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(57) ABSTRACT 
A negative resistance device (NRD) has a MOSFET-like 
Structure, and is biased by: 

shorting the gate and Source together at a fixed applied 
potential and applying a different fixed potential to 
the drain, and 

Sweeping the bulk potential towards the drain potential, 
causing the bulk current to exhibit a negative resis 
tance characteristic. 

The NRD may be used in a memory circuit (10) in which a 
resistor (R) is connected between the bulk (2) and a fixed 
potential. Two States of the circuit at which the current 
through the resistor matches that through the bulk of the 
NRD are stable, providing for bistable memory operation. 
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NEGATIVE RESISTANCE DEVICE 

FIELD OF THE INVENTION 

0001. The invention relates to electronic circuit memo 
ries. 

PRIOR ART DISCUSSION 

0002 At present, the two primary volatile memory tech 
nologies in use are Dynamic Random Access Memory 
(DRAM) and Static Random Access Memory (SRAM). 
0003) Dynamic Random Access Memory (DRAM) is a 
Volatile random-acceSS memory that Stores information as a 
charge on a capacitor. This capacitor leaks charge with time 
and hence the memory needs to be periodically refreshed by 
the peripheral circuitry to retain its memory content. DRAM 
memories cannot match the Speed of the central processor 
unit (CPU) due to charging current limits (during memory 
read/write operations) and destructive reading which neces 
sitates rewrite operation. However, DRAM is the least 
expensive Semiconductor memory available on the market 
today and hence is used in most computers as the core 
memory. DRAM cells consist of one transistor and one 
capacitor. 

0004 Static Random Access Memory (SRAM) is as fast 
as the CPU and is capable of Storing a memory State as long 
as power is Supplied to the computer. However, this added 
functionality is area-intensive because SRAM memory cells 
consist of either four or six CMOS transistors. SRAM 
memories are used as high-Speed cache memories in com 
puters. 

0005 There is therefore a requirement for a memory 
technology which has the advantages of SRAM, but is 
Simpler and leSS expensive. 

0006. One prior approach to providing such a memory 
involves use of Such negative resistance characteristics, and 
U.S. Pat. No. 3,974,486 (IBM) describes a Metal Oxide 
Semiconductor Field Effect Transistor (MOSFET) which 
exhibits two-terminal negative resistance characteristics. By 
Virtue of a bias Voltage controlled, negative resistance 
region, bistable action is obtained with a single device in 
conjunction with a resistive element. However, because the 
device uses the on-state of the FET where the threshold 
Voltage of the device is exceeded to generate negative 
resistance, there is a Standby power consumption in the order 
of W for the device. Another problem is that oxide is 
degraded over time because of injection of a significant 
number of hot carriers into the oxide. 

0007 Another NRD using a bipolar structure using the 
reverse base current phenomenon to generate negative resis 
tance is described in U.S. Pat. No. 5,060,194 (Sakai). 
However, standby power is excessive and in the order of uW 
to mW and this prevents this device from large scale 
integration. A development to this device is described in 
U.S. Pat. No. 5,594,683 (Chen). This uses a gated lateral 
bipolar device Structure which reduces the power consump 
tion in comparison with the bipolar device of Sakui. How 
ever, the Standby power consumption in this device is still of 
the order of uW. 
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SUMMARY OF THE INVENTION 

0008 According to the invention, there is provided a 
negative resistance device comprising: 

0009 a semiconductor structure comprising a semi 
conductor region of one conductivity type termed the 
bulk, a Semiconductor region of Second conductivity 
type termed the Source wholly or partially contained 
in the bulk region, a Semiconductor region of Second 
conductivity type termed the drain wholly or par 
tially contained in the bulk and a gate region over at 
least part of the bulk and being insulated from the 
bulk; 

0010 a bias means comprising means for biasing the 
Structure to exhibits negative resistance characteris 
tics, in which: 
0.011 the source and the gate region are each held 

at a fixed applied potential and the gate to Source 
applied potential difference is not greater than the 
threshold Voltage of the Structure., 

0012 the drain is held at a fixed applied potential 
which is of greater magnitude than both the gate 
applied potential and the Source applied potential; 
and 

0013 a variable bias potential is applied to the 
bulk So that as it is Swept towards the drain applied 
potential the bulk current exhibits a negative resis 
tance characteristic. 

