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N-BASED SINGLE CRYSTAL SUPERALLOY 

0001. This application is a continue-in-part application of 
another co-pending patent application with Ser. No. 10,796, 
318, titled “Capacitor Coupling Circuits', filed Mar. 9, 2004. 

DESCRIPTION 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to integrated circuit 
(IC) devices, and more particularly to high density non 
Volatile memory devices. 
0003 Most part of previous co-pending application (Ser. 
No. 10,796.318) disclosed applications of capacitor cou 
pling circuits. In addition, FIGS. 9(e-g) of previous appli 
cation disclosed current mode operations of floating gate 
transistors. The floating gate transistors were arranged in a 
configuration that rotated the word line and bit line direc 
tions by 90 degrees relative to the word line and bit line 
directions of prior art NOR FLASH devices. Adding FIGS. 
11(a-f) and FIGS. 12(a-f), this application provides more 
examples for the current mode floating gate devices dis 
closed in the co-pending application. 
0004. The present invention utilizes the voltage con 
trolled capacitor (VCC) of metal-oxide-semiconductor 
(MOS) devices to support circuit operations. To facilitate 
better understanding of the present invention, the Voltage 
dependence of MOS capacitor is first discussed. FIG. 1(a) 
illustrates the structure of a typical MOS capacitor, where a 
conductor layer (M) is separated from a semiconductor (S) 
layer by an insulator (0) thin film layer. The conductor layer 
(M) can be a metal layer or another Semiconductor layer. 
Typical examples of the insulator layer (O) are Silicon 
dioxide (oxide), Silicon nitride (nitride), combination of 
oxide-nitride (ON) layers, or oxide-nitride-oxide (ONO) 
layers. The most popular Semiconductor used in IC industry 
is certainly Silicon. Dependent on the Voltage bias condi 
tions, there maybe a depletion region (D) in the Semicon 
ductor layer (S). The equivalent capacitance (Ct) of the 
MOS device in FIG. 1(a) equals the equivalent capacitor of 
insulator (Co) in series with the capacitor (Cs) of the 
Semiconductor depletion layer as shown in the Simplified 
schematic diagram in FIG. 1(b), and we have 

0005 Where A is area of the device, e is the equivalent 
dielectric constant of the insulator layer (O), es is the 
dielectric constant of the semiconductor (S), Vs is the 
voltage drop in Semiconductor depletion region (D), It is a 
Symbol means integration, X is the location measured from 
the interface between oxide and Semiconductor, q(x) is the 
electrical charge in depletion region at location X, and QS is 
the total electrical charge in Semiconductor depletion region. 
The space charge q(x) is a function of doping profile created 
during Semiconductor manufacture procedures. For the Sim 
plified case when the doping profile is a constant with value 
Ns, we have Vs=(Ns Xd/2e), QS=Ns AXd, and Cs=2e.A/ 
Xd, where Xd is the thickness of the semiconductor deple 
tion layer (D). FIG. 1(d) shows the value of capacitor seen 

Jan. 19, 2006 

from the Semiconductor Substrate (Ct) as a function of bias 
voltage (v). When the MOS device bias voltage (v) is lower 
than accumulation threshold voltage (Vita), the oxide-Semi 
conductor interface is in the accumulation condition, and 
there is no deletion region in the Semiconductor So that we 
have Ct=Co. When the bias voltage is between Vita and the 
inversion threshold voltage (Viti), the MOS device is biased 
into depletion condition, Ct decreases with increasing Xd as 
shown in FIG. 1(b). When the MOS device is biased into 
inversion condition (V> Vti), an inversion layer is formed at 
the oxide-Semiconductor interface So that the depletion 
region no longer change with bias Voltage. Under inversion 
conditions, we have Ct=Ci=Cdmin Co/(Cdmin+Co), where 
Ci is the capacitance of the device at inversion condition, 
and Cdmin is the capacitance of the depletion region under 
inversion condition. At inversion condition, Ct reaches a 
minimum value as shown in FIG. 1(b). The above condi 
tions assumed that the Semiconductor Substrate is p-type. 
For n-type Substrate, the polarities of Voltages are inverted. 
Formation of inversion layer requires Supply of minority 
charge carrier, which takes time to reach Stead State condi 
tion. Therefore, Ct at inversion condition maybe a function 
of frequency, transient time, and availability of minority 
carriers. The effective capacitance at inversion condition 
also maybe different when it is measured from the conductor 
(M) versus measured from the semiconductor node (S) 
because of the inversion layer. Further details of the above 
device properties can be found in Semiconductor textbooks 
such as “Semiconductor Devices' authored by S. M. Sze. 
The key factors utilized by the present invention is that the 
effective capacitance of an MOS device is much higher at 
accumulation condition than the capacitance at depletion or 
inversion conditions as shown in FIG. 1(b). In the ways the 
present invention uses MOS capacitor, it behaves like a 
capacitor and a diode connected in Series. That is why the 
symbol in FIG. 1(c) is used as the symbol for an MOS 
capacitor with p-type Semiconductor Substrate, and the Sym 
bol in FIG. 1(d) is used to represent an MOS capacitor with 
n-type Semiconductor Substrate. 
0006 FIG. 2(a) shows the structure for a floating gate 
capacitor. A conductor layer (G) is separated from a floating 
conductor layer (FG) by a floating gate insulator layer (O). 
This floating gate (FG) is separated from the Semiconductor 
Substrate (S) by the gate insulator layer (O). The floating 
gate (FG) is Surrounded by insulators So that it can trap and 
Store electrical charges. The trapped charges Stored in the 
floating gate are called floating gate charge (Qf). Dependent 
on the bias Voltage and Qf, there maybe a depletion region 
(D) in the Semiconductor layer. The equivalent capacitance 
of the floating gate device (Ctf) is the Series capacitance of 
the floating gate insulator (Cf), the capacitance of the gate 
insulator (Cg) and the capacitance of the Semiconductor 
depletion area (Cd) as shown in the Schematic diagram in 
FIG. 2(b). We have 

0007 Where A is the area of the device, e is the equiva 
lent dielectric constant of the floating gate insulator layer 
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(O), e is the dielectric constant of the gate insulator layer 
(O), Vd is the voltage drop in semiconductor depletion 
region (D), X is the location measured from the interface 
between oxide and Semiconductor, q(x) is the electrical 
charge in depletion region at location X, and Qd is the total 
electrical charge in Semiconductor depletion region that is a 
function of doping profile created during Semiconductor 
manufacture procedures. If there is no charge Stored in the 
floating gate (FG), i.e. when Qf=0, the device in FIG. 2(a) 
behaves in the same ways as a MOS device in FIG. 1(a) 
with an equivalent gate capacitance Ce=(CfCg)/(Cf+Cg). 
Its capacitance-Voltage (C-V) relationship is shown as the 
first line in FIG. 2(b). If there are electrical charges (Qf) 
trapped in the floating gate (FG), the C-V relationship would 
be shifted by a voltage Vf=(Qf/Cg) as the second line in 
FIG. 2(b), where Cif is the capacitance for the floating gate 
device under inversion condition. The trapped charge Of 
also changes the accumulation threshold Voltages from Vita 
to Vita', and changes the inversion threshold voltage from Vti 
to Vti' by the same amplitude Vf, as shown in FIG.2(b). The 
charge Stored in the floating gate (Qf) can be changed by 
Similar methods used in prior art erasable programmable 
read only memory (EPROM) devices. For example, elec 
trons can be pulled into the floating gate by applying a 
positive high Voltage between gate and Substrate. Another 
common method is to utilize hot electron effects. Electrons 
can be pulled out of the floating gate by reversing the Voltage 
polarity. In the ways the present invention uses floating gate 
capacitor, it behaves like two capacitors and a diode con 
nected in series. That is why the symbol in FIG.2(c) is used 
as the Symbol for a floating gate capacitor with p-type 
semiconductor substrate, and the symbol in FIG. 2(d) is 
used to represent a floating gate capacitor with n-type 
Semiconductor Substrate. 

0008. The present invention was originally developed to 
reduce the area of programmable logic array (PLA) devices 
by reducing the size of the minterms in PLA. Prior art PLA's 
use transistors to Support desired operations while the 
present invention uses capacitors to replace transistors to 
reduce cost and power of PLA. This invention also makes it 
practical to make three dimensional devices. After further 
details of the present invention were developed, it was 
realized that Similar structures of the present invention can 
Support other applications including but not limited to field 
programmable logic (FPG) devices, different types of logic 
circuits, comparators, parity calculation, or nonvolatile 
memory devices. The cost and power consumption for all 
those devices will be reduced dramatically by the present 
invention. 

