floating gate which controls the operation of the sense transistor.

Normally, special processing requirements such as ultrathin tunneling oxideor  textured-
surface polysilicon are required to induce Fowler-Nordheim tunneling at areasonabl e voltage
(<20V) [6]. It has been suggested that corners introduced by lithographic features in the
polysilicon layer can enhance the electric field in the oxide film[3]. To examine the influence of
corners on the tunneling characteristic, a test chip which consisted of several tunneling injectors
with different numbers of corners was designed and fabricated inCMOSAS. This process has a
250A gate oxide thickness and a poly-poly oxide thickness of 400A. The layouts of these

tunneling injectors are shown in Figure 2, in which the polysilicon slab in each injector endsin the
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middle of adiffusionregion. According to electromagnetic field theory, the electric field is
enhanced at the corners of this polysilicon slab [10].
The tunneling current is theoretically characterized by the Fowler-Nordheim equation | 11]

R
J.om = CE,, exp( I3 (1)

un

where J,, isthe current density, and o and B are constants determined from experimental data.

Figure 3 shows atypical measured tunneling current characteristicsfor electrons being
injected onto (forward) or removed (reverse) from the floating gate as a function of the voltage
difference between the floating gate and the diffusion region. It can be seen that the voltages
required to induce the tunneling current in the forward and reverse directions are about12V and
15V, respectively. They are much lower than the voltages for inducing tunneling in a structure
without comerst. The tunneling current curveisasymmetric with slightly higher reverse tunneling
voltage. To better characterize the tunneling performance of tunneling injectors, these measured
data are replotted on Fowler-Nordheim axes (log(Z/V?*) vs. (V™)) in Figure 4. The curves fit
the Fowler-Nordheim eguation well since the experimental data lie close to a straight line

We suspect that the asymmetry of tunneling is due to reverse behavior being defined by the
comers of the polysilicon slab itself, while forward tunneling is defined by cornersin the
underlying diffusion.

From the forward Fowler-Nordheim plot, o. and B can be extracted as 1.25 x 10° A/V2 and

2.67 x 10°V/cm, respectively. In the reverse direction, a and B are 1.88 x 10°A/V2 and

3.15 x 10°* V/em, respectively.

Without field enhancement, the tunneling-oxide electric field is given by
E, = %’ﬂl (2a)

where VvV, is the voltage drop across the oxide and X is its thickness. Field enhancement

increases electric fields near comers by a constant factor, so

1 For the comerless structure in our test chip, no tunneling current was observed up t@s volts.
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E, = ;cl%;"—"J (2b)

where « expresses the degree of field enhancement. For the experimental tunneling injectors, the
reduction in tunneling from the “comerless’ case indicates that x in the forward and the backward
tunneling direction isat least 2.0 and 1.6, respectively.

Our experimental data showed agreat deal of variability in 1-V characteristics between
structures.  Structure (d) and (€) have better uniformity over measurements of five different dice.
Thismay be due to having more comersin Structure (d) and better control of comer radiusin
fabricating structure (€). Another important phenomenon is that measured tunneling current is not
proportional to the number of comers. Both of these results indicate either the exact shape of the
three-dimensional comers or the extent of interface trap states being very important in determining
the degree of field enhancement. Therefore one of disadvantages of thistunneling injector isthat it
IS sensitive to process variations because the process features strongly affect the exact shape of
these 3-D comers. We don’'t know how consistent parameters are from run to run, but have the
advantage over MOSI S users of using asingle foundry.

It has been recently reported that tunneling can aso occur through the oxide between the two
polysilicon layers normally used for capacitors and that tunneling voltage is more reliable and
controllable if thereisalarge tunneling area [ 12]. The polyl-poly2 tunneling injector may be
useful as a substitute for the poly-diffusion tunneling injector in our floating gate analog MOS
device structure.

Because it is the comers of the polysilicon that create enough field enhancement to
dramatically lower the tunneling voltage, a three-dimensional field analysis is required to predict
the degree of field enhancement and other three-dimensional effects. Figureb shows electric field
distributions simulated with DAVINCI in the oxide around the rectangular comers on applying 14
voltsto the polysilicon electrode. It can be seen that the electric fields around the comer are
stronger than the electric fields far away from the corner, and stronger than those without comers.

