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Chapter 
2 

The DRAM Array 
This chapter begins a more detailed examination of standard DRAM array 
elements. This examination is necessary for a clear understanding of funda-
mental DRAM elements and how they are used in memory block construc-
tion. A common point of reference is required before considering the 
analysis of competing array architectures. Included in this chapter is a 
detailed discussion of mbits, array configurations, sense amplifier elements, 
and row decoder elements. 

2.1 THE MBIT CELL 

The primary advantage of DRAM over other types of memory technology 
is low cost. This advantage arises from the simplicity and scaling character-
istics of its lTIC memory cell [1]. Although the DRAM mbit is simple con-
ceptually, its actual design and implementation are highly complex. 
Therefore, successful, cost-effective DRAM designs require a tremendous 
amount of process technology. 

Figure 2.1 presents the layout of a modem buried capacitor DRAM 
mbit pair. (Buried means that the capacitor is below the digitline.) This type 
of mbit is also referred to as a bitline over capacitor (BOC) cell. Because 
sharing a contact significantly reduces overall cell size, DRAM mbits are 
constructed in pairs. In this way, a digitline contact can be shared. The mbits 
comprise an active area rectangle (in this case, an n+ active area), a pair of 
polysilicon wordlines, a single digitline contact, a metal or polysilicon dig-
itline, and a pair of cell capacitors formed with an oxide-nitride-oxide 
dielectric between two layers of polysilicon. For most processes, the word-
line polysilicon is silicided to reduce sheet resistance, permitting longer 
wordline segments without reducing speed. The mbit layout, as shown in 
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34 Chap. 2 The DRAM Array 

Figure 2.1, is essentially under the control of process engineers, for every 
aspect of the mbit must meet stringent performance and yield criteria. 

Metal1 
:rJ,P...,.,..,A-b., -rii,,<,,-,,...,.,.,~t7llf digitli ne 

N+ active area Wordl ines 
(poly1) 

Figure 2.1 Mbit pair layout. 

A small array of mbits appears in Figure 2.2. This figure is useful to 
illustrate several features of the mbit. First, note that the digitline pitch 
(width plus space) dictates the active area pitch and the capacitor pitch. Pro-
cess engineers adjust the active area width and the field oxide width to max-
imize transistor drive and minimize transistor-to-transistor leakage. Field 
oxide technology greatly impacts this balance. A thicker field oxide or a 
shallower junction depth affords a wider transistor active area. Second, the 
wordline pitch (width plus space) dictates the space available for the digit-
line contact, transistor length, active area, field poly width, and capacitor 
length. Optimization of each of these features by process engineers is neces-
sary to maximize capacitance, minimize leakage, and maximize yield. Con-
tact technology, subthreshold transistor characteristics, photolithography, 
and etch and film technology dictate the overall design. 

Figure 2.2 Layout to show array pitch. 

At this point in the discussion, it is appropriate to introduce the concept 
of feature size and how it relates to cell size. The mbit shown in Figures 2.1 
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Sec. 2.1 The Mbit Cell 35 

and 2.2 is by definition an eight-square feature cell (8f2) [21[3]. The 
intended definition of feature (F) in this case is minimum realizable process 
dimension but in fact equates to a dimension that is one-half the wordline 
(row) or digitline (column) pitch. A 45 nm process having wordline and 
digitline pitches of 100 nm yields an mbit size that is 

2 (8) · 50nm = 0.02µm 

(2.1) 

It is easier to explain the 8f2 designation with the aid of Figure 2.3. An 
imaginary box drawn around the mbit defines the cell's outer boundary. 
Along the x-axis, this box includes one-half digitline contact feature, one 
wordline feature, one capacitor feature, one field poly feature, and one-half 
poly space feature for a total of four features. Along the y-axis, this box 
contains two one-half field oxide features and one active area feature for a 
total of two features. The area of the mbit is therefore 

4F· 2F = 8V 

'hf 1F 1F 1F YzF 
1------1 4F 

Figure 2.3 Layout to show 8F2 derivation. 

