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(57) ABSTRACT 

Amemory system includes storage cells, a respective one of 
Which is con?gured to store a ?xed charge therein When a 
Write voltage applied thereto is above a predetermined 
threshold voltage and to discharge the ?xed charge there 
from When the Write voltage applied thereto is beloW the 
threshold voltage. The storage cells may be charged and/or 
discharged at a latency that is a function of a voltage 
diiTerential between the Write voltage and the threshold 
voltage. A variable-latency Write circuit for the storage cells 
is con?gured to dynamically vary the voltage diiTerential 
between the Write voltage and the threshold voltage to 
provide a variable-latency Write operation that stores the 
?xed charge therein or discharges the ?xed charge there 
from. Related methods are also discussed. 
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SYSTEMS, METHODS AND DEVICES FOR 
PROVIDING VARIABLE-LATENCY WRITE 
OPERATIONS IN MEMORY DEVICES 

FIELD OF THE INVENTION 

[0001] The present invention relates to memory devices, 
and more particularly, to power management in memory 
devices. 

BACKGROUND OF THE INVENTION 

[0002] Traditionally, semiconductor materials, such as 
silicon, have been used to implement memory circuits. 
Typically, the semiconductor materials are used in combi 
nation With dielectric and conductive materials to fashion 
transistors, capacitors, resistors, inductors and other basic 
circuit elements, Which are arranged in various combina 
tions to form memory cells and other components of 
memory devices. 

[0003] Other types of materials are currently being inves 
tigated to replace semiconductor materials in memory 
devices and other electronics applications, due to the ongo 
ing desire to produce electronic devices With greater infor 
mation storage density, loWer cost, higher speed, and/or 
other desirable characteristics. Such neW materials may 
include organic molecular materials that can store informa 
tion by taking on various oxidation states in response to 
applied signals. Such materials offer potentially higher com 
ponent density, response speeds, and/or energy e?iciency in 
memory applications. 

[0004] A variety of approaches have been proposed for 
such molecular memory devices. For example, ZettaRAMTM 
is an emerging technology Which may replace conventional 
dynamic random-access memory (DRAM) in computer and/ 
or other memory systems. In ZettaRAMTM, the conventional 
capacitor in a DRAM cell may be replaced With “charge 
storage” molecules to form a molecular capacitor. The 
amount of charge stored in the molecular capacitor is 
independent of Write voltage. In other Words, there is a 
predetermined threshold voltage above Which the device 
stores a ?xed amount of charge, and beloW Which the device 
discharges the ?xed amount of charge. A logical “1” may be 
Written by charging the molecules at a voltage above the 
threshold voltage, also called programming. A logical “0” 
may be Written by discharging the molecules at a voltage 
beloW the threshold voltage, also called erasing. Further 
description of molecular memory devices can be found in 
US. Pat. No. 6,212,093 to Lindsey, US. Pat. No. 6,272,038 
to Clausen et al., and US. Patent Application Publication 
No. 2004/0120180 to Rotenberg et al. 

[0005] Recently, numerous studies have been performed 
on energy management in memory systems. LoW-poWer 
memory systems may be desirable for a Wide range of 
computers and other electronics, such as cell phones, per 
sonal digital assistants (PDAs), portable consumer electron 
ics, laptops, and/or other battery-constrained electronic 
devices. For example, energy management schemes have 
been proposed based on sWitching betWeen different device 
operating modes, such as active, standby, nap, and poWer 
doWn. Additional description of such energy management 
schemes can be found in “Scheduler-based DRAM Energy 
Management” by V. DelaluZ, A. Sivasubramaniam, M. Kan 
demir, N. Vijaykrishnan, and M. J. IrWin, Design Automa 
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tion Conference, June 2002, and in “Memory Controller 
Policies for DRAM PoWer Management” by X. Pan, C. S. 
Ellis, and A. R. Lebeck, Int’l Symposium on LoW PoWer 
Electronics and Design, August 2001. 

