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[2.17], and (b) matrix implementation of
(b) the single-transistor memory cell {2.18].

tions are not needed. (A graded junction is required for a high breakdown voltage,
but its drawback is that the cell area cannot be scaled easily.)

2.2.1 Charge-Pump Circuits

The recent development of 5V-only memories requires that the programming
voltage V, be generated using on-chip charge pumps. The basic voltage multiplier
circuit is shown in Fig. 2.18 {2.20]. The nodes of the diode chain are coupled to the
inputs via capacitors in parallel so that the capacitors have to withstand the full
voltages developed across them. Efficient multiplication can be achieved with rela-
tively high values of stray capacitance, and the current drive capability is indepen-
dent of the number of multiplier stages. The multiplier operates by pumping charge
packets along the diode chains as the coupling capacitors are successively charged
and discharged each half-clock cycle. The voltages are not reset after each pumping
cycle, so that the average node potentials increase progressively from the input to the
output of the diode chain. The circuit implementation is shown in Fig. 2.19, where
MOS transistors are used in the diode configuration. The clocks are generated by
two inverters driven from an oscillator ci .uit. Typically, the output is limited by
MOS diodes to prevent output voltages from exceeding process limits, such as junc-
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Figure 2.18 Voltage waveforms in an N-stage multiplier showing the volt-
age relationship between successive nodes of the diode chain
[2.20]).

tion breakdown voltages, if the supply voltage V44 increases above the specified
range.

To reduce the peak fields in the tunnel oxide of cells using electron tunneling-
based write/erase operations, the rise time of the programming pulse needs to be well
controlled. For an exponential ramp, RC = 600 psec, and for a linear ramp, the rise
time = 40 us [2.16]. This can be achieved by utilizing a charge pump whose current
output is Jow enough to attain the desired rise time using the capacitance on the
high-voltage node. However, this does not compensate for the temperature depen-
dence of junction leakage current. As the temperature increases, leakage currents
increase, and the charge pump may fail to achieve the desired output voltage. A
closed-loop implementation, shown in Fig. 2.20, uses a feedback network to regulate
the charge-pump output and control the programming pulse [2.21]. The feedback
loop consists of a clock driver (whose output swing is controllable), a diode-
capacitor chain, a voltage divider, and a differential amplifier. The negative feedback
forces the output voltage to be equal to the voltage applied to node A multiplied by
the reciprocal of the divider ratio. The voltage at A is generated by an RC network
that is allowed to charge to V... By making the time constant of the RC network
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Figure 2.19 Typical circuit implementation in NMOS technology [2.21].

equal to 600 pusec and setting V ¢ to the optimal programming voltage multiplied by
the divider ratio, the desired programming pulse is produced. The feedback loop
allows the basic charge pump to be designed to work in the worst case corner
condition (high temperature, low V) without resulting in overstress in the best
case corner (low temperature and high V). A nonclocking high-voltage regulation
and output shaping circuit is given in Fig. 2.21 [2.22].
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Figure 2.20 Simplified schematic of a high-voltage regulation circuit [2.21].
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A quick boosting charge-pump circuit has been proposed for use in memories
requiring fast programming times [2.23]. Rather than sequentially charging each
bootstrap capacitor, as in the above circuits, the basic concept here is to charge
several capacitors in parallel and then connect them in series, which is done by
changing the number of stages and capacitance used for charge pumping. The num-
ber of stages is controlled to be small, while the capacitance for charge pumping is
large, which increases the charge-transfer efficiency (ratio of the average output to
input current).

Large negative voltages can be generated (from a 5V supply) using negative
charge pumps. Operating principles are similar to positive charge pumps, except the
direction of the diode chain (see Fig. 2.18) is reversed. Typical implementation, in
NMOS technology, used for negative substrate bias generation is shown in Fig. 2.22
[2.24]. Node V, is kept below ground using bootstrap techniques. Deep p-well and n-
well implants would be needed to isolate the n* junctions connected to large nega-
tive voltages. When the oscillator output is high, the charge-pump capacitor CD2
charges to Vg4 — Vi gp2- The enhancement pulldown transistor connected to CDI is
held off by the output of the internal stage of the inverting push-pull buffer con-
nected to CD1. When the oscillator output becomes low, the charge-pump capacitor
CD2 couples node B below ground, to —(Vg4q — V), So, the source node of device
QDI is not at ground, but is coupled to —(Vgq — V,). The output of the push—pull
buffer now goes high. The voltage across capacitor CD1 charges to 2(Vgy — V,).
When the oscillator output returns to the high level, the charging circuit for the
charge-pump capacitor CD?2 is isolated from the rest of the generator by enhance-
ment mode diode QDI, and the voltage at node A is coupled by capacitor CDI and
the falling output voltage of the push—pull buffer to approximately —2(Vy4q — V,).
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and CLR driven by on-chip  to the field assisted breakdown used to pratect the thin tunnefing
rule oscillator voltage of on chip transistors oxide and enhance reliability