(2.2) 
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36 Chap. 2 The DRAM Array 

The folded array architecture, as shown in Figure 2.2, always produces 
an 8f2 mbit. This results from the fact that each wordline connects or forms 
a crosspoint with an mbit transistor on every other digitline and must pass 
around mbit transistors as field poly on the remaining digitlines. The field 
poly in each mbit cell adds. two square features to what would have been a 
6F2 cell. Although the folded array yields a cell that is 25% larger than other 
array architectures, it also produces superior signal-to-noise performance, 
especially when combined with some form of digitline twisting [4]. Supe-
rior low-noise performance made folded array architecture the architecture 
of choice since the 64kbit generation [5]. 

A folded array is schematically depicted in Figure 2.4. Sense amplifier 
circuits placed at the edge of each array connect to both true and comple-
ment digitlines (D and D*) coming from a single array. Optional digitline 
pair twisting in one or more positions reduces and balances the coupling to 
adjacent digitline pairs and improves overall signal-to-noise characteristics 
[4]. Figure 2.5 shows the variety of twisting schemes used throughout the 
DRAM industry [6]. 

Sense 
amps 
• • • 

Sense 
amps 
• . . • 

Figure 2.4 Folded digitline array schematic. 
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Sec. 2.1 The Mbit Cell 37 

Ideally, a twisting scheme equalizes the coupling terms from each digit-
line to all other digitlines, both true and complement. If implemented prop-
erly, the noise terms cancel or at least produce only common-mode noise to 
which the differential sense amplifier is more immune. 

Each digitline twist region consumes valuable silicon area. Thus, design 
engineers resort to the simplest and most efficient twisting scheme to get the 
job done. Because the coupling between adjacent metal lines is inversely 
proportional to the line spacing, the signal-to-noise problem gets increas-
ingly worse as DRAMs scale to smaller and smaller dimensions. Hence, the 
industry trend is toward use of more complex twisting schemes on succeed-
ing generations [6][7]. 

____ [> 
<:] No twist 

----C> 
----C> <:J ___ _,,X'---- Single standard twist 

----C> 
U4 U4)( U4 U4t> = Triple standard twist 

-~>< t> 
<:] 1' C> [> Complex twist <:] 

<] i> 
Single modified twist 

<] :r> 
x )CJ> 

Triple modified twist x )CJ> 
Figure 2.5 Digitline twisting scheme. 
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38 Chap. 2 The DRAM Array 

An alternative to the folded array architecture, popular prior to the 
64kbit generation [ 1 ], was the open digitline architecture. Seen schemati-
cally in Figure 2.6, this architecture also features the sense amplifier circuits 
between two sets of arrays [8]. Unlike the folded array, however, true and 
complement digitlines (D and D*) connected to each sense amplifier pair 
come from separate arrays [9]. This arrangement precludes using digitline 
twisting to improve signal-to-noise performance, which is the prevalent rea-
son why the industry switched to folded arrays. Note that unlike the folded 
array architecture, each wordline in an open digitline architecture connects 
to mbit transistors on every digitline, creating crosspoint-style arrays. 

This feature permits a 25% reduction in mbit size to only 6F2 because 
the wordlines do not have to pass alternate mbits as field poly. The layout 
for an array of standard 6F2 mbit pairs is shown in Figure 2.7 [2]. A box is 
drawn around one of the mbits to show the 6F2 cell boundary. Again, two 
mbits share a common digitline contact to improve layout efficiency. While 
folded array architectures were used extensively in second-generation 
DRAMs [8] and the open array architectures, as just mentioned were used 
extensively in first-generation DRAMs, the third-generation designs are 
seeing a return to the open architecture. As the device/array size continue to 
shrink with scaling, the effects of coupled noise on the arrays is reduced, 
which makes the open array architecture both viable and preferable ( due to 
the reduced size). 

Figure 2.6 Open digitline array schematic. 
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Sec. 2.1 The Mbit Cell 

Wordline (poly) Digitline (metal) 

Active area Digitline 
contact 

Capacitor 

A1"7~7\ I 1 F 
- - - -: !Y,F 

- ------j Y,F 
'hF 1F 1F 'hF 

Figure 2. 7 Open digitline array layout. 
(Feature size, F, is equal to one-half digitline pitch.) 