[0006] Also, techniques have been proposed to reduce 
row-buffer con?icts and increase roW bulfer hit rates, such as 
those described in “A Permutation-based Page Interleaving 
Scheme to Reduce RoW-bulfer Con?icts and Exploit Data 
Locality” by Z. Zhang, Z. Zhu, and X. Zhang, 33rd Int’l 
Symposium on Microarchitecture, December 2000, pp. 
32-41. This in turn may result in feWer bitline state transi 
tions, because data may remain in the roW buffer for a longer 
period of time. As recogniZed in “Trends in LoW-PoWer 
RAM Circuit Technologies” by K. Itoh, K. Sasaki, and Y. 
Nakagome, Proc. of the IEEE, 83(4), April 1995, pp. 524 
543, bitline energy consumption may be a major component 
of total memory system energy consumption, thereby lead 
ing to reduced energy consumption in main memory. Further 
details regarding bitline energy consumption can be found in 
“VLSI Memory Chip Design” by K. Itoh, Springer Series in 
Advanced Microelectronics, 2001, pp. 117-123. 

SUMMARY OF THE INVENTION 

[0007] Some embodiments of the present invention pro 
vide a memory system including a plurality of storage cells. 
A respective one of the storage cells is con?gured to store a 
?xed charge therein When a Write voltage applied thereto is 
above a predetermined threshold voltage, and discharge the 
?xed charge therefrom When the Write voltage applied 
thereto is beloW the threshold voltage. The storage cell is 
charged and/or discharged at a latency that is a function of 
a voltage differential betWeen the Write voltage and the 
threshold voltage. The memory system further includes a 
variable-latency Write circuit for the plurality of storage 
cells. The variable-latency Write circuit may be con?gured to 
dynamically vary the voltage differential betWeen the Write 
voltage and the threshold voltage to provide a variable 
latency Write operation that stores the ?xed charge therein or 
discharges the ?xed charge therefrom. 

[0008] In some embodiments, the variable-latency Write 
circuit may be con?gured to dynamically vary the Write 
voltage applied to the storage cell responsive to a control 
signal from a processing device. More particularly, the 
variable-latency Write circuit may be con?gured to provide 
the Write voltage at a ?rst voltage differential from the 
threshold voltage responsive to a ?rst control signal from the 
processing device, and provide the Write voltage at a second 
voltage differential from the threshold voltage that is greater 
than the ?rst voltage differential responsive to a second 
control signal from the processing device. The ?rst control 
signal may indicate that the Write operation does not delay 
operations of the processing device. The second control 
signal may indicate that the Write operation delays opera 
tions of the processing device. The variable-latency Write 
circuit may be con?gured to provide the Write voltage at the 
?rst voltage differential to increase latency of the Write 
operation and reduce poWer consumption of the storage cell 
and/or the memory system relative to that at the second 
voltage differential. Further, the variable-latency Write cir 
cuit may be con?gured to provide the Write voltage at the 
second voltage differential to reduce latency of the Write 
operation relative to that at the ?rst voltage differential. 

[0009] Other embodiments of the invention combine the 
memory system With the processing device. The processing 
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device may include a central processing unit and a cache 
memory device. The ?rst control signal may be a Writeback 
request, and the second control signal may be a fetch 
request. The Writeback request may be received at the 
variable-latency Write circuit When a corresponding block of 
the cache memory device has been modi?ed and is evicted 
from the cache memory device. The block of the cache 
memory device may be evicted When it is a least-recently 
used (LRU) block. The processing unit may further include 
a memory controller having a memory request queue 
therein. The variable-latency Write circuit may be con?gured 
to provide the Write voltage at the second voltage differential 
When the memory request queue includes a fetch request 
and/or more than one Writeback request. The plurality of 
storage cells may de?ne a DRAM device, and the Write 
voltage may be an applied bitline voltage. The DRAM 
device may include a roW bulfer therein, and the variable 
latency Write circuit may be further con?gured to provide 
the Write voltage at the ?rst voltage differential and/or at the 
second voltage differential responsive to a roW bulfer miss. 