0014. In one embodiment, the source and the gate have 
the same applied Voltage. 

0015. In another embodiment, the semiconductor struc 
ture is a MOSFET Structure. 

0016. In a further embodiment, the structure is fabricated 
using Silicon-on-insulator techniques. 
0017. In one embodiment, source doping is equivalent to 
doping in the bulk So that lateral bipolar current gain is unity. 
0018. In another embodiment, the gate is of polysilicon 
material and is doped with an equivalent level to that of the 
SOCC. 

0019. According to another aspect, the invention pro 
vides a memory circuit comprising (a) a negative resistance 
device as claimed in any preceding claim; and (b) an element 
which exhibits a positive resistance characteristic connected 
between the bulk of the device and a terminal having a fixed 
potential So that two States of the memory circuit at which 
the current through the resistor matches that through the 
bulk of the device are stable states for bistable memory 
operation. 

0020. In one embodiment, the bias means comprises an 
access transistor for the bulk terminal. 

0021. In another embodiment, the source diode of the 
access transistor acts as the positive resistance element 
0022. In a further embodiment, the access transistor is of 
the type having a Source, a drain, a gate, and a bulk, the 
circuit further comprises a load transistor providing a resis 
tive load line, and the Source of the acceSS transistor also acts 
as the bulk of the negative resistance device and the drain of 
the load transistor. 
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0023. In one embodiment, said circuit is fabricated on a 
substrate having a conductivity type different from that of 
the bulk of the negative resistance device. 
0024. In another embodiment, said circuit is fabricated 
using Silicon On Insulator Techniques. 
0.025 In a further embodiment, the means of biasing the 
bulk of the negative resistance device are different from the 
means of detecting the Stored potential in the memory. 
0.026 Preferably, the means for reading the stored poten 
tial is a gain Stage. 

DETAILED DESCRIPTION OF THE 
INVENTION 

BRIEF DESCRIPTION OF THE DRAWINGS 

0027. The invention will be more clearly understood 
from the following description of Some embodiments 
thereof, given by way of example only with reference to the 
accompanying drawings in which: 
0028 FIG. 1(a) is a schematic elevational view showing 
the physical Structure of a negative resistance device of the 
invention, and 
0029) 
0030 FIG. 2 is a plot of the simulated negative resistance 
characteristics of the device with the gate and Source 
Shorted, and 

0.031 FIG. 3 is a plot of the measured negative resistance 
characteristics of the device with the gate Voltage more 
positive than the Source Voltage; 

FIG. 1(b) is a circuit representation; 

0032 FIG. 4(a) is a diagram showing a memory circuit 
incorporating the device, and 
0033 FIG. 4(b) is a I-V plot showing stable memory 
States, 

0034 FIG. 5 is a circuit diagram of a three element, 
0.035 FIG. 6 is a diagram showing a two-element 
SRAM, and 

0036) 
SRAM; 

0037 FIG. 8(a) is a side view of an alternative structure 
and 

0038 FIGS. 8(b) and 8(c) are plan views of further 
alternative Structures. 

FIG. 7 is a diagram showing a five-element 

DESCRIPTION OF THE EMBODIMENTS 

0039) Referring to FIGS. 1(a) and 1(b), a negative resis 
tance device (NRD), of the invention comprises a MOSFET 
Structure 1 and a bias means, not shown. In this embodiment, 
the device has a p-type bulk region, however, it may 
alternatively have an n-type bulk region with appropriate 
changes to the polarity of the dopants in the Structure and the 
applied biases. Of course, for an n-type bulk region the word 
“positive' should be replaced with the word “negative' in 
the following description. 

