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VE VOIL.T
EIELD OF THE INVENTION

The present invention pertains to the field of integrated circuits.
More particularly, this invention relates to a voltage switching circuit that
couples a negative voltage to a nonvolatile memory, thereby allowing
negative gate erasure of the nonvolatile memory.
BACKGROUND OF THE INVENTION

A prior flash erasable and electrically programmable read-only
- memory (“flash EPROM") typically uses memory cells that include
electrically isolated gates {i.e., floating gates). Information is stored in
the memoty cells in the form of charge on the floating gates. Figure 1
illustrates the structure of one such memory cell 10. Memory cell 10
includes a drain region 13 and a source region 14 in a substrate 15.
Source region 14 and drain region 13 are asymmetrically doped with an
arsenic dopant and source region 14 is additionally doped with a
phosphorous dopant. A polysilicon floating gate 12 is generally
disposed above and between these regions and insutated from these
regions by an insulating layer 16. Floating gate 12 at the completion of
processing is completely surrounded by insulating layers and hence
electrically floats. A second gate (i.e., a control gate) 11 is disposed
 above floating gate 12 that is fabricated from a second layer of
polysilicon. A second insulating layer 17 separates floating gate 12
from control gate 11.

As can be seen from Figure 2A, memory cell 10 is programmed
(i.e., negatively charging the floating gate) by coupling control gate 11 to
a gate programming potential of approximately +12 volts, drain region
13 to a drain programming potential of approximately +7 volts, and
source region 14 to ground. Under these conditions, channel hot
electron injection occurs through oxide layer 16. The elecirons
deposited on floating gate 12 of memory cell 10 cause the threshold
voltage of memory cell 10 to rise. Memory cell 10 is now programmed to
have a programmed threshold voltage Vp. _
_ To erase cell 10, drain region 13 is floated, control gate 11 is
grounded and an erasure potential of approximately +12 volts is applied
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to source region 14, as shown in Figure 2B. Under these conditions,
charge is tunneled from floating gate 12 to source ragion 14. This
removes the electrons deposited on floating gate 12 of memory cell 10;
causing the threshoid voltage of memory cell 10 to decrease. Memory
cell 10 is now erased to have an erased threshold voltage VTE.

To read cell 10, a positive read potential less than that which
would cause charge to transfer onto floating gate 12 is applied to control
gate 11 (e.g., 5 volts) and a potential (e.g., 1 volt) is applied to drain
‘region 13. Current through the device is sensed to determine if floating
gate 12 is or is not negatively charged. '

The speed at which memory cell 10 is erased largely depends on
the erasure ability of memory cell 10 and the erasure voltage applied to
the source of memory cell 10. Typically, the higher the erasure voltage
applied to the source of memory cell 10, the faster memory cell 10 is
being erased. However, one disadvantage of such prior art erasure
technique is that if the erasure voltage applied to the source of memory
cell 10 exceeds certain voltage threshold (e.g., 12 volts), the
source-to-gate junction of memory cell 10 then moves into the
breakdown region, at which hot holes are generated in floating gate 12
of memory cell 10. This is detrimental to the lifetime cycles of the
memory cell. Therefore, the erasure voltage constraint typically limits
the increase in the erasure speed of memory cell 10. In addition, when
the source-to-gate junction of memory cell 10 is at the breakdown
condition, the erasure speed of memory cell 10 does not increase when
the erasure voltage increases.

SUMMARY OF THE INVENTION

One of the features of the present invention is to provide a voltage
switching circuit for applying negative voltages (i.e., lower than zero
volts) to an integrated circuit.

Another feature of the present invention is to allow negative gate
erasure of memory cells of a nonvolatile memory.

A further feature of the present invention is to provide a negative
voltage switching circuit with minimized power consumption.
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A still further feature of the present invention is to provide a
negative voltage switching circuit that generates a negative voltage from
a positive voltage (i.e., higher than zero volts). ,

A voltage switching circuit is described that includes a switching
circuit for selectively coupling a first voltage to an output of the switching
circuit. The first voltage has a voltage level substantially lower than zero
volts. A-control circuit is coupled to the switching circuit for controlling
the switching circuit to couple the first voltage to the output by '
generating a second voltage having a voltage level lower than that of
the first voltage from a third voltage having a voltage leve! substantially
higher than zero volts.

The control circuit of the above described voltage switching circuit,
in.one embodiment, includes a capacitor having a first end and a second
end coupled to a gate of a switching transistor of the switching circuit via
a node. A charging circuit is coupled to the first end of the capacitor for
coupling the capacitor to the third voltage and for coupling the first end of
the capacitor to ground when the capacitor has been charged to the third
voltage. A coupling circuit is provided for coupling the node to ground
when the charging circuit is charging the capacitor to the third voltage
and for causing the node to be de-coupled from ground when the
charging circuit couples the first end of the capacitor to ground such that
the second voitage is generated and applied to the switching circuit.