[0010] In some embodiments of the present invention, the 
storage cells may include a charge storage molecule. For 
example, the charge storage molecule may be a porphyrin 
molecule and/or a ferrocene molecule. The charge storage 
molecule may be con?gured to store a ?xed charge therein 
When the Write voltage is above the threshold voltage, and 
discharge the ?xed charge therefrom When the Write voltage 
is beloW the threshold voltage. The threshold voltage may be 
de?ned by an oxidation potential for the charge storage 
molecule. 

[0011] Some embodiments of the present invention pro 
vide a device for Writing to a plurality of storage cells. The 
storage cells are con?gured to store a ?xed charge therein 
When a Write voltage applied thereto is above a threshold 
voltage, and discharge the ?xed charge therefrom When the 
Write voltage applied thereto is beloW the threshold voltage. 
The device includes a variable-latency Write circuit for the 
plurality of storage cells that is con?gured to dynamically 
vary a voltage differential betWeen the Write voltage and the 
threshold voltage to provide a variable-latency Write opera 
tion that stores the ?xed charge in the storage cells or 
discharges the ?xed charge therefrom. 

[0012] Some embodiments of the present invention pro 
vide methods of performing Write operations in a memory 
device. The memory device may include a plurality of 
storage cells, a respective one of Which is con?gured to store 
a ?xed charge therein When a Write voltage applied thereto 
is above a threshold voltage, and discharge the ?xed charge 
therefrom When the Write voltage applied thereto is beloW 
the threshold voltage. These methods include dynamically 
varying a voltage differential betWeen the Write voltage and 
the threshold voltage to perform a variable-latency Write 
operation that stores the ?xed charge in the respective one of 
the storage cells or discharges the ?xed charge therefrom. 

[0013] Further embodiments of the present invention pro 
vide for dynamically varying the voltage differential by 
dynamically varying the Write voltage applied to the storage 
cell responsive to receiving a control signal. More speci? 
cally, dynamically varying the Write voltage may include 
providing the Write voltage at a ?rst voltage differential from 
the threshold voltage responsive to a ?rst control signal, and 
providing the Write voltage at a second voltage differential 
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from the threshold voltage that is greater than the ?rst 
voltage differential responsive to a second control signal. 
The Write voltage may be provided at the ?rst voltage 
differential When the Write operation does not delay opera 
tions of a processing device, to perform an increased-latency 
Write operation and reduce poWer consumption of the stor 
age cell relative to that at the second voltage differential. In 
contrast, the Write voltage may be provided at the second 
voltage differential When the Write operation delays opera 
tions of the processing device, to perform a reduced-latency 
Write operation relative to that at the ?rst voltage differential. 

[0014] Other embodiments of the present invention pro 
vide that the ?rst control signal may be a Writeback request, 
and the second control signal may be a fetch request. The 
Write voltage may be provided at the ?rst voltage differential 
and/or at the second voltage differential responsive to a 
cache miss. The Write voltage may also be provided at the 
?rst voltage differential and/or at the second voltage differ 
ential responsive to a roW bulfer miss in a roW buffer of the 
memory device. The Write voltage may be provided at the 
second voltage differential When a memory request queue in 
a memory controller includes a fetch request and/or more 
than one Writeback request. The Writeback request may be 
received When a corresponding block of cache memory has 
been modi?ed and is evicted from the cache memory device. 
The block of the cache memory device may be evicted When 
it is a least-recently-used (LRU) block. 

[0015] Still other embodiments of the present invention 
provide storage cells that may include a charge storage 
molecule having a predetermined oxidation potential. For 
example, the charge storage molecule may be a porphyrin 
molecule and/or a ferrocene molecule. The voltage differ 
ential may be dynamically varied by dynamically varying a 
voltage differential betWeen the Write voltage and an oxi 
dation potential of the charge storage molecule to perform a 
variable-latency Write operation that stores the ?xed charge 
in the charge storage molecule or discharges the ?xed charge 
therefrom. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a block diagram illustrating memory 
systems and related devices and methods according to some 
embodiments of the present invention. 