0040. The NRD physical structure is similar to that of a 
MOSFET. It comprises a bulk 2 of p-type material and 
Source (S) and drain (D) regions of n-type material fully or 
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partially contained in the bulk. A gate region G of n type 
polysilicon is insulated from the bulk by a dielectric material 
3 of Silicon dioxide material. The gate region G extends over 
the source S and the bulk 2 which includes the junction 
between the bulk and the Source regions. The Structure 1 also 
comprises a bulk terminal 4. 
0041 AS stated above, the physical structure is similar to 
that of as a conventional MOSFET, and therefore it may be 
fabricated using conventional MOSFET production tech 
niques. This production compatibility is very advantageous, 
however alternative Structure may be used, as described 
below. 

0042. The NRD differs significantly from a conventional 
MOSFET device in the manner in which it is biased. Put 
Simply, the biasing Scheme involves fixing each of the 
Source S and the gate G at a voltage Vref with is a fixed 
fraction of a supply Vdd, and fixing the drain at Vdd. The 
bulk Voltage is controlled So that it Sweeps from approxi 
mately VSS (the most negative voltage available), through 
Vref, and towards Vdd. 
0043. In more detail, it is assumed that there is an 
external power Supply which provides two Voltages Vdd and 
Vss where Vdd is more positive than Vss and VSS may or 
may not be ground. The gate and the Source are biased at a 
voltage between Vdd and Vss, in which the applied potential 
is called Vref, where Vref may or may not be ground. The 
drain is biased at Vdd and the bulk is swept from Vss to 
above Vref. The bulk current, as measured at the bulk 
terminal 4, exhibits a negative resistance characteristic as a 
function of the applied bulk voltage. 
0044 FIG. 2 is a plot of simulated bulk current as a 
function of the bulk voltage of the device, from which it will 
be apparent that the device exhibits negative resistance. The 
applied potential values are indicated in the diagram. The 
structure of the simulated device is a nehannel MOSFET 
with length of 0.4 microns, width of ten microns and oxide 
thickness of 8 nm. The gate and Source are grounded and the 
drain is at a positive voltage Vdd. The source bulk barrier 
height at the Semiconductor Surface is reduced due to 
depletion of carriers in the bulk at the Source junction edge. 
004.5 FIG.3 shown a plot of measured characteristics for 
a device having slightly different gate and Source applied 
potentials. 

0046) The bulk current characteristic as a function of the 
bulk voltage can be divided into three main operating 
regions as follows, referring to FIG. 2. 
0047 Region I (Vbulk=Vss) 
0048. The bulk of the device is initially biased at a 
voltage called VSS (-3V) which is less positive than Vref. At 
this operation point, the bulk current comprises the Source 
and drain diode reverse leakage currents. This current is 
mainly comprised of electrons and holes which are gener 
ated in the respective Source and drain depletion regions. 
The electrons flow to the source and drain regions while the 
holes flow to the bulk electrode. As the bulk voltage 
becomes more positive, the reverse diode currents decrease 
due to a decrease in the reverse bias across the diodes. 

0049) Region II 
0050. As the bulk voltage approaches Vref and at a bulk 
Voltage which is dependent on the various dopant levels, the 
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device dimensions, and the applied biases, the reverse bias 
acroSS the Source/bulk junction becomes Sufficiently Small 
Such that a diffusion current flows from the Source to the 

bulk due to the reduced Source barrier height at the Surface. 
This diffusion current enters the drain/bulk depletion region 
where due to the applied high positive Voltage on the drain 
(Vdd) and consequent high lateral electric field, impact 
ionization occurs. This impact ionization causes electron 
hole pairs to be created. The generated holes flow to the bulk 
which causes the magnitude increase (more negative) in the 
observed bulk current shown in FIG. 2. This increase in the 
bulk current which corresponds with a decrease in the 
Voltage across the Source and drain diodes is termed nega 
tive resistance. 