The control circuit of the above described voltage switching circuit,
in another embodiment, includes a first capacitor having a first end and a
second end and a second capacitor having a first end and second end.
A first logic circuit is coupled to the first end of each of the first and
second capacitors for alternately coupling the first end of each of the first
and second capacitors to one of (1) the third voltage and (2) ground. A
second logic circuit is coupled to the second end of each of the first and
second capacitors and the switching circuit for alternately coupling the
second end of each of the first and second capacitors to the switching
circuit to generate and apply the second voltage to the switching circuit.
When the second logic circuit couples the second end of the first
capacitor to the switching circuit and the second end of the second
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capacitor to ground, the first logic circuit couples the first end of the first |
capacitor to ground and the first end of the second capacitor to the third
voitage. '

BRIEF DESCRIPTION OF THE DRAWINGS
The present invention is illustrated by way of example and not
- limitation in the figures of the accompanying drawings, in which like
references indicate similar eloments and in which:

Figure 1 shows a prior art floating gate flash EPROM cell;

Figures 2A and 2B show a prior art arrangement of programming
and erasing the flioating gate flash EPROM cell of Figure 1;

Figure 3 shows an arrangement of erasing a floating gate flash
EPROM cell with a negative gate voltage;

Figure 4 shows a flash EPROM that includes word line drivers
that apply the negative gate voltage to gates of the memory cells in
response to a Vgw negative voltage signal during the erasure operation |
of the flash EPROM;

Figure 5 shows the circuit of one of the word line drivers and a
control circuit for generating the Vgw signal of Figure 4 in accordance
with one embodiment of the present invention; :

Figure 6 shows the signal waveform of various signals generated
by the circuits shown in Figure 5;

Figure 7 shows the circuit of the control circuit of Figure 4 in
accordance with another embodiment of the present invention;

Figure 8 shows the signal waveform of various signals generated
by the circuit shown in Figure 7.

DETAILED DESCRIPTION

Figure 3 shows an arrangement of erasing a flash EPROM cell 20
with a negative voltage. As can be seen from Figure 3, the gate of '
memory cell 20 is applied with a negative voltage (i.e., -8 volts) instead
of the ground voltage. in addition, the source of memory cell 20 is
applied with a positive voltage that is substantially lower than a typical
12 volt erasure voltage (i.e., +6 volts). By doing so, the voltage across
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the gate and source of memory cell 20 is increased (i.e., higher than 12
volts) without causing the source-to-gate junction of memory cell 20 to
enter into the breakdown region. This erasure is referred to as negative
gate erasure. The negative gate erasure increases the erasure speed
while preventing the source-to-gate junction of the memory cell from
entering into the breakdown region that is detrimental to the memory
cell. o

In order to apply a negative voltage to the gates of merhory cells
of a flash EPROM during the erasure operation of the flash EPROM, a
negative voltage switching circuit is required. As will be described in
more detail below, the negative voltage switching circuit, in accordance
with one embodiment of the present invention, generates another (i.e., a
second) negative voltage having a voltage level lower than the first
negative voltage to apply the first negative voltage to the gates ot the/ .
memory cells during the erasure operation. The negative voltage
switching circuit generates the second negative voltage from a positive
voltage such that the flash EPROM does not require duplicate negative
voltage sources for the negative gate erasure. In addition, the negative
voltage switching circuit consumes substantially no power and can be
fabricated using existing CMOS technology. Moreover, the negative
voltage circuit does not consume any power when the first negative
voltage is deselected (i.e., when the first negative voltage is at zero
volts).

Briefly, the negative voitage switching circuit in accordance with
one embodiment of the present invention includes a switching transistor
connected to the first negative voltage. The switching transistor, when
turned on, connects the first negative voltage to the gates of the memory
cells. The negative voltage switching circuit also includes a control
circuit for. generating the second negative voltage to be applied to the
gate of the switching transistor for turning on the switching transistor.
The second negative voltage is generated from a positive voltage. In
one embodiment, the control circuit includes a capacitor, a charging
circuit for selectively coupling the first end of the capacitor to the positive
voltage or ground, and a coupling circuit for coupling the second end of
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the capacitor to (1) ground when the charging circuit couples the first
end of the capacitor to the positive voltage and (2) the gate of the
switching transistor when the charging circuit couples the first end of the
capacitor to ground. In another embodiment, the control circuit includes
two capacitors coupled to a first logical circuit (i.e., a clock generation
circuit) and a second logic circult (i.e., a cross-coupled circuit). The first .
and second logic circuits cause the capacitors to alternately generate
the negative voltage for turning on the switching transistor. The

negative voltage switching circuit will be described in more detasl below,
in conjunction with Figures 4-8.

Referring now to Figure 4, a flash EPROM 30 is shown that
includes a memory array 40 and an X decoding circuit 31 having the
negative voitage switching circuit (shown in Figures 5 and 7) in
accordance with one embodiment of the present invention. Memory
array 40 includes floating gate flash EPROM cells 42a through 420 that
are located at intersections of word lines WLO through WLn and bit lines
41a through 41e. In addition, the source region of each of memory cells
42a-420 is connected to a common source line 43. Common source '
line 43 is then selectively connected to various voltages via a source
switching circuit (not shown in Figure 4).