SUMMARY OF THE INVENTION 

0009. The primary objective of this invention is, there 
fore, to reduce the area of non-volatile memory devices. 
Another objective of this invention is to simplify the manu 
facture procedures for non-volatile memory devices. These 
and other objectives are accomplished by rearranging the 
word line and bit line directions relative to that of prior art 
NOR FLASH devices. 

0010 While the novel features of the invention are set 
forth with particularly in the appended claims, the invention, 
both as to organization and content, will be better under 
stood and appreciated, along with other objects and features 
thereof, from the following detailed description taken in 
conjunction with the drawing. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0011) 
tor, 

0012 FIG. 1(b) shows the capacitance-voltage (C-V) 
relationship of the device in FIG. 1(a); 
0013 FIG. 1(c) is the schematic symbol used to repre 
sent a MOS capacitor with p-type substrate; 
0014 FIG. 1(d) is the schematic symbol used to repre 
sent a MOS capacitor with n-type substrate; 
0015 FIG. 2(a) shows the structure of a floating gate 
capacitor, 

0016 FIG.2(b) shows the C-V relationship of the device 
in FIG. 2(a); 
0017 FIG. 2(c) is the schematic symbol used to repre 
Sent a floating gate capacitor with p-type Substrate; 
0018 FIG. 2(d) is the schematic symbol used to repre 
Sent a floating gate capacitor with n-type Substrate; 

0019 FIG.3(a) is a schematic diagram for a minterm of 
a prior art PLA circuit; 

FIG. 1(a) shows the structure of an MOS capaci 

0020 FIG.3(b) shows operation waveforms of a prior art 
PLA circuit; 

0021 FIG. 4(a) is the schematic diagram for a capacitor 
PLA minterm of the present invention that provides the same 
logic function as the circuit shown in FIG. 3(a); 
0022 FIG. 4(b) shows the physical structure for the 
capacitor coupling circuit in FIG. 4(a); 
0023 FIG. 4(c) shows structures of a 3D capacitor 
coupling circuits of the present invention; 
0024 FIG. 4(d) shows operation waveforms of the cir 
cuit in FIG. 4(a); 
0025 FIG. 4(e) illustrates an application of the present 
invention as optical Sensors, 
0026 FIG. 5(a) is the schematic diagram for a program 
mable PLA minterm of the present invention that can 
provide the same logic function as the circuit shown in FIG. 
3(a); 
0027 FIG. 5(b) shows the physical structure for the 
coupling circuit in FIG. 5(a); 
0028 FIG. 5(c) shows structures of a 3D programmable 
coupling circuit, 

0029 FIG. 5(d) shows operation waveforms of the cir 
cuit in FIG. 5(a); 
0030 FIG. 5(e) shows the physical structure for a cou 
pling circuit of the present invention equipped with NAND 
operation capability; 

0.031 FIG. 5(f) shows structures of a 3D structure for the 
device in FIG. 5(e); 
0032 FIGS. 6(a-g) illustrate the manufacture procedure 
for floating gate coupling circuits (FGCC) of the present 
invention; 

0033 FIGS. 7(a-f) show an alternative manufacture pro 
cedure for FGCC of the present invention; 
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0034 FIGS. 8(a-f) show another manufacture procedure 
for FGCC of the present invention; 
0035 FIG. 9(a) is a schematic diagram for an array of 
floating gate capacitors of the present invention performing 
as a Storage device; 
0036 FIGS. 9(b-d) illustrate the operation waveforms for 
the device in FIG. 9(a); 
0037 FIG. 9(e) is a schematic diagram for an array of 
floating gate transistors of the present invention; 
0038 FIG. 9(f) shows the structural top view for the 
device in FIG. 9(e); 
0039 FIG. 9(g) shows the top view of prior art NOR 
FLASH device; 
0040 FIG. 10 is a block diagram for yield enhancement 
methods of the present invention; 
0041 FIGS. 11(a-f) illustrate one example of the manu 
facture procedures for floating gate devices of the present 
invention; and 
0.042 FIGS. 12(a-f) illustrate another example of the 
manufacture procedures for floating gate devices of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0043. Typical structures of prior art PLAminterm are first 
discussed to facilitate understanding of the present inven 
tion. FIG.3(a) is the schematic diagram for a prior art PLA 
minterm. A plurality of PLA input signals (Io, I, ... I, I, 
I1. . . . ) and their corresponding complemented signals 
(IHo, IH, ... IH-1, IH, IH, ...) are selectively connected 
to the gates of a plurality of pull-down transistors (Mo., M., 
..., M. M., . . . ). The Sources of those transistors are all 
connected to ground, while their drains are all connected to 
a minterm output line (Nm) that is connected to a pre-charge 
circuit (301) and a sensing circuit (303). Detailed designs for 
the pre-charge circuit and the Sensing circuit are well-known 
to the art of IC circuit design. FIG. 3(a) shows a simple 
example of a pre-charge circuit that comprises one p-chan 
nel transistor. The Source of the transistor is connected to 
pre-charge Voltage (PCGV), its gate is connected to pre 
charge control Signal PG#, and its drain is connected to Nm. 
Details of the sensing circuit (303) are not shown. The gates 
of those transistors (Mo. M1, . . . , M. M., . . . ) are 
connected to one of the inputS or complemented inputs. 
Sometimes a pair of input signal (I and IH in this 
example) are not connected to any transistor; that means this 
unconnected input pair is not related to the logic operation 
of this particular minterm. FIG. 3(b) is a simplified illus 
tration for operation waveforms of the PLA mintermin in 
FIG.3(a). Before time T1, the PLA is at idle state, and the 
pre-charge control Signal PGif is low So that the minterm 
output signal Nm is charged to voltage PCGV. When the 
prior art PLA is at idle state, all the transistors in the minterm 
are deactivated by Setting all input signals (Io, I, ... I, I, 
I, ..., IHo, IH, ... IH-1, IH, IH, . . . ) to low. To start 
a logic calculation at time T1, the pre-charge circuit (301) is 
turned off by pulling PGif high, and the input signals (Io, I, 

. . I-1, I., I, 1,..., Iito, Ilf, . . . IH-1, lit. If, . . . ) are 
Set to their corresponding logic States, and the Sensing circuit 
(303) detects the desired results of the connected input 
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Signals. For example, a logic State 1 on input 0 is repre 
Sented by maintaining Iito at ground voltage (VSS) while 
pulling Io up to power Supply voltage (Vdd); a logic State '0' 
on input 0 is represented by maintaining Io at VSS while 
pulling I# up to Vdd. At time T2, all the inputs return to low 
while PG# is also pulled low, then the circuit returns to idle 
state. Another cycle is started at time T3 for another set of 
input signals, and returns to idle State at T4. For the example 
in FIG.3(a), the logic state on the Nm line will be the NOR 
of connected input signals (Io, . . . I1, ..., I#1, ... lit, . 
. . ) during the evaluation cycles. In other words, if any one 
of the connected input signals (Io, ... I1, ..., I#1, ... It 
...) is high, the output line Nm will be low as shown in the 
first cycle in the example in FIG. 3(b); when all the 
connected input signals are low, the output line Nm remains 
high as the second cycle in FIG.3(b). Using a large number 
of minterms with desired combinations of connections to the 
input Signals, a prior art PLA can execute large fan-in logic 
calculations at high Speed with excellent flexibility. 