39 

Digitline capacitive components, contributed by each mbit, include 
junction capacitance, digitline-to-cellplate (poly3), digitline-to-wordline, 
digitline-to-digitline, digitline-to-substrate, and, in some cases, digitline-to-
storage cell (poly2) capacitance. Therefore, each mbit connected to the dig-
itline adds a specific amount of capacitance to the digitline. Most modern 
DRAM designs have no more than 512 mbits connected to a digitline seg-
ment. 

Two factors dictate this quantity. First, for a given cell size, as deter-
mined by row and column pitches, a maximum storage capacitance can be 
achieved without resorting to exotic processes or excessive cell height. For 
processes in which the digitline is above the storage capacitor (buried 
capacitor), contact technology determines the maximum allowable cell 
height. This fixes the volume available (cell area multiplied by cell height) 
in which to build the storage capacitor. Second, as the digitline capacitance 
increases, the power associated with charging and discharging this capaci-
tance during Read and Write operations increases. Any given wordline 
essentially accesses (crosses) all of the columns within a DRAM. For a 256-
Meg DRAM, each wordline crosses 16,384 columns. With a multiplier such 
as that, it is easy to appreciate why limits to digitline capacitance are neces-
sary to keep power dissipation low. 
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40 Chap. 2 The DRAM Array 

Figure 2.8 presents a process cross section for the buried capacitor mbit 
depicted in Figure 2.2, and Figure 2.9 shows a SEM image of the buried 
capacitor mbit. This type of mbit, employing a buried capacitor structure, 
places the digitline physically above the storage capacitor [IO]. The digit-
line is constructed from either metal or polycide, while the digitline contact 
is formed using a metal or polysilicon plug technology. The mbit capacitor 
is formed with polysilicon (poly2) as the bottom plate, an oxide-nitride-
oxide (ONO) dielectric, and a sheet of polysilicon (poly3). This top sheet of 
polysilicon becomes a common node shared by all mbit capacitors. The 
capacitor shape can be simple, such as a rectangle, or complex, such as con-
centric cylinders or stacked discs. The most complex capacitor structures 
are the topic of many DRAM process papers [11][12][13]. 

Digitline 

Interlayer dielectric ONO dielectric 

P-substrate 

Figure 2.8 Buried capacitor cell process cross section. 

Figure 2.9 Buried capacitor cell process SEM image. 

Poly3 
cellplate 

The ONO dielectric undergoes optimization to achieve maximum 
capacitance with minimum leakage. It must also tolerate the maximum 
DRAM operating voltage without breaking down. For this reason, the cell-
plate (poly3) is normally biased at + V ccl2 V, ensuring that the dielectric 
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Sec. 2.1 The Mbit Cell 41 

has no more than Vcc/2 V across it for either stored logic state, a logic one 
at+ Vcc/2 Vora logic zero at-Vcc/2 V. 

Two other basic mbit configurations are used in the DRAM industry. 
The first, shown in Figures 2.10, 2.11, and 2.12, is referred to as a buried 
digitline or capacitor over bitline (COB) cell (14)(15]. The digitline in this 
cell is almost always formed of polysilicon rather than of metal. 

Digitline contact 

Figure 2.10 Buried digitline Mbit cell layout. 

Interlayer dielectric 

P-substrate Field poly N+ active area 

Figure 2.11 Buried digitline mbit process cross section. 

Poly3 
cellplate 
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42 Chap. 2 The DRAM Array 

Figure 2.12 Buried digitline Mbit process SEM image. 

As viewed from the top, the active area is normally bent or angled to 
accommodate the storage capacitor contact that must drop between digit-
lines. An advantage of the buried digitline cell over the buried capacitor cell 
of Figure 2.8 is that its digitline is physically very close to the silicon sur-
face, making digitline contacts much easier to produce. The angled active 
area, however, reduces the effective active area pitch, constraining the isola-
tion process even further. In buried digitline cells, it is also very difficult to 
form the capacitor contact. Because the digitline is at or near minimum 
pitch for the process, insertion of a contact between digitlines can be diffi-
cult. 