Flash EPROM 30 can be used in any kind of computer system or
data processing system. For example, the computer system can be a
personal computer, a notebook computer, a laptop computer, a personal
assistant, a minicomputer, a workstation, a mainframe, a multiprocessor'
computer, or any other type of computer system. In addition, the system
in which flash EPROM 30 is used can be a printer, a cellular phone, a
digital answering system, or any other data storage system.

For one embodiment, fiash EPROM 30 employs MOS circuitry
and all the circuitry of flash EPROM 30 resndes on a single
semiconductor substrate.

As can be seen from Figure 4, decoding circuit 31 is connected to
each of word fines WLO-WLn. Decoding circuit 31 includes an address
decoder 32, a number of word line drivers 33 through 33n, and a control
circuit 51. Each of word line drivers 33-33n is connected to one of the
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word lines WLO-WLn. Each of word line drivers 33-33n receivas a
select signal from decoder 32. For example, word line driver 33
receives the XINO select signal from decoder 32. In addition, each of
word line drivers 33-33n receives a Vgw voltage signal from control
circuit 51. As will be described in more detail below, the Vgw voltage
signal is a negative voltage for controlling a switching transistor (not
shown) within each of word line drivers 33-33n to connect a negative
voltage Vg from a negative voitage source 35 to each of word line
drivers 33-33n during the erasure operation of flash EPROM 30. Control
circuit 51 and the switching transistor in each of word line drivers 33-33n
form the negative voltage switching circuit of the present invention.
Figure 5 shows the entire circuit of the negative voltage switching circuit
in-accordance with one embodiment of the present invention, which will
be described in more detail below. Figure 7 shows the circuit of control
circuit 51 of Figure 4 in accordance with another embodiment of the
present invention, which will also be described in more detail below.

Referring back to Figure 4, flash EPROM 30 also includes other
circuits in addition to memory array 40 and decoding circuit 32. For |
example, flash EPROM 30 also includes a Y decoding circuit connected
to bit lines 41a-41e and an on-chip control and state circuit that controls
memory operations of flash EPROM 30. The control and state circuit is
connected to the decoding circuits and memory array 40 for controlling
the memory operations with respect to memory array 40. Boththe Y
decoding circuit and the control and state circuit can be implemented by
known circuits and their functions are known in the art. For example,
U.S. Patent Nos. 5,369,647 and 5,327,383 describe a control and state
circuit for controlling the memory operation of a flash EPROM.
Moreover, other known-circuits (e.g., the source switching circuit) may
also be.included in flash EPROM 30 to make flash EPROM 30 operative.
The functions and operations of these other known circuits are also
known in the art. Figure 4 does not show those circuits in order not to
unnecessarily obscure the description of the present invention.

Memory array 40 shown in Figure 4 can be arranged into a
number of erasure blocks by grouping a number of bit lines or word
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lines into one block. In that case, the sources of the memory cells within
one block are connected to the common source line of the block.

Various known blocking techniques can be used to divide
memory array 40 into a number of erasure blocks. For exampie, U.S.
Patent Nos. 5,065,364, 5,245,570, and 5,239,505 describe different
blocking structures.

Decoder 32 can be implemented by any known decoding circuit.
During the read or programming operation, decoder 32 receives and
decodes a row address of flash EPROM 30 and selects one of the
XINO-XINn select signals. The selected one of XINO-XINn select signals
then activates its corresponding word line driver to apply the appropriate
voltage onto its corresponding word line. When flash EPROM 30
undergoes the erasure operation, decoder 32 does not receive any row
address and does not assert any of the XINO-XINn select signals.
Control circuit 51 now generates the negative voltage Vsw signal to
each of word line drivers 33-33n to turn on the switching transistor within
each of word line drivers 33-33n to apply the negative voltage Vg from
negative voltage source 35 to each of word lines WLO-WLn. Meanwhile,
a positive erasure voltage Vsg is applied to the source of each of
memory cells 42a-420 via common source line 43. Under these
conditions, each of the memory celis within memory array 40 is erased.

For one embodiment, the negative voltage Vg supplied by
negative voltage source 35 Iis approximately -8.5 volts and the positive
erasure voltage Vsg applied to common source line 43 is approximately
6 volts. Alternatively, the Vg voltage can be higher or lower than -8.5
volits and the Vgg voitage can be higher or lower than 6 volts.

Moreover, negative voltage source 35 may include a negative
voltage charge pump for generating the Vg negative voltage. The
negative voltage charge pump can be any known negative voitage
charge pump.

In accordance with one embodiment of the present invention,
control circuit 51 generates the Vgw negative voltage signal when
desired (i.e., when flash EPROM 30 undergoes the erasure operation).
The voltage level of the Vsw negative voltage is lower than the Vg
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negative voltage, thus turning on the switching transistor in each of the
word line drivers. When the negative voltage Vg is not required, control
circuit 51 causes the Vsw signal to be at a positive voltage (Vgg), thus
turning off the switching transistors which decouple the Vg negative
voltage from the word lines WLO-WLn.

Figure 5 shows the circuit of control circuit 51 of Figure 4 in

~ accordance with one embodiment of the present invention. Figure 7

- shows the circuit of a control circuit 70 which implerhents another
embodiment of control circuit 51 of Figure 4. The circuits shown in
Figures 5 and 7 will be described in more detail below.