The degree of field enhancement predicated by this simulation is about 1.5, lower than the data
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givenin[3]. The reason may be the description of the exact shape of three-dimensional comers,
which is hard to know due to variability in fabrication. Further, DAVINCI cannot analyze
arbitrary-shaped comers. To better predict tunneling performance and the impact of the shape of
the three-dimensona comers on tunneling, an advanced three-dimensional device simulator which

supports arbitrary grid structure and tunneling characteristics is required.
1. FLOATING GATE ANALOG STORAGE

The objective of floating gate analog trimming is to establish precise trim-voltage levels on
the gate of the sense transistor, which is dependent on the amount of stored charge on the floating
gate.

One of the significant characteristics of floating gate devices is their nonvolatile performance
since the floating gate is completely isolated by surrounding layers of oxide. Therefore, the analog
information stored on the floating gate can be retained for a sufficiently long time, and the floating
gate can henceforth act asa capacitor with long-term charge retention capability. On the other
hand, the stored analog information can be electrically programmed. Thisis achieved by applying
a sufficiently high voltage across the tunneling injector, which causes a tunneling current to flow
through the tunnel oxide, into or out of the floating gate, and thus changes the amount of charge
stored on the floating gate positively or negatively. Therefore, both setting and updating of the
stored voltage on the floating gate can be accomplished. The stored analog voltage on the floating
gate can be accessed through the drain current of the sense transistor without destruction of the
charge on the floating gate.

Essentialy, the two variables that may be used to vary the amount of charge and hence the
voltage stored on the floating gate are: (1) programming voltage, (2) programming time. The
programming voltage controls the target values on the floating gate and programming time controls
how close to this target value the programming comes.

Floating gate analog storage is designed to handle trim voltages that require high precision

and good stability. The variability of their behavior is therefore a magor concern. It iswell known
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that most floating gate digital memories have data charge retention exceeding 10 years at room
temperature[ 1]. Since the floating gate MOS device here employs a standard gate oxide as the
tunnel oxide, its retention should be very good. It has been experimentally demonstrated that the
charge loss of these floating gate memories using a standard gate oxide for tunneling is less than

0.1 percent in ten years at operating and storage temperatures up to100 °C [3].

V. MODELLING OF CHARGE-TRANSFER CHARACTERISTICS

In order to gain insight into the basic charge-transfer characteristic of floating gate MOS

devices, acapacitive equivalent circuit shown in Figure 6, is devel oped. From this equival ent

circuit, the floating gate voltage, Vg, can be formulated using superposition as

Vic = PegVeg + PpyViny + PsVp + PsVs + PpVp £ grc 3
FG
with
Cpo=Cos+Cr+Cy+Cs+Cp (4a)
C, C C C C
Pp.==¢ p == p=—B p=-_5 Pp=_2 (4b)
“ Cro " Crs ’ Crs ? Cre ’ Cra

where Pcs, Py, Py, Ps and Pp are the coupling ratiosfrom the control gate, the current injector
drain, the source of the n-channel transistor, the drain of the n-channel transistor and the substrate
to the floating gate, respectively. Q; isthetota charge on the floating gate, with “+” used for
positive charge and “-” for negative.

Based upon the above equivalent circuit and the Fowler-Nordheim tunneling equation,
analytical expressions can be derived to show the change in floating gate voltage as a function of
programming voltage and timein each charging (injecting electrons onto the floating gate) or
discharging (removing electrons from the floating gate) operation [ 13].

The change in floating gate voltage during charging is
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M
AVie(8) = =V (0)+ Vi () + M (5a)

In[exp( V0=V (O)) + BNPt]

and the change in floating gate voltage during discharging is

M

AV (1) ==V (0) + Vi, () - v (5b)
In[exp(- V-V ©) )+ BNPt]
where
Vi6(0) = PV + Py Vi (0)+ PV + PV + PV £ QF—GF(GOl )
pX. =M, =N, p=Zt )

- ’ CFGXtun CFG + CFI
inwhich, C,, iSthe total capacitance associated with the diffusion node of the tunneling injector.