0044) The above prior art circuits use MOS devices as 
three terminal transistors working as current Sinks to Support 
logic operations. The present invention uses MOS devices as 
two terminal voltage controlled capacitor (VCC), and uses 
Voltage coupling effects to Support logic operations. FIG. 
4(a) shows the schematic diagram for a PLA minterm of the 
present invention that has the Same logic function as the 
prior art minterm in FIG.3(a). The PLA input signals (I, I, 

. . I-1, I., I, ...) and their complemented input signals 
(I#o, Ilf, ... If, I#, If... . . ) are selectively connected 
to the negative terminals of MOS capacitors (C, C, ..., 
C. C., . . . ). For this example, the particular input 
connections in FIG. 4(a) provides identical logic function as 
the prior art example in FIG.3(a). The positive terminals of 
those capacitors are all connected to an output line (Nc) that 
is connected to a pre-charge circuit (401) and a Sensing 
circuit (403). Detailed structures for the pre-charge circuit 
and the Sensing circuit are well-known to the art of IC circuit 
design. The example in FIG. 4(a) uses the same pre-charge 
circuit (401) as the example (301) in FIG. 3(a). Details of 
the sensing circuit (403) are not shown because they are well 
known to the art of IC design. FIG. 4(d) illustrates the 
operation waveforms for the PLA mintermin in FIG. 4(a). 
Before time T1, the PLA is at idle state, and the pre-charge 
control signal PG# is low so that the output signal Nc is 
charged to Voltage PCGV. At idle State, all the input signals 
(Io, I1; . . . I-1, I. I.1. . . . , lio, lif., . . . IH-1, lit, lit. . 
. . ) are set at a voltage called idle State voltage (Vh) as 
shown in FIG. 4(d). At idle state voltage Vh, the MOS 
capacitors are biased into depletion conditions or inversion 
conditions, So that their coupling capacitances to Nc are 
Small. To Start a logic calculation at time T1, the pre-charge 
circuit (401) is turned off by pulling PG# high, and the input 
signals (Io, I, . . . I-1, I, I., . . . , Ito, I#1, . . . It lit, 
I#1, . . . ) are set to their corresponding logic states. For 
example, a logic State 1 on input 0 is represented by 
maintaining Ilio at Vh while pulling I down to activation 
voltage (Va); a logic State 0 on input 0 is represented by 
maintaining I at Vh while pulling I# down to Va. The 
activation Voltage Va is a voltage below accumulation 
threshold voltage (Vita) of the MOS capacitors. At time T2, 
all the inputs return to Vh while PG# is also pulled low, then 
the circuit returns to idle State. Another cycle is started at 
time T3 for another Set of input signals, and return to idle 
state at T4. Under these conditions, if any one of the 
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connected input signals (Io, . . . I1, . . . , If, . . . It . . . 
) is 1, due to capacitor coupling effects, a Voltage (Vo 
would be coupled to the output line Nc as shown in the first 
cycle between T1 and T2 in FIG. 4(d). If none of the 
connected input signals (Io, . . . I1, . . . , If, . . . It . . . 
) is 1, no voltage is coupled into the output line Nc as 
shown in the second cycle between T3 and T4 in FIG. 4(d). 
The amplitude of the coupling voltage (Vo) can be written as 

Vo=(Vita-Va)Cin/Cp (12), 

0.045 where Cin is the value of capacitance on all the 
connected inputs that are Switched to Voltage Va, and Cp is 
the total capacitance on the output line Nc. The Sensing 
circuit (403) is designed to sense the coupling voltage Vo to 
provide desired output. Although we can use current art 
Small signal Sensing circuit to detect Voltage changes as low 
as a few mini-volts, it is desirable to maximize the amplitude 
of the signal voltage Vo for reliable operations. The wave 
forms shown in FIG. 4(d) are simplified ideal waveform. 
There are noises on Nc for practical circuits. In order to 
maximize Signal to noise ratio, we want to increase the 
(Cin/Cp) ratio as much as possible. Besides parasitic capaci 
tance, the major contribution to Cp is the total capacitance 
of the MOS capacitors connected to inputs that are remain 
ing at voltage Vh. That is why we select Vh at a voltage 
within depletion or inversion conditions to minimize idle 
State capacitor value, while Select Va at a Voltage within 
accumulation condition to maximize active State capacitor 
value. 

0046 FIG. 4(b) is a cross-section diagram showing the 
physical structures of the input circuits (408) in FIG. 4(a). 
The input signals (Io, I1, . . . I-1, I., I-1, . . . , Ito, Ilf, . . . 
I#, I#, IH. . . . ) in FIG. 4(a) are conductor lines (421, 
423) in FIG. 4(b). The output note Nc in FIG. 4(a) is an 
p-type semiconductor Substrate (427) in FIG. 4(b). This 
Substrate (427) can be a poly Semiconductor layer or a 
diffusion area in Single crystal Substrate. If an input line 
(421) is separated from the substrate (427) by thick insulator 
layer (428), then that input line (421) does not have a 
connection to the Substrate. If an input line (423) is separated 
from the substrate (427) by a thin insulator layer (429), then 
that input line is connected to the substrate through an MOS 
capacitor. In this way, the structure shown in FIG. 4(b) 
supports the same function as the input circuit (408) shown 
in FIG. 1(a). 
0047 The present invention uses capacitors to replace the 
function of transistors to achieve Smaller area. Smaller 
Signal to noise ratio is the major disadvantage for this 
invention; this disadvantage usually can be overcome with 
proper design on the Sensing circuit. A major advantage for 
the coupling circuit of the present invention is that we do not 
need to use Single crystal Semiconductor as the Substrate. 
Transistors must be built on high quality Single crystal 
semiconductor substrate, while IC industry is fully capable 
of growing high quality insulator on lower quality Semicon 
ductor layers, Such as poly Silicon layers. It is therefore 
practical to build input circuits of the present invention on 
lower quality Substrates. FIG. 4(c) shows the cross-section 
view of a three-dimensional (3D) device of the present 
invention using poly Semiconductor Substrates. In this 
example, there are two layers of poly Semiconductor Sub 
strates (431,491). Conductor lines (433,435) are placed on 
top of one poly Substrate (431) to form coupling circuits of 
the present invention similar to the structure shown in FIG. 
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4(b). Another set of conductor lines (493,495) are placed on 
top of another poly Substrate (491) to form similar coupling 
circuits of the present invention. On the Single crystal 
semiconductor substrate (481) we still can have prior art 
transistors (483, 485) sharing the same area as coupling 
circuits of the present invention. Typical n-channel transis 
tors (483) and p-channel transistors in n-well (487) are 
shown in the example in FIG. 4(c). Coupling circuits of the 
present invention also can be placed on the Single crystal 
substrate (not shown in this figure). Such 3D device can 
achieve device density many times higher than prior art IC. 

0048 We uses an application on PLA minterm in the 
above examples, while Similar circuits can Support other 
applications. Such as logic gates, comparators, Storage 
devices, etc. Specific applications should not limit the Scope 
of the present invention. FIG. 4(e) shows an application of 
the present invention as optical Sensor. In this example, 
MOS capacitors are formed between input lines (451) and 
p-type semiconductor Substrate (453). These MOS capaci 
tors are upside down comparing to those in FIG. 4(b). At 
idle States, the Voltages on input lines (451) set all capacitors 
into depletion conditions So that there are depletion regions 
(455) near each MOS capacitors. When the substrate (453) 
is illuminated by light (457), electron-hole (e-h) pairs (459) 
are generated by light bombardment, while Some of the 
electrons will drift to the depletion regions (455) and get 
trapped near the insulator-semiconductor interface (450). 
The amount of Such trapped charges (450) is proportional to 
the light intensity Shone near the capacitor. When this optical 
Sensor in FIG. 4(e) is connected to pre-charge circuits and 
Sensing circuits similar to those in FIG. 4(a), we can Switch 
one input line at a time using electrical signals Similar to 
those in FIG. 4(d). The amplitude of the resulting coupling 
Voltage Vo detected on the Substrate is related to the amount 
of trapped charges (450) so that it provides a method to 
measure light intensity at different locations. 