Referring to Figure 5, the circuit of control circuit 51 of Figure 4
and a word line driver 50 is shown. Word line driver 50 can be any one
of word line drivers 33 through 33n of Figure 4. ‘As can be seen from
Figure 5, word line driver 50 includes transistors 56a through 56c
connected in series between a Vpyx power supply voltage and ground.
Transistors 56a and 56b are P-channel transistors with their substrates
connected to the Vpx power supply voltage. Transistor 56¢ is an
N-channel transistor. Transistors 56a and 56¢ together form an inverter.
Transistors 56b serves as an isolation transistor for isolating node 57
from transistor 56¢ in accordance with a BIAS_CLK signal. The gate of
transistors 56a and 56¢ receives the XIN; select signal. The XIN; select
signal can be any one of the XINO-XINn select signals (Figure 4). The
gate of transistor 56b receives the BIAS_CLK control signal. For one
embodiment, the BIAS-CLK signal can be a periodic signal (e.g., a clock
signal). Node 57 is the output node of word line driver 50 and provides
the output voltage Vwi to a word line WL;. Again, word line WL; can be
any one of word lines WLO-WLn (Figure 4).

Word line driver 50 also includes a P-channel transistor 56d
connected between node 57 and negative voltage source 35.
Transistor 56d is the switching transistor of the negative voltage
switching circuit for controlling the application of the negative voltage Vg
from negative voltage source 35 to word line WL at node 57. The gate
of switching transistor 56d receives the Vsw voltage signat from control
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circuit 51. Thus, the Vgw signal controls the switching of transistor 56d.
Transistor 56d also has its substrate connected to the Vpy voltage.

Without the requirement for both positive and negative voltages to
be produced on the word line WL;, word line driver 50 functions as an
inverter and transistor 56d is off while transistor 56b is controlled to be
on by the BIAS_CLK signal. However, when the negative voltage is to
be appiied onto word line WL, via node 57 from negative voltage source
35, isolation transistor 56b is switched off by the BIAS_CLK signal to _
isolate node 57 from transistor 56c while switching transistor 56d is |
switched on by the negative voltage Vsw to apply the negative voltage
to word line WL; via node 57.

Alternatively, another P-channel isolation transistor can be added
to word line driver 50. The added P-channel transistor can be
connected between node 57 and P-channel transistor 56a for nsolatmg
node from transistor 56a.

As can be seen from Figure 5, transistor 56d serves as a switch
for the negative voltage Vg from negative voltage source 35 and does
not consume any power, either when connecting the negative voltage to
node 57 or when not connecting the negative voltage to node 57 from
source 35.

Control circuit 51 forms another part of the negative voltage
switching circuit. Control circuit 51 generates the negative voltage Vsw _
during the erasure operation of flash EPROM 30 (Figure 4) to cause _
switching transistor 56d to apply the Vg negative voltage to the word fine
WL;. As can be seen from Figure 5, control circuit 51 includes a
capacitor 54 having one end (i.e., the negative end) connected to a
node 55 of contro! circuit 51. Capacitor 54 serves as a voltage
translation to convert a positive voltage into a negative voltage. Node
55 is also connected to the gate of switching transistor 56d.

In addition, control circuit 51 also includes a charging circuit 52
connected to the other end (i.e., the positive end) of capacitor 54.
Moreover, control circuit 51 also includes a coupling circuit 53
connected to capacitor 54 via node 55.
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Charging circuit 52 includes a number of transistors 52a through
52d. Transistors 52a and 52b are P-channel transistors and transistors
52c and 52d are N-channel transistors. Capacitor 54 is connected to
charging circuit 52 at node 52e. Transistors 52a and 52d form an
inverter and transistors 52b and 52c¢ limit voltage stress on transistors
52a and 52d. These two transistors (i.e., transistors 52b and 52c) are
constantly on. . Transistor 52a is controlled by a Vgwp signal to apply the
Vpp voltage to node 52e and transistor 52d is controlled by a Vgwn '
signal to connect ground to node 52e. The Vswp and Vgwy signals are
alternately asserted.

For one embodiment, the Vswn signal is asserted while the Vgwp
signal is deasserted when flash EPROM 30 (Figure 4) is undergoing the
-erasure operation and the Vgwn signal.is deasserted while the Vswp
signal is asserted when flash EPROM 30 is not undergoing the erasure
operation. For another embodiment, the Vswp and Vswn signals can
be alternately asserted during the erasure operation of flash EPROM 30
such that the erasure operation is a pulsed operation.

For one embodiment, the asserted voltage level of the Vgwp
signal, when asserted, is approximately 12 volts and the voltage level of
the Vswp signal, when not asserted, is approximately 3 volts. in this
case, the voltagé level of the Vswn signal, when asserted, is
approximately 3 volts and, when not asserted, is approximately zero
volts. For one embodiment, the Vpp voltage is approximately 12 volts
and the Vg voltage is approximately 3 voits.