0051) Region III (VbulkcVref) 

0.052 When the bulk voltage is more positive than Vref, 
a forward biased Source/bulk junction causes electrons to 
flow to the bulk and this counteracts the holes flowing from 
the drain depletion region. Hence, at Some bulk voltage 
which is dependent on the various doping levels, the device 
dimensions and the applied biases, the current again 
decreases until the currents are balanced and no bulk current 
flows. In this operating region, the device operates as a 
forward biased lateral bipolar with a forward current gain Set 
by the doping levels of the bulk and the source. The forward 
current gain is defined as the (drain) collector current 
divided by the (bulk) base current. This gain is directly 
proportional to the ratio of the doping levels in the (Source) 
emitter and (bulk) base regions. In a typical gated lateral 
bipolar device, the Source doping is orders of magnitude 
higher than the bulk doping, thus leading to a high current 
gain which is beneficial for bipolar action. 

0053. However, this bipolar action is disadvantageous in 
this device as the forward-biased source bulk diode current 
is multiplied by the current gain So that a current which is 
orders of magnitude higher flows into the drain region. This 
causes relatively large Standby power consumption which is 
disadvantageous for large-scale integration. 

0054. In order to decrease the standby power consump 
tion of the device, the Source doping is Set at the same 
magnitude as the bulk doping. In a CMOS process, this is 
achieved by masking the Source region during the high 
energy Source implant. This Sets the lateral bipolar current 
gain to be approximately unity which in turn reduces the 
power consumption of the device by orders of magnitude. 

0.055 With a high source doping, the power consumption 
of the device can be of the order of nW whereas decreasing 
the Source doping to the same as the bulk doping reduces the 
power substantially below 1 pW for a 0.4 um minimum 
feature device. This power can be further reduced by modi 
fying the geometry of the Structure which includes the 
geometry, doping levels and materials of each region and the 
permittivity and thickness of the insulator Such that the 
Surface diffusion current is minimised whilst providing 
Sufficient current to generate the negative resistance in the 
bulk of the device. 
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0056. The NRD has applications in many different areas 
of Semiconductor technology. In particular, the applications 
include the following areas: 

0057 Memory 

0.058 Microwave oscillators 
0059 Pulse generators 
0060 Amplifiers 

0061 Logic functions 

0062) Three memory circuits using the NRD are 
described below, All of these circuits are based on the 
negative resistance characteristics of the device. 
0063 Referring to FIGS. 4(a) there is illustrated a 
memory circuit with a p-type NRD and a resistor connected 
between ground and the bulk and where the gate and Source 
of the NRD are tied to a reference voltage Vref which is 
between ground and the drain potential. More generally, the 
resistor may be any element having a positive resistance 
characteristic connected between the bulk and a terminal 
with fixed potential. The fixed potential should be equal to 
or less positive than the Source potential for p type bulk 
NRD and equal to or more positive than the Source potential 
for n-type bulk NRD. The circuit also works using n-type 
NRD by changing the applied biases to the NRD. The drain 
of the NRD is at the most negative voltage Vss and the 
reference Voltage is between the applied drain potential and 
the fixed potential which may or may not be ground. 
0064. The memory shown in FIG. 4(a) is capable of two 
distinct stable states, A and C shown in FIG. 4(b). The 
operating point is determined from the resistor load-line and 
the NRD bulk I-V characteristic. This knowledge is used in 
each of the following circuits in order to realise a Static 
Random Access Memory cell using the NRD. 
0065 FIG. 5 shows a one transistor, one-resistor and 
one-NRD memory circuit 10 which allows writing and 
reading of two distinct voltages onto the bulk of the NRD 
through an acceSS transistor Q1. These voltages are Stored at 
that node due to a resistor R and the negative resistance 
operation of the NRD as described above. This memory is 
Static and does not need refresh but the memory State needs 
to be rewritten after each read operation. The access tran 
sistor must have the same bulk type as the NRD in this 
arrangement i.e. for a p-type bulk NRD, a p type bulk access 
transistor (more commonly called an nchannel MOSFET) is 
needed. 