0049 While specific embodiments of the invention have 
been illustrated and described herein, it is realized that other 
modifications and changes will occur to those skilled in the 
art. For example, the examples in FIGS. 4(a-e) use MOS 
capacitors on p-type Semiconductor Substrate while MOS 
capacitors on n-type Semiconductor Substrate also can pro 
vide equivalent functions as Soon as the polarities of Volt 
ages are inverted. We certainly can use a combination of 
both types of capacitors to Support Similar operations. In the 
above examples, the input lines are connected to the con 
ductor lines while the output lines are connected to the 
Semiconductor Substrate. We certainly can Swap the connec 
tion method by using Semiconductor Substrates as input lines 
while conductor lines as output lines. The above examples 
showed simplified croSS-Section diagrams for IC implemen 
tation. The detailed physical Structures can be implemented 
in wide varieties of structures. The 3D device of the present 
invention can have many layers of coupling devices sharing 
the same area with prior art devices. 
0050. The logic functions of the capacitor coupling cir 
cuits shown in FIGS. 4(a-d) are defined by the connections 
between input signals and MOS capacitors. Once the circuits 
have been manufactured, their logic functions can not be 
changed. To provide further flexibility, we can replace the 
MOS capacitors by floating gate capacitors to Support pro 
grammable operations. 
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0051 FIG. 5(a) shows the schematic diagram for a 
programmable coupling circuit of the present invention that 
can be programmed to Support different operations using the 
Same device. As an example, we can use the device in FIG. 
5(a) to Support the same logic function as the prior art 
minterm in FIG.3(a). The PLA input signals (Io, I, ... I, 
I, II, . . . ) are connected to the negative terminals of 
floating gate capacitors (Fo, F1, ..., F-1, F, F, ...), and 
their complemented input signals (IHo, I#, . . . IH-1. It 
I#1, . . . ) are also connected to the negative terminals of 
other floating gate capacitors (Fio, F#, . . . , F#, Fij, 
F#1, . . . ). The positive terminals of those floating gate 
capacitors are all connected to an output line (Nf) that is 
connected to a pre-charge circuit (501) and a sensing circuit 
(503). Detailed structures for the pre-charge circuit and the 
Sensing circuit are well-known to the art of IC circuit design. 
The example in FIG. 5(a) uses the same pre-charge circuit 
(501) as the example (301) in FIG. 3(a). Details of the 
sensing circuit (503) are not shown because they are well 
known to the art of IC design. 
0.052 AS discussed previously, storing charge Of into the 
floating gate will shift the threshold voltages (Viti, Vita) of a 
floating gate capacitor by a Voltage Vf=Qf/Cg, where Cg is 
the gate capacitance described in Eq. (8). Therefore, we can 
“disconnect a floating gate capacitor (FGC) with p-type 
Substrate by injecting enough electrons into its floating gate 
causing enough shift in Vita So that it always stays in 
depletion or inversion condition for all operation Voltages. 
Similarly, we can “connect an FGC by pulling electrons out 
of its floating gate So that its Vita falls within operation 
ranges. According to prior art EPROM terminology, Such 
disconnecting procedure is called “programming procedure 
while the connecting procedure is called "erasing proce 
dure. 

0053 Using the floating gate coupling circuit (FGCC) in 
FIG. 5(a) as an example, we can configure it to Support the 
same function as the capacitor coupling circuit in FIG. 4(a) 
by the following procedures: 

0054) (1)Program the devices (F#, F, ..., F, F, 
F. F. . . . ) with disconnected inputs (IHo, I, ..., I, 
I#1, #, I.,...) in FIG.4(a). For example, this procedure 
can be executed by setting those inputs (IHo, I,..., I, IH, 
I1. . . . ) to a Voltage high enough to cause electron 
tunneling into the floating gates of FGC (FHo, F, ..., F-1, 
F# F#, F, ...) to be disconnected, while the remaining 
inputs are biased to a low voltage So that the remaining FGC 
are not programmed. 

0055) (2)Erase the devices (Fo, F, ..., F. F., . . . ) 
with connected inputs (Io, I#1, ..., I, I#1, ...) in FIG. 
4(a). For example, this procedure can be executed by Setting 
those inputs Io, I#1, ..., I, I#1, . . . ) to a voltage low 
enough to remove electrons from floating gates of those 
FGC (Fo, F, 1,..., F, F, ...) to be connected, while the 
remaining inputs are biased to a high Voltage So that the 
remaining FGC Stay programmed. 

0056. After the FGCC in FIG. 5(a) is configured accord 
ing to the above procedures, the device is ready for func 
tional operation. FIG. 5(d) illustrates the operation wave 
forms for the FGCC in FIG. 5(a). Before time T1, the circuit 
is at idle State, and the pre-charge control Signal PGif is low 
so that the output signal Nf is charged to voltage PCGV. At 
idle State, all the input signals (Io, I1, . . . I-1, I., I, 1, . . . . 
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I#o, I#1, ... IH-1, I#, I#1,...) are set at idle state voltage 
(Vhf) as shown in FIG. 5(d). At this idle state voltage Vhf, 
all the FGC are biased into depletion conditions or inversion 
conditions So that their coupling capacitances to Nf are 
Small. To Start a logic calculation at time T1, the pre-charge 
circuit (501) is turned off by pulling PG# high, and the input 
signals (Io, I, . . . I-1, I, I., . . . , Ito, I#1, . . . It lit, 
I#1, . . . ) are set to their corresponding logic states. For 
example, a logic State 1 on input 0 is represented by 
maintaining Iio at Vhf while pulling Io down to activation 
voltage (Vaf); a logic state '0' on input 0 is represented by 
maintaining Io at Vhf while pulling I#o down to Vaf. The 
activation Voltage Vaf is a Voltage below accumulation 
threshold voltage (Vita) of erased FGC but higher than Vta 
of programmed FGC. At time T2, all the inputs return to Vhf 
while PG# is also pulled low, then the circuit returns to idle 
state. Another cycle is started at time T3 for another set of 
input signals, and return to idle State at T4. Under these 
conditions, if any one of the connected input signals (Io, . . 
. I1,..., I#1, ... It . . . ) is '1', due to capacitor coupling 
effects, a voltage (Vof) would be coupled to the output line 
Nc as shown in the first cycle between T1 and T2 in FIG. 
4(d). If none of the connected input signals (Io, . . . I. . . 
., I#,, . . . It . . . ) is 1, the magnitude of the coupling 
voltage is much smaller than Vof because all the FGC has 
low coupling capacitances. The amplitude of the coupling 
voltage (Vof) can be written as 

Vof-(Vita-Vaf)Cif|Cpf (13), 

0057 where Cif is the value of capacitance on all the 
connected inputs that are Switched to Voltage Vaf, and Cpf 
is the total capacitance on the output line Nf. The Sensing 
circuit (503) is designed to sense the coupling voltage Vof to 
provide desired output. Similar to capacitor coupling cir 
cuits, we should maximize the (Cif/Cpf) ratio for reliable 
operations. 

0058 For yield improvement purpose, we can add addi 
tional connections to the FGCC allowing the possibility to 
disable the FGCC when it can not function correctly due to 
manufacture defects. For example, we can add a “valid bit” 
(Fr) to the FGCC as shown in FIG. 5(a). The input to Fr is 
connected to a validation signal (Rd) that is always Switched 
to Vaf during logic evaluation, and its output is connected to 
Nf, as shown in FIG. 5(a). When this valid bit is pro 
grammed, it has no effect to the result of FGCC operations. 
When this valid bit is erased, the output Nf will always be 
low, which is equivalent to disable the PLA minterm. 
Adding such valid bit will allow us to invalidate defective 
minterms in PLA to achieve higher yield. Certainly, we can 
have more than one Such valid bit per minterm, or have one 
valid bit for an array of FGCC. 

0059 FIG. 5(b) is a cross-section diagram showing the 
physical structures of the FGCC (508) in FIG. 5(a). A 
floating gate capacitor (529) comprises a conductor gate 
terminal (521) that is separated from a floating gate (527) by 
floating gate insulator layer (523). The floating gate (527) is 
also separated from the semiconductor substrate (528) by 
gate insulator layer (525). Both the gate terminal (521) and 
the floating gate (527) are typically made of poly Silicon. 
Each input signal (Io, I, . . . I-1, I., I, ., Iio, If, . . . j-19 is j+1; 

I#1, #, IH, ...) is connected to the gate of a floating gate --1 

capacitor (F,F,F,F,F,...F# F#,...F. 
F# F#1,...). The output note Nf in FIG. 5(a) is an p-type 
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semiconductor substrate (528) in FIG. 5(b). This substrate 
(528) can be a poly semiconductor layer or a diffusion area 
in Single crystal Substrate. 
0060. The present invention uses FGC to replace the 
function of transistors to achieve Smaller area and program 
mable functionalities. The FGCC of the present invention do 
not need to use Single crystal Semiconductor as the Substrate. 
It can be manufactured on lower quality Semiconductor 
layers, Such as poly Silicon layers to achieve higher density. 
FIG. 5(c) shows the cross-section view for a 3D device of 
the present invention using poly Semiconductor Substrates. 
In this example, there are two layers of poly Semiconductor 
substrates (531,591). Floating gate capacitors (533,593) are 
built on both poly layers (531, 591) to form FGCC of the 
present invention similar to the structure shown in FIG. 
5(b). On the single crystal semiconductor Substrate (581) we 
still can have prior art transistors (583, 585) sharing the 
Same area as coupling circuits of the present invention. 
Coupling circuits of the present invention also can be placed 
on the Single crystal Substrate (not shown in this figure). 
Such 3D device can achieve device density many times 
higher than prior art IC. 