Coupling circuit 53 also includes a number of transistors 53a
through 53d connected in series between the Vg voltage and ground.
Transistors 53a-53c are P-channel transistors and transistor 53d is an
N-channel transistor. Transistors 53a and 53d are controlied by a VRer
signal and transistor 53b is constantly on. Transistor 53¢ is controlled
by the BIAS_CLK signal. Transistors 53a and 53d couple node 55 to
ground and the Vg voltage, respectively, and transistor 53¢ serves as
the isolation transistor to isolate node 55 from ground under control of
the BIAS_CLK signal. Transistors 53b and 53c also limit the voltage
stresses on transistors 53a and 53d, respectively.
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The function of charge circuit 52 is to (1) charge capacitor 54 to
the Vpp voltage when coupling circuit 53 connects node 55 to ground
and then (2) connect node 52e to ground when coupling circuit 53
causes node 55 to be isolated from ground and only connected to the
gate of switching transistor 56d and capacitor 54. By doing so, the Vsw
voltage at node 55 becomes negative. This negative voltage then turns
on switching transistor 56d to apply the Vg negative voltage to node 57.
Coupling circuit 53 then causes node 55 to be connected to ground, _
turning off switching transistor 56d. The function of control circuit 51 to
generate the Vgw negative voltage is described in more detail below,
also in conjunction with Figure 6.

During operation and initially, the Vswp signal is asserted and
the Vswn signal is deasserted. This turns on transistor 52a and turns off
transistor 52d. As a result, node 52e applies the Vpp voltage to the
positive end of capacitor 54. )

Meanwhile, the VReF signal is logically low (e.g., ground). This
causes node 55 to be connected to the V¢ voltage. This charges
capacitor 54 to approximately 9 volts (i.e., Vpp-Vcc). At this time,
transistor 56d of word line driver 50 is turned off and the XIN; signal is
not asserted and the BIAS_CLK signal causes transistors 53c and 56b
to be on. Node 57 in turn is at the ground voltage. '

For one embodiment, the BIAS_CLK signal is at approximately -3
volts when asserted and at the ground voltage when not asserted.

Next, the VREF signal goes to the logical high state, which turms
on transistor 53d and turns off transistor 53a. Meanwhile, the
BIAS_CLK signal remains asserted. This causes node 55 to be
connected to ground via transistor 53d, further charging capacitor 54 to
the Vpp voltage (i.e., Vpos is 12 volts), as can be seen from Figure 6.

At this time, transistor 56d remains off and transistor 56b is still
on, causing node 57 to remain at the ground voltage.

Next, the BIAS_CLK signal is deasserted, turning both transistors
53c and 56b off. At this time, node 55 floats while node 57 still assumes
the ground voltage. Then, the Vgwp signal is deasserted and the Vswn
signal is asserted, causing node 52e to be connected to ground via
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transistor 52d. This causes the Vppg voltage at the positive end of
_capacitor 54 to be at the ground voltage. Meanwhile, node 55 has been
disconnected from ground by transistor 53c, as described above. At this
time, however, capacitor 54 still has a voltage difference of
approximately 12 volts (i.e., Vpos-Vsw is equal to 12 volts). Because
the Vpos voltage now is at ground, a negative voltage Vgw is now
generated and applied to the gate of transistor 56d (see Figure 6 at
timing t1). This negative voltage Vsw is more negative than the Vg
voltage, thus turning on transistor 56d to cause the negative Vg voltage |
to be produced at node 57.

In order to disconnect the negative voltage Vg from node 57 {i.e.,
after the erasure operation), the Vgwp signal is asserted and the Vswn
signal is deasserted. This causes node 52s to be connected to the Vpp
voltage, which in turn causes the Vgw voltage to be the ground voltage,
turning off transistor 56d. At this time, both nodes 55 and 57 are floating
and the Vwy voliage at node 57 remains at the negative Vg voltage.

The BIAS_CLK signal is then asserted, causing both nodes 55
and 57 to be connected to ground via transistors 53d and 56c,
respectively. At this time, node 57 returns to the ground voltage (see
Figure 6).

Referring now to Figure 7, control circuit 70 implements another
embodiment of control circuit 51 of Figure 4. Figure 7 does not show the
circuit of the word line driver, which is shown in Figure 5. As can be
seen from Figure 7, control circuit 70 includes two capacitors 90a and
90b, instead of a single capacitor. In addition, another negative voltage
VnN signal is used in the circuit. A positive voltage Vps signal is also
used in control circuit 70.

For one embodiment, the VN negative voltage swings between
-8.5 volts and zero volts and the CLK signal is a 40 MHz clock signal.
The Vps voltage swings between approximately zero voits and 6 volts.

Control circuit 70 includes two circuit parts: clock generation and
negative voltage creation. - The clock generation part of control circuit 70
includes a two-input NOR gate formed by P-channel transistors 71 and
72 and N-channel transistors 73 and 74 and an inverter formed by
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CMOS transistors 75 and 76. The CLK signal is applied to the input of
the NOR gate. The CLK signal is generated when the switching
transistor (i.e., transistor 56d of Figure 5) is to be turned on. At this time
the Vps voltage is at 6 volts and the ViyN voltage is at -8.5 volts. Node
71a outputs the output signal of the NOR gate and node 75a applies the
compiement signal of the output of the NOR gate.