[0017] FIG. 2 is a block diagram further illustrating 
memory systems and related devices and methods according 
to some embodiments of the present invention. 

[0018] FIGS. 3A to 3C are detailed block diagrams fur 
ther illustrating memory systems, devices, and methods 
according to some embodiments of the present invention. 

[0019] FIG. 4 is a ?owchart illustrating exemplary opera 
tions for performing Write operations in a memory device 
according to some embodiments of the present invention. 

[0020] FIG. 5 is a ?owchart further illustrating exemplary 
operations for performing Write operations in a memory 
device according to some embodiments of the present inven 
tion. 

[0021] FIG. 6 is a graph illustrating device characteristics 
of a conventional DRAM capacitor. 

[0022] FIGS. 7 and 8 are graphs illustrating device char 
acteristics of a molecular capacitor. 
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[0023] FIG. 9 illustrates a porphyrin molecule that may be 
used in memory systems, devices, and methods according to 
some embodiments of the present invention. 

[0024] FIG. 10A is a schematic diagram illustrating a 
SPICE device model of a molecular capacitor that may be 
used in memory systems, devices, and methods according to 
some embodiments of the present invention. 

[0025] FIG. 10B is a schematic diagram illustrating a 
SPICE device model of a molecular memory circuit that 
may be used in memory systems, devices, and methods 
according to some embodiments of the present invention. 

[0026] FIG. 10C is a schematic diagram illustrating a 
SPICE device model of conventional DRAM circuit. 

[0027] FIG. 11 is a graph illustrating Write voltages in a 
conventional DRAM capacitor. 

[0028] FIG. 12 is a graph illustrating read latency in a 
conventional DRAM capacitor. 

[0029] FIG. 13 is a graph illustrating Write voltages in a 
molecular capacitor that may be used in memory systems, 
devices, and methods according to some embodiments of the 
present invention. 

[0030] FIG. 14 is a graph illustrating Write latency in a 
molecular capacitor that may be used in memory systems, 
devices, and methods according to some embodiments of the 
present invention. 

[0031] FIG. 15 is a graph illustrating retention times in a 
conventional DRAM capacitor and in a molecular capacitor 
that may be used in memory systems, devices, and methods 
according to some embodiments of the present invention. 

[0032] FIG. 16 is a block diagram illustrating an inter 
leaved molecular memory system that may be used in 
memory systems, devices, and methods according to some 
embodiments of the present invention. 

[0033] FIG. 17A is a graph illustrating bitline energy 
consumption for conventional DRAM. 

[0034] FIG. 17B is a graph illustrating total execution 
times for application programs in a system employing 
conventional DRAM. 

[0035] FIG. 18A is a graph illustrating normaliZed bitline 
energy consumption at various Write voltages for a molecu 
lar memory device that may be used in memory systems, 
devices, and methods according to some embodiments of the 
present invention. 

[0036] FIG. 18B is a graph illustrating normaliZed execu 
tion times for application programs at various Write voltages 
in a molecular memory device that may be used in memory 
systems, devices, and methods according to some embodi 
ments of the present invention. 

[0037] FIG. 19A is a graph illustrating percentages of 
closed pages due to Writeback and fetch requests in a 
conventional memory device. 

[0038] FIG. 19B is a graph illustrating roW bulfer hit rates 
for Writeback and fetch requests in a conventional memory 
device. 

[0039] FIG. 20A is a graph illustrating normaliZed bitline 
energy consumption for a molecular memory device 
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employing exemplary operations for performing Write 
operations according to some embodiments of the present 
invention. 

[0040] FIG. 20B is a graph illustrating normaliZed execu 
tion times for application programs in a system employing 
molecular memory devices and exemplary operations for 
performing Write operations according to some embodi 
ments of the present invention. 

[0041] FIG. 21A is a graph illustrating arrival time for a 
next memory request in a molecular memory device 
employing exemplary operations for performing Write 
operations according to some embodiments of the present 
invention. 

[0042] FIG. 21B is a graph illustrating arrival time for a 
next memory request in a molecular memory device 
employing eager Writeback functionality in conjunction With 
exemplary operations for performing Write operations 
according to some embodiments of the present invention. 