0061. In many cases, it is desirable to use hot electron 
effect, instead of tunneling effect, to program floating gate 
devices. To Support hot electron programming, the floating 
gate device need to be a three-terminal transistor instead of 
a two-terminal capacitor. FIG. 5(e) illustrates a method to 
build FGC of the present invention that can support hot 
carrier programming. The Structure of the floating gate 
devices (567) in FIG. 5(e) is the same as those in FIG. 5(b) 
except that an ion implant (561) is executed right after the 
floating gates have been manufactured. The dopants are 
blocked on areas covered by floating gates, while doping 
materials can penetrate into the Substrate (563) at areas 
between the floating gates. After thermal treatment, this ion 
implant (561) procedure creates diffusion areas (565, 566) 
between the floating gates. In this way, a floating gate (567) 
and nearby diffusion regions (565, 566) form a transistor. 
The floating gate devices in FIG. 5(e) forms a series of 
transistors connected in NAND configuration. Therefore, it 
can Support hot carrier programming and current mode 
operations in the same ways as prior art NAND flash 
devices. The hot carrier programming and current Sensing 
methods for the above device operates as Serial transistors 
are the same as prior art NAND flash. Those methods are 
well-known to those familiar with prior art IC operations so 
that there is no need to discuss in further details. The floating 
gate transistors in FIG. 5(e) still can Support all the coupling 
functions of the floating gate capacitors in FIG. 5(b). In 
other words, the device in FIG. 5(e) can support all opera 
tions as conventional NAND flash, while it also can function 
as the FGCC in FIG. 5(b). Similar to the device in FIG.5(c), 
we also can build high density 3D devices. FIG. 5(f) shows 
a 3D device that has two layers (571,572) of NAND FGCC. 
0062) While specific embodiments of the invention have 
been illustrated and described herein, it is realized that other 
modifications and changes will occur to those skilled in the 
art. The examples in FIGS. 5(a-d) use FGC on p-type 
Semiconductor Substrate while FGC on n-type Semiconduc 
tor Substrate also can provide equivalent functions as Soon as 
the polarities of Voltages are inverted. We certainly can use 
a combination of both types of FGC to support similar 
operations. In the above examples, the input lines are 
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connected to the conductor lines while the output lines are 
connected to the Semiconductor Substrate. We certainly can 
Swap the connection method by using Semiconductor Sub 
Strates as input lines while conductor lines as output lines. 
The above examples showed simplified cross-section dia 
grams for IC implementation. The detailed physical Struc 
tures can be implemented in wide varieties of structures. The 
3D device of the present invention can have many layers of 
coupling devices sharing the same area with prior Structures. 
We uses an application on PLA minterm in the above 
examples, while Similar circuits can Support other applica 
tions. Such as logic gates, comparators, Storage devices, . . . 
etc. 

0063 FIGS. 6(a-g) show one example for the IC manu 
facturing procedures of the present invention in 3D views, 
including cross-sections views through the middle of FGC 
devices in both horizontal and vertical directions. FIG. 6(a) 
illustrates the Structure when a floating gate conductor layer 
(605) is deposited on top of gate insulator thin film (603) that 
is grown on a semiconductor substrate (601). The floating 
gate conductor layer (605) is etched into horizontal lines 
(604) by a masking step, as shown in FIG. 6(b). Another 
masked etching step defines horizontal Substrate lines (611, 
613) as shown in FIG. 6(c). Isolation insulators are filled 
into the spaces between output lines (611, 613); a floating 
gate insulator thin film (607) is grown on top of floating gate 
conductor lines; and then a gate conductor layer (621) is 
deposited on top of the floating gate insulator layer (607) as 
shown in FIG. 6(d). The next masking step etches the gate 
conductor layer (621) into parallel input lines (623), and the 
floating gate layer is etched into isolated floating gate blockS 
(624, 625) as shown in FIG. 6(e). The resulting structure has 
one floating gate capacitor at each interSection between gate 
conductor lines (623) and substrate output lines (611, 613), 
forming a two dimensional (2D) array of floating gate 
capacitors. A horizontal line in FIG. 6(e) contains circuits 
equivalent to those shown in the cross-section diagram in 
FIG. 5(b). FIG. 6(f) illustrates the 3D structures for one of 
the floating gate capacitor in the array. To have hot carrier 
programming capability, we can use an additional ion 
implant process on the structure in FIG. 6(e) to form 
diffusion areas (655) between floating gate devices as shown 
in FIG. 6(g). In this way, we have a serious of floating gate 
transistors connected in NAND configuration along each 
output lines (611, 613). A horizontal line in FIG. 6(g) 
contains circuits equivalent to those shown in the croSS 
section diagram in FIG. 5(e). 
0.064 FIGS. 7(a-f) show another example for the IC 
manufacturing procedures of the present invention in 3D 
Views, including cross-sections views through the middle of 
FGC devices in both horizontal and vertical directions. FIG. 
7(a) illustrates the structure when a floating gate conductor 
layer (705) is deposited on top of gate insulator thin film 
(703) that is grown on a semiconductor substrate (701). The 
floating gate conductor layer (705) is etched into horizontal 
lines (704) by a masking step, as shown in FIG. 7(b). So far, 
these manufacture procedures are identical to those in FIGS. 
6(a,b). In FIG. 6(c), substrate output lines (611, 613) were 
separated by etching. FIG.7(c) shows an alternative method 
of using n-type diffusion areas (712, 714) to separate p-type 
substrates (701) into p-type output lines (711,713). These 
n-type diffusion areas (712,714) can be manufactured by a 
masked n-type ion implant procedure. We also can use the 
same mask to define the horizontal lines (704) as the mask 
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to manufacture the n-type diffusion areas (712, 714). The 
following steps are similar to those in FIGS. 6(de). A 
floating gate insulator thin film (707) is grown on top of 
floating gate conductor lines, then a gate conductor layer 
(721) is deposited on top of the floating gate insulator layer 
(707) as shown in FIG. 7(d). The next masking step etches 
the gate conductor layer (721) into parallel input lines (723), 
and the floating gate layer is etched into isolated floating 
gate blocks (724,725) as shown in FIG. 7(e). The resulting 
Structure has one floating gate capacitor at each interSection 
between gate conductor lines (723) and p-type Substrate 
output lines (711, 713), forming a two dimensional (2D) 
array of floating gate capacitors. A horizontal line in FIG. 
7(e) contains circuits equivalent to those shown in the 
cross-section diagram in FIG. 5(b). FIG. 7(f) illustrates the 
3D Structures for one of the floating gate capacitor in the 
array. The n-type diffusion areas (712,714) are not only used 
as separation layers for substrate output lines (711, 713) but 
also provides as Source and drain connections to form 
transistors with floating gate devices in the array. All the 
floating gate devices in FIG. 7(e) are connected in wired 
NOR configuration with nearby n-type diffusion areas (712, 
714). Therefore, the structure automatically supports hot 
carrier programming capability and current mode Sensing 
capability. Higher parasitic capacitance is the major disad 
Vantage of this structure comparing to the Structure in FIG. 
6(g). Naturally, the polarity of n-type and p-type Substrate 
diffusion areas can be Swapped to build similar devices. 