The clock generation part of control circuit 70 also includes a
voltage level conversion circuit formed by transistors 79 through 82 for
converting the voltage level of the outputs of the NOR gate and the’
inverter from the V¢ voltage to the Vpg voitage. During the erase
operation, the Vps voltage is at +6 volts. Transistors 79 and 80 are
P-channel transistors and transistors 81 and 82 are N-channe!
transistors. Nodes 78a and 80a produce a pair of complement outputs
of the voltage level conversion circuit. Node 78a is connected to the
positive end of capacitor 90a via an inverter formed by CMOS
transistors 77 and 78. Node 80a is connected to the positive end of
capacitor 90b via an inverter formed by CMOS transistors 83 and 84.
The zero to 6 volt voltage swing of the signals at nodes 78a and 80a are
then shifted to voltage swings of -6 volts to -12 volts by use of capacitors
©0a and 90b with the help of the negative voltage creation part of control
cireuit 70. '

The negative voltage creation part of control circuit 70 includes a
P-channel transistor 89 as a switched load for the negative end of
capacitor 90a and a P-channel transistor 90 as a switched ioad for the
negative voitage end of capacitor 90b. When node 77a goes to +6 voits
and node 84a goes to ground, transistor 89 is turned on by having its
gate go to -12 volts, thereby connecting the negative end of capacitor
90a to the VNN negative voltage of approximately -8 volts. At this time, a
14 volt charge will be developed on capacitor 90a. When node 77a
then goes to the ground voltage and node 84a goes to +6 volts because
of the CLK signal, the negative end of capacitor 80a (i.e., node 100a)
goes to -12 volts. This is the resulting voltage that will maintain charge
conservation on capacitor 90a. The -12 volt voltage on node 100a is
then transferred to node 91a through P-channel transistor 87, with a
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resulting voltage drop of approximately 2 volts. This creates a negative
voltage Vsw of approximately -10 volts. Figure 8 shows the voltage
waveform of various voltages. '

Likewise, P-channel transistors 88 and 90 perform the same
operations on the other complement clock signal produced at node 80a.
Thus, nodes 100a and 100b alternately provide the negative voltage
Vsw at node 91a (as can be seen from Figure 8). '

The negative voltage creation part of control circuit 70 also
includes an off circuit formed by P-channel transistor 91. When the
switching transistor (i.e., transistor 56d in Figure 5) is to be switched off,
the CLK signal is stopped and the Vpgs voltage drops to zero volts and
the Vnn voltage goes to ground. When this occurs, transistor 91 pulls
node 91a to the Vpx voltage which is approximately 3 volts.

P-channel transistors 92 and 93 serve as clamping transistors for
limiting the voltage level at node 91a to approximately 2 volts more
negative than the VNN voltage.

Because the Vgw voltage at node 91a tends not to be affected by
the stray capacitance, control circuit 70 can be used for a relatively large
memory array and can be connected to turn on a large number of
switching transistors. In addition, smaller capacitors are employed for
capacitors 90a and 90b. However, relatively more power is needed to
generate the Vsw negative voltage. In addition, control circuit 70 does
not require the high Vpp voltage to generate the high negative voltage
Vsw. This eliminates voltage stress limiting transistors in the circuit.

Control circuit 51 shown in Figure 5 is particularly suitable to
drive a relatively smaller memory array. This is due to the fact that if a
relatively large number of switching transistors are connected to node
55, the stray capacitance at node 55 may increase. This may cause the
negative voltage Vsw at node 55 to drop. Control circuit 70 shown in
Figure 7 is, however, suitable for a relatively large memory array.
Control circuit 51 of Figure 5 consumes relatively less power to generate
the negative voltage Vsw than control circuit 70 of Figure 7 does.
Control circuit 51 of Figure 5 requires a single and relatively large
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capacitor. Control circuit 70 of Figure 7, however, requires two relatively
small capacitors. '

in the foregoing specification, the invention has been described
with reference to specific embodiments thereof. It will, however, be
evident that various modifications and changes may be made thereto
without departing from the broader spirit and scope of the invention.
The specification and drawings are, accordingly, to be regarded in an
illustrative rather than a restrictive sense. ' -
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CLAIMS
What is claimed is:

1. A voltage switching circuit, comprising:

(A)  a switching circuit for selectively coupling a first voltage
having a voltage level substantially lower than zero volts to an output of
the switching circuit;

(B) a control circuit coupled to the switching circuit for _
controlling the switching circuit to couple the first voltage to the output by |
generating a second voltage having a voltage leve!l lower than that of
the first voltage from a third voltage having a voltage level substantially
higher than zero voits.

2. The voltage switching circuit of claim 1, wherein the
switching circuit further comprises a P-channel switching transistor.