0.066 FIG. 6 shows a one-transistor (Q1) and one NRD 
SRAM circuit 20 which allows writing and reading of two 
distinct memory States through an acceSS transistor Q1. The 
load-line for the NRD is provided by the leakage current 
flowing through the Source of the access transistor Q1. This 
memory is Static and does not need refresh but the memory 
State needs to be rewritten after each read operation. 
0067 FIG. 7 shows a three-transistor (Q1-Q3) and one 
NRD 1 and one-resistor (R) static random access memory 
circuit 30 which does not require the state to be rewritten 
after a read. Hence, this memory is considerably faster than 
the previous two circuits described but at the penalty of a 
higher cost/bit. This memory is expected to be as fast as 
present-day SRAM but uses five components instead of six. 
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The resistor may be removed and replaced by the reverse 
biased Source diode of the access transistor Q1 as illustrated 
in FIG. 6. 

0068. It will be appreciated that the invention avoids the 
problems of the prior approaches, which use a MOSFET 
operating in Saturation mode to Supply a channel current 
which causes the impact ionization near the drain edge. In 
the nMOSFET saturation mode, part of the p-type bulk 
under the channel is inverted to n-type due to a high positive 
gate-Source Voltage. The Surface current is very large (1 
uA-1 mA) and is due to a drift mechanism. These current 
levels lead to high Standby power consumption and inherent 
reliability hazard relative to the device. The reliability 
hazard is due to a Significant number of carriers that enter the 
oxide and cause traps which ultimately degrades the device 
characteristics. In our invention, no part of the bulk is 
inverted and there is no formation of a channel under the 
gate region. The generating mechanism is due to diffusion of 
carriers at the Surface. The Standby power consumption is 
extremely low (pW) and consequently there is no impedi 
ment for integrating millions of Such devices in a memory 
array. Neither is there a reliability hazard as there are no 
Significant currents flowing in the device. 
0069. The source and gate are not necessarily shorted 
together, however the potential difference should not be 
greater than the structure threshold. The threshold of a 
MOSFET Structure as shown in FIG. 1 and with Zero back 
bias (reverse bias between bulk and source) is defined as the 
applied Voltage difference between the gate and Source at 
which the channel inverts and the drain current is primarily 
due to a drift mechanism. For nMOSFETs, the value of the 
threshold voltage is typically 0.5V whereas it is -0.5V for a 
pMOSFET 
0070. With particular load-lines provided by devices such 
as reverse biased diodes, a stable State may not be present in 
Region I. Hence, Region I is not needed for the circuit to 
operate as a latch. In these cases, there can be two States in 
Region II and one State in Region III and two of these States 
are stable and one unstable as described above. 

0071. When integrating a number of such devices on a 
Single Substrate, the area of the individual bulk regions needs 
to be minimised. An advantageous technology for this 
purpose is Silicon on Insulator Technology, in which the 
devices are manufactured on an insulating Substrate and the 
bulk of each device is totally isolated from other elements on 
the Substrate. 

0.072 In standard CMOS bulk technology, trench isola 
tion should be used to isolate the bulk of the NRD element 
from other elements in the array as shown in FIG. 8(a). The 
depth of the bulk region should be minimised in order to 
reduce the depth of the trenches required. In this configu 
ration, the Substrate is of opposite type to the bulk region and 
should always be reverse biased in order to prevent latchup 
and cross-talk between NRD elements. It is noted that the 
trench depth exceeds the depth of the bulk region. However, 
this might not be possible in some particular bulk CMOS 
technologies and therefore the distance between the bulk 
regions should be Sufficient Such that there is no latchup or 
cross-talk problems. Another way to reduce the potential of 
latchup or crosstalk is to increase the dopings of the bulk and 
the Substrate So as to reduce the lateral spreading of the bulk 
regions 
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0073. An arrangement to fabricate the memory circuit of 
FIG. 5 Such that the Source of the access transistor also acts 
as the bulk of the NRD and the drain of a load transistor 
(which provides the resistive load line) is illustrated in FIG. 
8(b). The Substrate is of one conductivity type and the bulk 
of the NRD is of a second conductivity type. Of course, this 
arrangement applies equally well to Silicon On Insulator 
(SOI) technology where the substrate is insulating. In the 
case of the SOI implementation, the source and drain of the 
NRD need not be totally enclosed by the bulk of the NRD. 
Indeed, in the case of a fully depleted SOI, the bulk of the 
NRD can be totally enclosed by the source and drain regions 
as illustrated in FIG. 8(c). 
0074 The invention is not limited to the embodiments 
described, but may be varied in construction and detail 
within the Scope of the claims. For example, the resistor R 
of FIGS. 5 to 7 may be replaced by any element which 
exhibits a positive resistance characteristic. In addition, any 
means for applying a potential to the bulk of the NRD can 
be used. The material and doping of the Semiconductor 
regions may be varied and the insulating region may be 
fabricated using any insulating material and the gate region 
may be of conducting or Semiconducting material 