0065 FIGS. 8(a-f) show a method to improve device 
density for the IC manufacturing procedures of the present 
invention in 3D views, including croSS-Sections views 
through the middle of FGC devices in both horizontal and 
vertical directions. FIG. 8(a) illustrates the structure when a 
floating gate conductor layer (805) is deposited on top of 
gate insulator thin film (803) that is grown on a semicon 
ductor Substrate (801). The floating gate conductor layer 
(805) is etched into horizontal lines (804) by a masking step, 
as shown in FIG. 8(b). The first step in FIG. 8(a) is identical 
to that in FIG. 7(a). The second step in FIG. 8(b) is similar 
to the step in FIG. 7(b) except that the density of floating 
gate lines (804) is much higher. The next step is to divide the 
semiconductor substrate (801) into p-type areas (811, 813) 
and n-type areas (812, 814) as shown in FIG. 8(c). The 
following steps are similar to those in FIGS. 7(de). A 
floating gate insulator thin film (807) is grown on top of 
floating gate conductor lines (804), then a gate conductor 
layer (821) is deposited on top of the floating gate insulator 
layer (807) as shown in FIG. 8(d). The next masking step 
etches the gate conductor layer (821) into parallel input lines 
(823), and the floating gate layer is etched into isolated 
floating gate blocks (824, 825, 826) as shown in FIG. 8(e). 
The resulting Structure has one floating gate capacitor at 
each interSection between gate conductor lines (823) and 
substrate output lines (811, 812,813, 814), forming a two 
dimensional (2D) array of floating gate capacitors. The 
major difference is that we have floating gate devices (825) 
on p-type substrate lines (811, 813) as well as floating gate 
devices (824,826) on n-type substrate lines (812, 814). This 
Structure nearly doubles the device density comparing to the 
structure in FIG. 7(e). The FGC on p-type substrate operates 
separated form the FGC on n-type substrate. Both types 
form transistors connected in wired NOR configuration to 
Support hot carrier programming and current mode Sensing 
operations. 
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0066 While specific embodiments of the invention have 
been illustrated and described herein using a PLA interm as 
example, it is obvious that wide varieties of other applica 
tions will occur to those skilled in the art based on similar 
principles. For example, structures shown in FIGS. (6e, 6g, 
7e, 8e) can be configured as logic circuits or as Storage 
devices with equal convenience. FIG. 9(a) shows an 
example when an array of FGC of the present invention is 
configured as a data Storage device. The gate terminals of 
FGC (901) are connected to vertical input lines called “word 
lines” (WL1-WL6). The substrate terminals of those FGC 
(901) are connected to horizontal lines called “bit lines” 
(BL1-BL4) using the terminology of prior art memory 
devices. FIG. 9(a) shows the simplified schematic diagram 
for a 4 by 6 Small array, while the actual Storage device can 
have hundreds of word line and bit lines. 

0067 FIG. 9(b) shows the electrical signals for selective 
programming of the storage device in FIG. 9(a). At idle 
state, the word lines (WL1-WL6) are all at voltage Vhw, 
while all bit lines (BL1-BLA) are at pre-charge voltage 
PCGV. Under idle state condition, all the FGC stays in 
depletion or inversion conditions to have minimum coupling 
capacitance between word lines and bit lines. The Voltage 
differences are Small enough that the floating gate charge 
(Qf) in all FGC are not changed. At time Ta, selected word 
lines are pulled to a high voltage (Vpw) as shown in FIG. 
9(b) while all other word lines remain at Vhw. The bit lines 
(BL1-BL4) are either pulled down to a low voltage (Vpb) or 
stay at PCGV. At time Tb, all the bit lines and word lines are 
set back to idle state. An FGC is programmed when its word 
line is pulled to Vpw, and its bit line is pulled to Vpb. All 
other FGC remain unchanged. In these ways, we can Selec 
tively program any FGC in the array with excellent flex 
ibility. We can selectively program one FGC in the array by 
pulling its word line to Vpw while setting its bit line to Vpb. 
We can program the whole array Simultaneously by pulling 
all word lines to Vpw while setting all bit lines to Vpb.. We 
also can Selectively program a partial array by Setting a 
plurality of word lines to Vpw while setting a plurality of bit 
lines to Vpb. 
0068 FIG. 9(c) shows the electrical signals for selective 
erasing of the storage device in FIG. 9(a). The array starts 
in idle state before time Tc. At time Tc, Selected word lines 
are pulled to a low voltage (Vew) as shown in FIG. 9(c) 
while all other word lines remain at Vhw. The bit lines 
(BL1-BL4) are either pulled to a high voltage (Veb) or stay 
at PCGV. At time Td, all the bit lines and word lines are set 
back to idle state. An FGC is erased when its word line is 
pulled to Vew, and its bit line is pulled to Veb. All other FGC 
remain unchanged. In these ways, we can Selectively erase 
any FGC in the array with excellent flexibility. We can 
selectively erase one FGC in the array by pulling its word 
line to Vew while setting its bit line to Veb. We can erase the 
whole array simultaneously by pulling all word lines to Vew 
while setting all bit lines to Veb. We also can selectively 
erase a partial array by Setting a plurality of word lines to 
Vew while setting a plurality of bit lines to Veb. 
0069 FIG. 9(d) shows the electrical signals for reading 
data from the storage device in FIG. 9(a). The array starts 
in idle state before time Te. At time Te, one of the word lines 
is pulled to read voltage (Vrw) as shown in FIG. 9(d) while 
all other word lines remain at Vhw. Vrw is a voltage that is 
below the accumulation threshold voltage (Vita) of erased 
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FGC while it is higher than Vita of programmed FGC.. 
Therefore, a voltage (Vrb) is coupled to bit lines that are 
connected to erased FGC, while the bit lines that are 
connected to programmed FGC See Small coupling Voltage. 
The Sensing circuits (not shown) connected to each bit line 
(BL1-BL4) senses the coupling voltages and output the data 
stored in FGC. In this way, we can read all the data stored 
in FGC along a selected word line. At time Tf, all the bit 
lines and word lines are set back to idle State ready for next 
operation. The above discussion assumed that the FGC in 
the array have p-type Substrate. For the situation when the 
Substrate is n-type, we need to invert polarities of Voltages. 
There are many ways to execute program/erase/read opera 
tions of the present invention. For example, hot carrier 
programming also can be executed. The Scope of this 
invention should not be limited by detailed operation pro 
cedures. 