Egs. (5a) and (5b) characterize the net electron accumulation and the net el ectron | oss,

respectively. If the voltage at the injection electrode, V. IS aconstant, the above equations

reduceto

AV () = =V (0) + Vi, + l AA; (8a)
_— N
n[exp( V0 -V )+ BNt]

for the charging process, and

AV (t) = =V (0) + V- A'\l/l (8b)
ln[exp(—— m) + ﬁNt]

for the discharging process.
Furthermorein the field enhancement situation, the equations (15a) and (15b) are simply
modified as
M

AV (1) ==V (0)+ V0, (1) + , 7 . (9a)
+ t
Ktnfexp( K[V (0) = Vi, (0)]

for net electron accumulation, and
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M
AV (8) = =V (0) + Vi () — 5 (9b)

K, In{exp(— Va0 -V (0)]) + BNPt}

for net electron loss. x; and x» characterize the degree of field enhancement in forward and
reverse directions, respectively.

The above equations, giving V() versus time, are related to all of the most important
parameters. Therefore, they are useful for the design and analysis of floating gate analog MOS
devices. They can also be used to evaluate the charge-transfer characteristics and the controllability
of analog floating gate devices. Asan example of the application of this model, the programming
rate of the floating gate in charging is simulated, with results shown in Figure 7. Data are shown
with programming voltages of 1SV, 165V and 17V applied to the control gate. The parameters
we chose were based on the layout parasitics of our fabricated floating gate analog MOS devices
and the measured characteristics of our tunneling injectors; they are: a = 1.25 x 10°A/V2,
B=2.57 X 10*°V/em, k = 2, X,,,=250A, A, =1um?2, C;; = 1pF, Cp, = 5fF, Vg =12V,
Pqe = 0.8. As seen from this figure, the charging process is very fast; the changes in floating gate
voltage achieved inlps are -0.054V, -0.361V and —-0.834V with the three control voltages. We
note that the change in floating gate voltage increases monotonically with increasing charging time.
Also, from thissimulation, we can seeabasic trade-off higher programming levelsresultina
larger trim range (the extent of target values that may be achieved), but make it harder to control

trim step size.
V. FEEDBACK-BASED PROGRAMMING

The operation of the floating gate device needs control circuitry to provide both positive and
negative programming voltages to inject charge onto or remove it from the floating gate. An
efficient programming strategy isto embed the floating gate MOS device into afeedback loop [ 14].
The local feedback circuitry measures the extent of the uncompensated offset in the system and
then decides whether the trimming is needed, aswell aswhich type of programming pulsesis

required.
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A conceptual diagram of our feedback-based programming strategy is shown in Figure 8.
Programming pulses are generated by high voltage driving circuitry, and the UP/DOWN counter
decidesprogrammingdirection.  Accordingly, the amount of charge on the floating gate is
increased or decreased to achieve a target value which is used to cancel the offset of the

uncompensated circuit.
VI. CONCLUSION

The work presented here indicates that floating gate devices are very usable as analog
trimming elements. The successful implementation of tunneling injectors with a number of comers
demonstrates that floating gate trimming methods can be implemented in a standard CMOS VLS|
process, athough more work is still needed to provide a mom reliable and controllable floating gate
device. The charge-transfer model provides a powerful tool for the design and analysis of analog

floating gate devices.
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Figure 2.

Figure 3.
Figure 4.
Figure5.

Figure 6.

Figure 7.

Figure 8.

FIGURE CAPTIONS

Analog floating gate MOS device structure: (a) cross section; (b) circuit symbol: (c)
layout diagram.

Layout diagrams of the fabricated tunneling injectors: (a) without corners; (b) two
corners; (c) four corners; (d) twenty six comers; (e) two comersover a p*diffusion
area.

The measured |-V characteristic of a tunneling injector.
Fowler-Nordheim plot of the Figure 3: (a) forward direction; (b) reverse direction.

The 3-D simulation for the field distribution in oxide in case of arectangular comer for
the characterization of field enhancement: (@) at the comer; (b)0.05um away from the
comer along the diagonal direction onthe poly rectangle; (c) 0. 1um away fromthe

comer along the diagonal direction on the poly rectangle; (d) 0.2pm, 0.3um and 0.4um
away from the comer along the diagonal direction on the poly rectangle, and the field
distribution in oxide for the poly slab without comers.

A simplified capacitive equivalent circuit of the floating gate MOS device. Cg iSthe
floating gate to the control gate capacitance (bootstrap capacitance) Cy, is the overlap
capacitance from the floating gate to the diffusion region of the tunneling injector Cg,
is the floating gate to substrate capacitance, Cs is the floating gate to source

capacitance, C, isthe floating gate to drain capacitance.

Simulation for the programming rate of charging operation with control voltages of
15V, 16.5V and 17V.

A conceptual diagrarn of afeedback-based programming strategy.
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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