Figure 2.21 High-voltage (V) generator for 5V-only operation [2.22].
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Figure 2.22 NMOS negative charge pump circuit [2.32).
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In CMOS implementation, negative charge pumps are typically implemented
with PMOS transistors, as shown in Fig 2.23 [2.18, 2.25, 2.32]. The charge-pump
circuit has six cascaded voltage multiplier stages, and each stage consists of one
PMOS transistor, one resistor, and two capacitors. The capacitor is formed with a
gate capacitor of a PMOS depletion transistor. P7 is a depletion-type PMOS and is
used to provide the ground level at Vgga, when the negative pump is not used. With
node A initially at ground, both capacitors connected to node A will be charged to
~ Vg4, that is, SV. When PA! goes low, because node A is isolated, it tracks PAl
and will initially go to about —5V. This turns P1 on, causing node B to be dis-
charged. The final node A and node B voltages will depend on the capacitor values
and the PMOS threshold voltage because the charge on the two capacitors connected
to PA1 and PA2 is shared between the capacitors connected to node A and node B.
This charge sharing reduces the gate voltage on P1, making it more resistive. Next,
PA?2 becomes low, P1 is turned on hard since the gate node of Pl becomes lower than
node A due to the RC network between node A and PA2, and the node B voltage is
lowered further. Each stage discharges the previous stage, and the output node Vgga
becomes ~13V.

2.2.2 High-Voitage Load Circuits

Since the amount of current that can be generated by an on-chip charge pump is
limited, it is essential that the programming currents be minimized. The memory
transistor and decoding circuitry are the main parts of the chip that must be con-
nected to the charge pump. During write, electrons tunnei to the floating gate, and
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4.8.3 Charge-Pump Circuits

Charge-pump circuits have been discussed in previous chapters. The concept of
a quick boosting charge-pump circuit for high-density and low-voltage Flash mem-
ories {4.102} is shown in Fig. 4.114.

For the conventional charge-pump circuit, the number of stages connected in
series between the power supply and the output of the charge-pump circuit is fixed.
This fixed number of stages is designed so as to generate a certain high voltage
required for programming. However, the charge-transfer efficiency, Ipp/Icc, for
the charge-pump circuit is given by 1/(n+1), where Ioc and Ipp are the mean
input and output currents for the charge-pump circuit, respectively, and n is the
number of stages connected in series between the power supply and the output of
the charge-pump circuit. As a result, many stages connected in series are so redun-
dant that the conventional charge-pump circuit not only consumes too much power,
but also lowers the charge-transfer efficiency, while the boosted voltage is not much
higher than the power supply voltage at the beginning of the operation. Thus, it
takes a longer time for the conventional charge-pump circuit to generate a desired
voltage for programming when a higher density EEPROM increases the load capac-
itance for the charge-pump circuit and the power supply voltage is lowered.

The charge-pump scheme conceptually presented in Fig. 4.114 can change the
number of stages and the capacitance used for charge pumping. While the output
voltage is not much higher than the power supply voltage in the beginning, the
number of stages is controlled to be small and the capacitance for charge pumping
is controlled to be large in order to increase the charge-transfer efficiency.
Accordingly, as the output voltage is boosted, the number of stages is increased
and the capacitance for charge pumping is decreased step by step. As a result, the
charge-pump scheme shown in Fig. 4.114 offers a high charge-transfer efficiency and
reduces the rising time of the output voltage.

The switches SW1 and SW2 are controlled by a set of complementary voltages
of a high and low voltage converted by a level shifter circuit (LS).

4.9. FLASH APPLICATIONS

In this section, the current and potential applications of Flash memory are discussed
and a brief discussion on DRAM versus Flash is presented.

4.9.1 EPROM Replacement

EPROM was important in the product development phase but was replaced by
Mask ROM as the product went into volume production. On the other hand, with
Flash, product designers and end-users can continue to update the product more
easily and in situ. Another advantage of Flash over EPROM is a smaller footprint,
thus saving board space. In embedded microcontroller applications, Flash is repla-
cing EPROM, as well as EEPROM, Boot RAM, and battery RAM. Low-voltage
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