0070 The device shown in FIG. 7(e) is a multiple 
purpose device. If we use the floating gate devices in FIG. 
7(e) as programmable coupling capacitors connected 
between input lines (723) and p-type output lines (711,713), 
then it functions as an array of capacitors as shown by the 
schematic diagram in FIG. 9(a). For exactly the same 
device, we also can treat it as an array of floating gate 
transistors connected in wired-NOR configuration as shown 
by the schematic diagram in FIG. 9(e). The n-type diffusion 
areas (712, 714) in FIG. 7(e) are used as the sources and 
drains (N1-N7) of n-channel floating gate transistors (951) 
in FIG. 9(e). The input lines (723) in FIG. 7(e) are the 
vertical word lines (Wf1-Wf4) in FIG. 9(e). 
0.071) To facilitate better understanding, the simplified 
structural top view of the device in FIG. 9(e) is illustrated 
in FIG. 9(f). Horizontal n-type diffusion areas (N1-N7) are 
deposited on p-type substrate (963) to isolate the p-type 
Substrate into horizontal lines. Vertical conductor lines 
(Wf1-Wf4) forms word lines that connect the gates of 
floating gate transistors. A floating gate (G6) is placed under 
each position below word lines (Wf1-Wf4) and between 
n-type diffusion areas (N1-N7) to form a floating gate 
transistor (F1-F6). For example, the gate of floating gate 
transistor F6 is connected to Wf, its source is N7, its drain 
is N6, while it has a floating gate (G6) under Wf3 between 
N7 and N6. Each floating gate transistor in this array shares 
its Source/drain areas with nearby transistorS along the 
vertical direction. For example, F2 shares drain with F1, 
while F2 shares Source with F3. The definition of Source 
Versus drain can be Swapped because they are Symmetric. 
We will call them source/drain terminals because the mean 
ing of Source and drain are exchangeable. All the Source/ 
drain areas are connected horizontally in a wired-NOR 
configuration. All the floating gate devices in the array can 
be erased Simultaneously by pulling all n-type diffusion 
areas (N1-N7) to a high voltage while keeping all word lines 
(Wf1-Wf4) at low voltage. Selective erase can happen if we 
Selectively put high Voltage on part of the n-type diffusion 
areas. Since we have transistors instead of capacitors, hot 
carrier programming is available, but the programming 
procedure is a little bit more complex than prior art devices 
because transistors (F1-F6) share source/drain areas with 
nearby transistors on the same word line (Wf3). For 
example, if we want to program transistor F6, we put high 
voltage on its word line (Wf3), pull N7 to ground, and N6 
to a drain voltage proper for hot carrier programming (Vdp). 
In this way, F6 will be programmed by hot carrier effect. The 
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problem is that transistor F5 is connected to the same word 
line (Wf3) and shares the same drain (N6) with F6; we need 
to avoid accidental programming of F5. This problem can be 
avoided by floating N5 or by putting Vdp on N5 when we 
are programming F6. In this way, only half of the transistors 
along a word line can be programmed Simultaneously. 
Programming the other half requires a separated operation. 
The device in FIG. 9(e) also allows current mode read 
operations with Similar problem. For example, if we want to 
read transistor F6, we activate its word line (Wf3), pull N7 
to ground, and N6 will be pull down by transistor current if 
F6 is erased, while there is no current if F6 is programmed, 
allowing a sensor connected to N6 to detect the status of F6. 
The problem is that transistor F5 is connected to the same 
word line (Wf3) and shares the same drain (N6) with F6; F5 
also can provide current to N6 if it is erased. We can avoid 
the influence of F5 by floating N5 or by putting a pre-charge 
voltage on N5. In this way, we can only read half of the 
transistorS along a word line Simultaneously. Reading the 
other half requires a separated operation. 
0.072 The device in FIG. 9(e) provides all functions 
equivalent to prior art NOR FLASH devices. FIG. 9(g) 
shows structural top view for an array of prior art NOR 
FLASH memory cells. Floating gate transistors (971) are 
formed under vertical word lines (977), and between source 
(973) and drain (975) diffusion areas. These floating gate 
transistors (971) share source and drain with nearby tran 
sistors along horizontal direction. The sources (973) are 
connected together through diffusion connections, while the 
drains are connected to horizontal metal bit lines (not 
shown) through metal contacts (972). Comparing the float 
ing gate transistor array of the present invention in FIG. 9(f) 
with the equivalent prior art array in FIG. 9(g), the differ 
ence is that we rotated the orientation of transistors by 90 
degrees relative to the word line direction. This 90 degree 
rotation allow us to make wired-NOR connections with 
diffusion areas, while the same diffusion areas also Serve the 
purpose for isolation. There is no need to have any metal 
contact (973) in the array. The result is dramatic reduction in 
area. Typically this 90 degree rotation can improve device 
density by 3 to 5 times. The price to pay is the complexity 
in read and program operations as discussed in the above 
sections. We can further double the device density using the 
device structure shown in FIG. 8(e), which is equivalent to 
have an array of n-channel floating gate transistors overlap 
with an array of p-channel floating gate transistors, both in 
the configuration shown in FIG. 9(e). 
0.073 FIGS. 9(a-f) demonstrate that FGC array of the 
present invention can Support all the functions of electrically 
erasable/programmable read only memory (EEPROM) as 
well as all the functions of FLASH memory. With the 
flexibility to build 3D devices, storage devices of the present 
invention can achieve Storage density higher than all prior 
art Storage devices. 
0074 The major problem for 3D circuits of the present 
invention is in yield. Although Voltage coupling circuits are 
leSS Sensitive to manufacture defects than current mode 
circuits, we still can not expect FGC built on low quality 
Substrates to have the same yield as those build on Single 
crystal Substrates. It is therefore necessary to provide yield 
enhancement methods for 3d devices of the present inven 
tion. FIG. 10 shows a simplified block diagram illustrating 
various yield enhancement methods. In this example, a 
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device of the present invention comprises an array of Smaller 
blocks (11). Each block (11) comprises an FGC array (21) 
and peripheral circuits (23) as shown by the magnified 
picture (12) on top of FIG. 10. Block peripheral circuits (23) 
comprises pre-charge circuits, Sensing circuits, decoders, 
controller, . . . etc that are not shown in FIG. 10 for 
simplicity. The FGC array (21) comprises an array of FGC 
(25) connected between vertical input lines (27) and hori 
Zontal output lines (29). When this device is a storage 
device, the input lines (27) would be word lines while the 
output lines (29) would be bit lines, but this structure is also 
applicable to other types of devices such as PLA. One yield 
enhancement method is to add one or more FGC for each 
input line (27) as “line valid bit” (LVB). These LVB's are 
controlled by additional validation input signals (VIS). 
Normally, LVB and VIS have no effects on the function of 
the device. When the circuits related to one of the output 
lines (29) are found to fail, the LVB on the failed line is set 
to disable that line, and the function of the failed line is 
replaced by another functional line. We also can equip each 
block (11) with one or more “block valid bits” (BVB). BVB 
normally have no effects on the function of the device. When 
a block (11) is found to fail, and the failures can not be fixed 
by other methods, the BVB on the failed block are set to 
disable that block, and the function of the failed block is 
replaced by another block. At upper level, we can have error 
correction code (ECC) circuits (33) to execute error detec 
tion/correction for the input/outputs (31) of the device. ECC 
mechanisms are well known to the art So that there is no need 
to discuss in details. We also can use a redundant device (40) 
that replaces the functions of failed FGC arrays for a 
programmed Set of conditions. Details of the redundant 
device operations are also well known to the art. Using one 
or more yield enhancement methods described above, 3D 
devices of the present invention can achieve excellent yield. 

0075 FIGS. 11(a-d) are three dimensional symbolic dia 
grams showing an example of the manufacture procedures 
for the floating gate transistor array shown in FIGS. 9(ef). 
FIG. 11(a) illustrates the structures when a floating gate 
conductor layer (1105) is deposited on top of gate insulator 
thin film (1103) that is grown on a semiconductor substrate 
(1101). The dimensions in our figures are often not drawn to 
scale. A floating gate insulator thin film (1109) is grown on 
top of the floating gate conductor layer (1105), and the 
floating gate conductor layer (1105) is etched into horizontal 
lines by a masking step as shown in FIG. 11(b). Typically, 
this floating gate insulator layer (1109) is made of oxide 
nitride-oxide (ONO) composite insulator layers. Diffusion 
areas (ND1-ND4) are formed between the floating gate 
conductor lines (1105) by self-aligned ion implantation as 
shown in FIG. 11(b). These diffusion areas (ND1-ND4) 
should be n-type diffusion areas if the substrate (1101) is 
p-type. These diffusion areas (ND1-ND4) also can be p-type 
diffusion areas if the substrate (1101) is n-type. At this stage 
the Space between the horizontal floating gate conductor 
lines are filled with insulators (not shown). These diffusion 
areas (ND1-ND4) form source/drain terminals for floating 
gate transistors and provide bit line connections for the 
array. These diffusion areas (ND1-ND4) also can be con 
nected to power or ground to Support different operations. 
The above manufacture procedures are well known to inte 
grated circuit industry; there is no need to provide further 
details. FIG. 111(c) illustrates the next step when a gate 
conductor layer (1111) is deposited on top of the floating 
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gate insulator layer (1109). The next masking step etches the 
gate conductor layer (1111) into vertical word lines (NG1 
NG4), and the floating gate structures are etched into iso 
lated floating gate blocks as shown in FIG. 11(d). The 
resulting structures in FIG. 11(d) have one floating gate 
transistor (FT1-FT5) at each intersection between word lines 
(NG1-NG4) and the active areas between bit lines (ND1 
ND4), forming a two dimensional array of floating gate 
transistors as illustrated by the top view shown in FIG. 
11(e). FIG.11(f) is a schematic circuit diagram showing the 
connections for the floating gate transistor array in FIGS. 
11(de). 
0076 All the manufacture procedures used in the above 
example are well known to The IC industry. The above 
floating gate array is different from prior art floating gate 
array shown in FIG. 9(g) by the connections between the 
floating gate transistors in the array. For a prior art array, 
each transistor connected to the same word line is connected 
to different bit lines. For a floating gate array of the present 
invention, the floating gate transistors that share the same 
word line can share the same bit line with nearby floating 
gate transistors. For example, the transistor FT2 in FIGS. 
11(d-f) shares the same word line (NG4) with the transistor 
FT1, while their source/drain terminals are connected 
together to the same bit line (ND2). For another example, the 
transistor FT2 in FIGS. 11(d-f) shares the same word line 
(NG4) with the transistor FT3, while their source/drain 
terminals are connected together to the same bit line (ND3). 
This structure allows us to use diffusion areas for bit line 
connection without using metal contacts, the resulting 
devices are therefore Smaller than that of prior art devices. 
For prior art arrays arranged in NOR configuration, nearby 
transistors are electrically Separated by field isolation insu 
lators. For a floating gate array of the present invention, 
nearby floating gate transistors are naturally Separated with 
out the need to have field isolation layer in the array. For this 
example, the transistor FT4 in FIGS. 11(de) is electrically 
Separated from nearby transistor FT1 because the active area 
between them is of the opposite carrier type of the transistor 
channel carriers. There is no need to put field isolation 
insulator between them. For another example, the transistor 
FT4 is electrically separated from nearby transistor FT5 for 
the same reasons. Such natural isolation also helps to reduce 
the areas for floating gate transistor arrays of the present 
invention. 