[0043] FIG. 22A is a graph illustrating normalized bitline 
energy consumption for a molecular memory device 
employing eager Writeback functionality in conjunction With 
exemplary operations for performing Write operations 
according to some embodiments of the present invention. 

[0044] FIG. 22B is a graph illustrating normaliZed execu 
tion times for application programs in a system employing 
molecular memory devices and eager Writeback functional 
ity in conjunction With exemplary operations for performing 
Write operations according to some embodiments of the 
present invention. 

[0045] FIG. 23 is a graph illustrating a percentage 
increase in the number of L2 Writeback requests in a 
molecular memory device employing eager Writeback func 
tionality in conjunction With exemplary operations for per 
forming Write operations according to some embodiments of 
the present invention. 

[0046] FIG. 24 is a graph illustrating a percentage 
increase in execution time in a molecular memory device 
employing exemplary operations for performing Write 
operations according to some embodiments of the present 
invention When memory access reordering is disabled. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

[0047] The present invention noW Will be described more 
fully hereinafter With reference to the accompanying ?gures, 
in Which embodiments of the invention are shoWn. This 
invention may, hoWever, be embodied in many alternate 
forms and should not be construed as limited to the embodi 
ments set forth herein. 

[0048] Accordingly, While the invention is susceptible to 
various modi?cations and alternative forms, speci?c 
embodiments thereof are shoWn by Way of example in the 
draWings and Will herein be described in detail. It should be 
understood, hoWever, that there is no intent to limit the 
invention to the particular forms disclosed, but on the 
contrary, the invention is to cover all modi?cations, equiva 
lents, and alternatives falling Within the spirit and scope of 
the invention as de?ned by the claims. Like numbers refer 
to like elements throughout the description of the ?gures. As 
used herein the term “and/or” includes any and all combi 
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nations of one or more of the associated listed items and may 
be abbreviated by “/”. In addition, the singular forms “a”, 
“an ” and “the” are intended to include the plural forms as 

Well, unless the context clearly indicates otherwise. 

[0049] The present invention is described beloW With 
reference to block diagrams and/or ?owchart illustrations of 
systems, devices, and/or methods according to embodiments 
of the invention. It should be noted that in some alternate 
implementations, the functions/acts noted in the blocks may 
occur out of the order noted in the ?oWcharts. For example, 
tWo blocks shoWn in succession may in fact be executed 
substantially concurrently or the blocks may sometimes be 
executed in the reverse order, depending upon the function 
ality/acts involved. 

[0050] It Will also be understood that although the terms 
?rst, second, etc. are used herein to describe various ele 
ments, these elements should not be limited by these terms. 
These terms are only used to distinguish one element or 
embodiment from another element or embodiment. Thus, a 
?rst element or embodiment could be termed a second 
element or embodiment, and similarly, a second element or 
embodiment may be termed a ?rst element or embodiment 
Without departing from the teachings of the present inven 
tion. 

[0051] Unless otherWise de?ned, all terms (including tech 
nical and scienti?c terms) used herein have the same mean 
ing as commonly understood by one of ordinary skill in the 
art to Which this invention belongs. It Will be further 
understood that terms, such as those de?ned in commonly 
used dictionaries, should be interpreted as having a meaning 
that is consistent With their meaning in the context of the 
relevant art and Will not be interpreted in an idealiZed or 
overly formal sense unless expressly so de?ned herein. 