1. A negative resistance device comprising: 
a Semiconductor Structure comprising a Semiconductor 

region of one conductivity type termed the bulk, a 
Semiconductor region of Second conductivity type 
termed the Source wholly or partially contained in the 
bulk region, a semiconductor region of Second conduc 
tivity type termed the drain wholly or partially con 
tained in the bulk and a gate region over at least part of 
the bulk and being insulated from the bulk; 

a bias means comprising means for biasing the Structure 
to exhibits negative resistance characteristics, in which: 
the Source and the gate region are each held at a fixed 

applied potential and the gate to Source applied 
potential difference is not greater than the threshold 
Voltage of the Structure., 

the drain is held at a fixed applied potential which is of 
greater magnitude than both the gate applied poten 
tial and the Source applied potential; and 

a variable bias potential is applied to the bulk So that as 
it is Swept towards the drain applied potential the 
bulk current exhibits a negative resistance charac 
teristic. 

2. A device as claimed in claim 1, wherein the Source and 
the gate have the same applied Voltage. 

3. A device as claimed in claim 1, wherein the Semicon 
ductor structure is a MOSFET structure. 

4. A device as claimed in claim 1, wherein the Structure is 
fabricated using Silicon-on-insulator techniques. 

5. A device as claimed in claim 1, wherein Source doping 
is equivalent to doping in the bulk So that lateral bipolar 
current gain is unity. 

6. A device as claimed in claim 1, wherein the gate is of 
polysilicon material and is doped with an equivalent level to 
that of the Source. 

7. A memory circuit comprising (a) a negative resistance 
device as claimed in any preceding claim; and (b) an element 
which exhibits a positive resistance characteristic connected 
between the bulk of the device and a terminal having a fixed 
potential So that two States of the memory circuit at which 
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the current through the resistor matches that through the 
bulk of the device are stable states for bistable memory 
operation. 

8. A memory circuit as claimed in claim 7, wherein the 
bias means comprises an acceSS transistor for the bulk 
terminal. 

9. A memory circuit as claimed in claim 8, wherein the 
Source diode of the access transistor acts as the positive 
resistance element 

10. A memory circuit as claimed in claim 8, wherein the 
access transistor is of the type having a Source, a drain, a 
gate, and a bulk, the circuit further comprises a load tran 
Sistor providing a resistive load line, and the Source of the 
access transistor also acts as the bulk of the negative 
resistance device and the drain of the load transistor. 
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11. A memory circuit as claimed in claim 10, wherein Said 
circuit is fabricated on a Substrate having a conductivity type 
different from that of the bulk of the negative resistance 
device. 

12. A memory circuit as claimed in claim 10, wherein Said 
circuit is fabricated using Silicon On Insulator Techniques. 

13. A memory circuit as claimed in claim 7, wherein the 
means of biasing the bulk of the negative resistance device 
are different from the means of detecting the Stored potential 
in the memory. 

14. A memory circuit as claimed in claim 13, wherein the 
means for reading the Stored potential is a gain Stage. 