3. The voltage switching circuit of claim 1, wherein the control
circuit further comprises

(a) a capacitor having a first end and a second end coupled to
the switching circuit via a node;

(b) acharging circuit coupled to the first end of the capacitor for
charging the capacitor to the third voltage and for coupling the first end of
the capacitor to ground when the capacitor has been charged to the third
voltage;

() acoupling circuit coupled to the second end of the
capacitor and the switching circuit at the node for coupling the node to
ground when the charging circuit is charging the capacitor to the third
voltage, and for cauéing the node to be de-coupled from ground when
the charging circuit couples the first end of the capacitor to ground such
that the second voltage is generated and applied to the switching circuit.

4. The voltage switching circuit of claim 3, wherein the
charging circuit further comprises a first transistor for coupling the first
end of the capacitor to a power supply to charge the capacitor to the third
voltage and a second transistor for coupling the first end of the capacitor
to ground after the capacitor has been charged to the third voltage.

5. The voltage switching circuit of claim 4, wherein the
coupling circuit further comprises a third transistor for coupling the node

L]
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to ground when the charging circuit is charging the capacitor to the third
voltage and a fourth transistor for isolating the node from ground when
the charging circuit couples the first end of the capacitor to ground.

6. The voltage switching circuit of claim 1, wherein the control
circuit further comprises

(a) afirst capacitor havmg a first end and a second end;

(b) a second capacitor having a first end and second end:;

(c) - afirst logic circuit coupled to receive a periodic signal and
coupled to the first end of each of the first and second capacitors for
alternately coupling the first end of each of the first and second
capacitors to one of (1} the third voltage and (2) ground under control of
the periodic signal;

(d) a second logic circuit coupled to (1) the second end of each
of the first and second capacitors and (2) the switching circuit for
alternately coupling the second end of each of the first and second
capacitors to the switching circuit, wherein when the second logic circuit
couples the second end of the first capacitor to the switching circuit and
the second end of the second capacitor to a fourth voltage, the first logic
circuit couples the first end of the first capacitor to ground and the first
end of the second capacitor to the third voltage. '

7. The voltage switching circuit of claim 6, wherein the second
logic circuit further comprises a plurality of cross-coupled P-channel
transistors.

8. The voitage switching circuit of claim 6, wherein the first
logic circuit further comprises a voltage translation circuit.

9. A voltage switching circuit, comprising:

(A)  a switching circuit having a switching transistor coupled
between a first voltage and an output, wherein the first voltage has a
voltage ilevel substantially lower than zero volts;

(B) a capacitor having a first end and a second end coupled to
.a gate of the switching transistor via a node;

(C) acharging circuit coupled to the first end of the capacitor for
charging the capacitor to a second voltage having a voltage level higher

* [ L M S *
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than zero volts and for coupling the first end of the capacitor to ground
when the capacitor has been charged to the second voltage;

(D) acoupling circuit for coupling the node to ground when the
charging circuit is charging the capacitor to the second voltage and for
causing the node to be de-coupled from ground when the charging
circuit couples the first end of the capacitor to ground such that a third
voltage having a voltage level lower than that of the first voltage is _
generated and applied to the gate of the switching transistor to cause the
switching transistor to couple the first voltage to the output. )

10. The voltage switching circuit of claim 9, wherein the
switching transistor is a P-channel transistor.

11.  The voltage switching circuit of claim 10, wherein the

- charging circuit further comprises a first P-channel transistor for coupling’
the first end of the capacitor to a power supply to charge the capacitorto -
the second voltage and a first N-channel transistor for coupling the first
end of the capacitor to ground after the capacitor has been charged to
the second voltage. '

12. The voltage switching circuit of claim 11, wherein the
charging circuit further comprises a pair of CMOS transistors configured
as an inverter for limiting voltage stress at the first end of the capacitor.

13. The voltage switching circuit of claim 12, wherein the
coupling circuit further comprises a second N-channel transistor for
coupling the second end of the capacitor to ground when the charging
circuit is charging the capacitor to the second voltage and a second P-
channel transistor for isolating the node from ground when the charging
circuit couples the first end of the capacitor to ground.

14. The voltage switching circuit of claim 13, wherain the
coupling circuit further comprises a third P-channel transistor for limiting
voltage stress to the second end of the capacitor. '

15. A voltage switching circuit, comprising:

- (A) a switching circuit having a switching transistor coupled
between a first voltage and an output, wherein the first voltage has a
voltage level substantially lower than zero volts;

(B) a first capacitor having a first end and a second end;

e
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(C) asecond capacitor having a first end and second end;

(D) afirst ogic circuit coupled to the first end of each of the first
and second capacitors for alternately coupling the first end of each of the
first and second capacitors to one of (1) a second voltage having a
voltage level higher than zero volts and (2) ground;

(E) asecond logic circuit coupled to the second end of each of
the capacitors and the gate of the switching transistor for alternately
coupling the second end of each of the capaciiors to the gate of the
switching transistor such that a third voltage having a voltage level lower
than that of the first voltage is generated and applied to the gate of the
switching transistor for causing the switching transistor to couple the first_'
voltage to the output. '

'16.- The voltage switching circuit of claim 15, wherein when the
second logic circuit couples the second end of the first capacitor to the
gate of the switching transistor and the second end of the second
capacitor to a fourth voltage, the first logic circuit couples the first end of
the first capacitor to ground and the first end of the second capacitor to
the second voitage.