[0052] FIG. 1 is a block diagram illustrating memory 
systems, devices, and/or methods according to some 
embodiments of the present invention. As shoWn in FIG. 1, 
a memory system 100 may include a processing device 120, 
a plurality of storage cells 130, and a variable-latency Write 
circuit 140. Each storage cell is con?gured to store a ?xed 
charge When a Write voltage that is above a predetermined 
threshold voltage is applied to the storage cell. Similarly, 
each storage cell is con?gured to discharge the ?xed charge 
When the applied Write voltage is beloW the threshold 
voltage. For example, in some embodiments, the storage 
cells 130 may be charge storage molecules, such as porphy 
rin molecules and/or ferrocene molecules, that are con?g 
ured to store a ?xed charge When the Write voltage is above 
an oxidation potential for the molecules and discharge the 
?xed charge When the Write voltage is beloW the oxidation 
potential. The storage cells 130 are charged and/or dis 
charged at a latency that is a function of a voltage differential 
betWeen the Write voltage and the threshold voltage. More 
particularly, the storage cells 130 may be charged/dis 
charged at a faster rate as the voltage differential betWeen the 
Write voltage and the threshold voltage is increased. Like 
Wise, the storage cells 130 may be charged/discharged at a 
sloWer rate as the voltage differential betWeen the Write 
voltage and the threshold voltage is decreased. Although 
discussed herein With reference to particular Write and 
threshold voltages, charge storage molecules in accordance 
With embodiments of the present invention may be engi 
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neered to be charged/discharged above/beloW various 
threshold voltages, depending on the desired characteristics 
for a particular application. 

[0053] Still referring to FIG. 1, the variable-latency Write 
circuit 140 for the plurality of storage cells is con?gured to 
dynamically vary the voltage differential betWeen the Write 
voltage and the threshold voltage to provide a variable 
latency Write operation that stores and/or discharges the 
?xed charge. More particularly, the variable-latency Write 
circuit 140 is con?gured to provide a hybrid Write policy by 
dynamically varying the Write voltage 150 applied to the 
storage cells responsive to a control signal 160 from the 
processing device 120. For example, the variable-latency 
Write circuit 140 may be con?gured to provide the Write 
voltage 150 at a ?rst voltage differential from the threshold 
voltage responsive to a ?rst control signal from the process 
ing device 120, and provide the Write voltage 150 at a second 
voltage differential from the threshold voltage that is greater 
than the ?rst voltage differential responsive to a second 
control signal from the processing device 120. The ?rst 
control signal may indicate that the Write operation does not 
delay operations of the processing device 120, While the 
second control signal may indicate that the Write operation 
delays operations of the processing device 120. As such, the 
variable-latency Write circuit 140 may provide the Write 
voltage 150 at the ?rst voltage differential to reduce poWer 
consumption of the storage cells and/or the memory system 
by increasing latency of the Write operation. Alternatively, 
the variable-latency Write circuit 140 may provide the Write 
voltage 150 at the second voltage differential to reduce 
latency of the Write operation and thereby minimize Wait 
time for the processing device 120. Note that, although only 
Write operations have been described herein thus far, a read 
operation may be analogous to Writing a “0”, i.e., by 
discharging the desired storage cell. 

[0054] FIG. 2 is a block diagram further illustrating 
memory systems according to some embodiments of the 
present invention. Referring to FIG. 2, a memory system 
200 includes a processing device 205, a memory controller 
210, and a memory device 215. The memory device 215 
includes a plurality of storage cells con?gured to be charged 
or discharged When an applied Write voltage is above or 
beloW a predetermined threshold voltage, as described 
above. In some embodiments, the memory device 215 may 
be a dynamic random access memory (DRAM) device, and 
the storage cells may be charge storage molecules that are 
used to replace the conventional capacitors in a DRAM 
device. As such, the memory device 215 may be considered 
a molecular memory device. 

[0055] The processing device 205 includes a central pro 
cessing unit (CPU) 220 and cache memory. In particular, the 
processing device 205 includes Level 1 (L1) cache 225 and 
Level 2 (L2) cache 230. As the CPU 220 typically operates 
much faster than the memory device 215, memory access 
time may be a bottleneck for overall performance. As a 
result, an application might spend a considerable amount of 
time Waiting for data from the memory device 215. The 
cache memory 225 and 230 provides smaller, high-speed 
buffer memory betWeen the CPU 220 and the memory 
device 215. Accordingly, data may be fetched from the cache 
225 or 230 instead of from the memory device 215. Thanks 
to the shorter access time betWeen the cache and the CPU 
220, performance may be improved. The operation and 




