0077. The price to pay for such reduction in area is 
increased complexity in control. For example, if we want to 
read the status of FT2 by tuning on its word line (NG4), 
pulling down its Source (ND3), and detecting the current or 
voltage on its bit line (ND2), we need to avoid the interfer 
ence from the transistor FT1 because FT1 is also connected 
to the same bit line (ND2) and it is turned on by the same 
word line (NG4). As discussed previously, this problem can 
be solved by proper bias on ND1. For n-channel transistors, 
we can bias ND1 to high voltage, and pre-charge ND2 to 
high Voltage. Under this condition, the driving current of 
FT1 is small due to body effects; we can detect the status of 
FT2 by measuring the voltage or current on ND2 with 
minimal interferences from FT1. For p-channel transistor, 
the polarity of Voltages is inverted. In Such ways, we can 
read half of the data from floating gate transistors connected 
to the Same word line. There are many other ways to 
overcome this limitation, but we will not discuss those 
methods in this patent application. 
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0078 While specific embodiments of the invention have 
been illustrated and described herein, it is realized that other 
modifications and changes will occur to those skilled in the 
art. For the above examples, word lines are all traveling in 
the same directions (called word line direction) while in 
many implementations word lines can travel to different 
directions locally. The term “word line direction” means 
overall direction from array point of view instead of local 
direction. It is also possible to have more than one word line 
direction in an array. Similarly, for the above examples, bit 
lines are all traveling in the same directions while in many 
implementations bit lines can travel to different directions 
locally. The term “bit line direction” means overall direction 
from array point of View instead of local direction. It is also 
possible to have more than one bit line direction in an array. 
In the above example, we call Source/drain connection lines 
as bit lines. Sometimes, parts of Such lines are dedicated to 
power line connections. We did not distinguish bit lines from 
power lines in our examples because the same lines can be 
used for both functions in our examples. However, we 
should define bit lines as the Source/drain connections used 
to read/write data from and into the non-volatile memory 
transistors. Prior art non-volatile memory transistors on the 
Same word line can share the same power lines but they can 
not share the Same bit lines. 

0079 There are many possible manufacture procedures 
available to build floating gate transistor arrays of the 
present invention. The above Structure is also applicable to 
there type of non-volatile memory devices. FIGS. 12(a-f) 
show additional examples of the present invention. 
0080 FIG. 12(a) illustrates the structures when diffusion 
areas (ND5-ND8) are formed on a substrate (1201). These 
diffusion areas (ND5-ND8) should be n-type diffusion areas 
if the substrate (1201) is p-type. These diffusion areas 
(ND5-ND8) also can be p-type diffusion areas if the Sub 
strate (1201) is n-type. These diffusion areas (ND5-ND8) 
form Source/drain terminals for non-volatile memory tran 
Sistors and provide bit line connections for the array. 
0081. In the following steps, a floating gate conductor 
layer (1205) is deposited on top of a charge trapping gate 
insulator thin film (1203) that is grown on the semiconductor 
substrate (1201) as shown in FIG. 12(b). Typically, this 
charge trapping gate insulator thin film (1203) is made of 
oxide-nitride-oxide (ONO) or other types of composite 
insulator thin films. AS well known to the art, Such charge 
trapping gate insulator thin film (1203) can trap charges 
injected into it causing changes in transistor threshold Volt 
age in Similar ways as a floating gate transistor. While 
floating gate is typically made of conductor thin film Such as 
poly Silicon. The charge trapping gate insulator thin film 
(1203) is an insulator so that the trapped charge won't move 
around within it. In our definition, a transistor with Such 
charge trapping gate insulator thin film (1203) as part of its 
gate Structure is also a floating gate transistor because its 
current-Voltage relationship also can be changed by injecting 
charges into its gate Structure. In this patent application, we 
define a “non-volatile memory transistor” as a transistor that 
can adjust its current-Voltage relations by trapping electrical 
charges in its gate Structures. Examples for the “non-volatile 
memory transistor” are floating gate transistors and transis 
tors with charge trapping gate insulators. 
0082 The next masking step etches the gate conductor 
layer (1205) into vertical word lines (NG5-NG8) as shown 

Jan. 19, 2006 

in FIG. 12(c). In this example, the charge trapping gate 
insulator thin film (1203) between the word lines is not 
etched away because it is an insulator thin film. For other 
implementations it maybe removed in the areas between the 
word lines. In this example, the word lines (NG5-NG8) are 
also coated with protection insulators (1211) as a common 
practice in IC industry. The resulting structures in FIG. 
12(c) have one non-volatile memory transistor at each 
intersection between word lines (NG5-NG8) and the active 
areas between bit lines (ND5-ND8), forming a two dimen 
Sional array of non-volatile memory transistor as illustrated 
by the schematic circuit diagram in FIG. 12(d). We can 
further improve the density of the non-volatile memory 
array by filling the spaces between the word lines (NG5 
NG8) with another layer of gate conductor lines (NB5-NB8) 
as shown in FIG. 12(e). The structures shown in FIG. 12(e) 
can be achieved by well known IC manufacture procedures. 
For example, we can deposit poly Silicon thin film as the 
Second gate conductor layer, and use well known etch back 
or polishing procedures to fill the additional word lines 
(NB5-NB8) into the space between the original word lines 
(NG5-NG8). Such manufacture procedures are self-aligned 
because the protection insulator (1211) of the first set of 
word lines (NG5-NG8) provides the structures needed to 
define the locations and dimensions of the Second Set of 
word lines (NB5-NB8). The resulting structures in FIG. 
12(e) have one additional non-volatile memory transistor at 
each intersection between added word lines (NB5-NB8) and 
the active areas between bit lines (ND5-ND8), forming a 
two dimensional array of non-volatile memory transistor as 
illustrated by the schematic circuit diagram in FIG. 12(f). 
The density of the non-volatile memory array is therefore 
doubled. For the example shown in FIGS. 12(ef), the 
electrical Separation between nearby transistors are sepa 
rated naturally by other transistors. 
0083) The examples shown in FIGS. 12(a-f) demon 
Strated that the array Structures of the present invention are 
applicable to floating gate transistors as well as non-volatile 
transistors with charge trapping gate Structures. Significant 
area Saving and Simplifications in manufacture procedures 
are achievable by the present invention. 
0084. While specific embodiments of the invention have 
been illustrated and described herein, it is realized that other 
modifications and changes will occur to those skilled in the 
art. It is therefore to be understood that the appended claims 
are intended to cover all modifications and changes as fall 
within the true Spirit and Scope of the invention. 

1. An electrical device comprises: (a)an array of non 
volatile memory transistors, (b)a plurality of word lines that 
connect the gate terminals of a plurality of non-volatile 
memory transistors along a word line direction, and (c)a 
plurality of bit lines that connect the Source/drain terminals 
of a plurality of non-volatile memory transistorS along a bit 
line direction different from said word line direction, 
wherein pairs of Said non-volatile memory transistors that 
share the same word line also share the same bit line with 
nearby non-volatile memory transistors. 

2. The non-volatile memory transistors in claim 1 are 
electrically Separated from nearby non-volatile memory 
transistorS along bit line direction by active areas. 

3. The non-volatile memory transistors in claim 1 are 
electrically Separated from nearby non-volatile memory 
transistorS along bit line direction by transistors. 
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4. The non-volatile memory transistors in claim 1 are 
floating gate transistors. 

5. The non-volatile memory transistors in claim 1 are 
transistors with charge trapping gate Structures. 

6. A method for arranging an array of non-volatile 
memory transistors comprising the steps of: (a)providing a 
plurality of word lines for connecting the gate terminals of 
a plurality of non-volatile memory transistorS along word 
line direction, (b)providing a plurality of bit lines for con 
necting the Source/drain terminals of a plurality of non 
Volatile memory transistorS along a bit line direction differ 
ent from said word line direction, and (c)arranging pairs of 
nearby non-volatile memory transistors to share the same bit 
line with nearby non-volatile memory transistors that share 
the same word line. 
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7. The method of arranging an array of non-volatile 
memory transistors in claim 6 comprising a Step of using 
active areas to provide electrical Separation to nearby non 
Volatile memory transistorS along bit line direction. 

8. The method of arranging an array of non-volatile 
memory transistors in claim 6 comprising a Step of using 
transistors to provide electrical Separation to nearby non 
Volatile memory transistorS along bit line direction. 

9. The non-volatile memory transistors in claim 6 are 
floating gate transistors. 

10. The non-volatile memory transistors in claim 6 are 
transistors with charge trapping gate Structures. 