17.  The voltage switching circuit of claim 15, wherein the
second logic circuit further comprises a plurality of cross-coupled P-
channel transistors. :

18.  The voltage switching circuit of claim 16, wherein the first
logic circuit further comprises

(a) a gate circuit coupled to receive a periodic signal;

(b) a voltage translation circuit coupled to the gate circuit for
aiternately coupling the first end of each of the capacitors to the second
voltage under control of the gate circuit;

(c) afirstinverter coupled between the voitage transiation
circuit and the first end of the first capacitor and a second inverter
coupled between the voltage transiation circuit and the first end of the
second capagcitor. .

19.  The voltage switching circuit of claim 16, further comprising

()] a de-coupling circuit coupled to the gate of the switching
transistor for de-coupling the gate of the switching transistor from a fifth

* c L M S *
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voltage having a voltage level higher than zero volts before the second )
voltage is applied to the gate of the switching transistor;

(i)  a clamping circuit coupled to the gate of the switching
transistor for clamping the gate of the switching transistor above the
fourth voltage having a voltage level lower than the third voltage when
the second logic circuit alternately couples the second end of each of the
capacitors to the gate of the switching transistor.

20. The voltage switching circuit of claim 19, wherein the de-
coupling circuit further comprises a P-channel transistor, wherein the
clamping circuit further comprises a pair of P-channel transistors.

21. A nonvolatile memory, comprising:

(A) a memory cell;

(B) aword line driver coupled to a gate of the memory cell for
selectively coupling a first voltage having a voltage level substantially
lower than zero volts to the gate of the memory cell during a memory
operation of the memory cell;

(C) a control circuit coupled to the word line driver for
controlling the word line driver to couple the first voltage to the gate of
the memory cell by generating a second voltage having a voltage level
lower than that of the first voltage to control the word line driver to couple
the first voltage to the gate of the memory cell, wherein the control circuit
generates the second voltage from a third voltage having a voltage level
substantially higher than zero volts.

22. The nonvolatile memory of claim 21, wherein the word line
driver further comprises

(i) a first P-channel transistor coupled between a power
supply and an output node, wherein the word line driver is coupled to the
gate of the memory cell via the output node;

(ii) a second P-channel transistor having a first end coupled to
the output node;

(iii)  a first N-channel transistor coupled between a second end
of the second P-channel transistor and ground;

(iv) athird P-channel transistor coupled between the output
node and the first voltage, wherein when the third P-channel transistor

/
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couples the first voltage to the output node, the first and second P-
channel transistors are tumed off to isolate the output node from the
power supply and ground. '

23. The nonvolatile memory of claim 21, wherein the control
circuit further comprises

(a) a capacitor having a first end and a second end coupled to
the switching circuit via a node;

(b)  a charging circuit coupled to the first end of the capacitor for
charging the capacitor to the third voltage and for coupling the first end of
the capacitor to ground when the capacitor has been charged to the third
voltage;

(c) a coupling circuit coupled to the second end of the
capacitor and-the switching circuit at the node for coupling the node to
ground when the charging circuit is charging the capacitor to the third
voltage, and for causing the node to be de-coupled from ground when
the charging circuit couples the first end of the capacitor to ground such
that the second voltage is generated and applied to the switching circuit.

24. The nonvolatile memory of claim 23, wherein the charging
circuit further comprises a first transistor for coupling the first end of the
capacitor to a power supply to charge the capacitor to the third voltage
and a second transistor for coupling the first end of the capacitor to
ground after the capacitor has been charged to the third voltage.

25. The nonvolatile memory of claim 23, wherein the coupling
circuit further comprises a third transistor for coupling the second end of
the capacitor to ground when the charging circuit is charging the
capacitor to the third voltage and a fourth transistor for isolating the node
from ground when the charging circuit is not charging the capacitor.

, 26. The nonvolatife memory of claim 21, whetein the control
circuit further comprises

(a) a first capacitor having a first end and a second end;

(b) a second capacitor having a first end and second end;

(c) afirst logic circuit coupled to receive a periodic signal and
to the first end of each of the first and second capacitors for alternately

AU
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coupling the first end of each of the first and second capacitors to one of
(1) the third voltage and (2) ground under control of the periodic signal;

(d) a second logic circuit coupled to (1) the second end of each
of the first and second capacitors and (2) the switching circuit for
alternately coupling the second end of each of the first and second
capacitors to the switching circuit, wherein when the second logic circuit
couples the second end of the first capacitor to the switching circuit and
the second end of the second capacitor to a fourth voltage, the first logic
circuit couples the first ehd of the first capacitor to ground and the first
end of the second capacitor to the third voltage.

27. The nonvolatile memory of claim 26, wherein the second
logic circuit further comprises a piurality of cross~ooupled P-channel
transistors.

28. The nonvolatile memory of claim 21, wherein the first logic
circuit further comprises a voltage translation circuit.

29. The nonvolatile memory of claim 21, wherein the
nonvolatile memory is an-electrically erasable and programmable
memory.

30. The nonvolatite memory of claim 21, wherein the
nonvolatile memoty is used in a computer system.
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