Figures 2.13 and 2.14 present a process cross section of the third type of 
mbit used in the construction of DRAMs. Using trench storage capacitors, 
this cell is accordingly called a trench cell [ 12)[ 13]. Trench capacitors are 
formed in the silicon substrate, rather than above the substrate, after etching 
deep holes into the wafer. The storage node is a doped polysilicon plug, 
which is deposited in the hole following growth or deposition of the capaci-
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tor dielectric. Contact between the storage node plug and the transistor drain 
is usually made through a poly strap. 

Interlayer dielectric 

Substrate or well 

Poly storage node 

ONO dielectric 

Heavily doped-\ 
substrate region \.. ... .. ·· 

Figure 2.13 Trench capacitor Mbit process cross section. 

- -' ' . ' . . . ' . .. .. . . 

Figure 2.14 Trench capacitor Mbit process SEM image. 

With most trench capacitor designs, the substrate serves as the com-
mon-node connection to the capacitors, preventing the use of +Vcc/2 bias 
and thinner dielectrics. The substrate is heavily doped around the capacitor 
to reduce resistance and improve the capacitor's CV characteristics. A real 
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advantage of the trench cell is that the capacitance can be increased by 
merely etching a deeper hole into the substrate [ 16). 

Furthermore, the capacitor does not add stack height to the design, 
greatly simplifying contact technology. The disadvantage of trench capaci-
tor technology is the difficulty associated with reliably building capacitors 
in deep silicon holes and connecting the trench capacitor to the transistor 
drain terminal. 

2.2 THE SENSE AMP 

The term sense amplifier actually refers to a collection of circuit elements 
that pitch up to the digitlines of a DRAM array. This collection most gener-
ally includes isolation transistors, devices for digitline equilibration and 
bias, one or more Nsense amplifiers, one or more Psense amplifiers, and 
devices connecting selected digitlines to I/0 signal lines. All of the circuits 
along with the wordline driver circuits, as discussed in Section 2.3, are 
called pitch cells. This designation comes from the requirement that the 
physical layout for these circuits is constrained by the digitline and wordline 
pitches of an array of mbits. For example, the sense amplifiers for a specific 
digitline pair ( column) are generally laid out within the space of four digit-
lines. With one sense amplifier for every four digitlines, this is commonly 
referred to as quarter pitch or four pitch. 

2.2'. 1 Equilibration and Bias Circuits 

The first elements analyzed are the equilibration and bias circuits. As 
we can recall from the discussions of DRAM operation in Section 1.1, the 
digitlines start at V cc /2 V prior to cell Access and Sensing [ 17]. It is vitally 
important to the Sensing operation that both digitlines, which form a col-
umn pair, are at the same voltage before the wordline is driven HIGH. Any 
offset voltage appearing between the pair directly reduces the effective sig-
nal produced during the Access operation [5]. Equilibration of the digitlines 
is accomplished with one or more NMOS transistors connected between the 
digitline conductors. NMOS are used because of their higher drive capabil-
ity and the resulting faster equilibration. 

An equilibration transistor, together with bias transistors, is shown in 
Figure 2.15. The gate terminal is connected to a signal called equilibrate 
(EQ). EQ is held to Vee whenever the external row address strobe signal 
RAS* is HIGH. This indicates an inactive or PRECHARGE state for the 
DRAM. After RAS* has fallen, EQ transitions LOW, turning the equilibra-
tion transistor OFF just prior to a wordline going HIGH. EQ will again tran-
sition HIGH at the end of a RAS* cycle to force equilibration of the 
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digitlines. The equilibration transistor is sized large enough to ensure rapid 
equilibration of the digitlines to prepare the part for a subsequent access. 

As shown in Figure 2.15, two more NMOS transistors accompany the 
EQ transistor to provide a bias level of Vcc/2 V. These devices operate in 
conjunction with equilibration to ensure that the digitline pair remains at the 
prescribed voltage for Sensing. Normally, digitlines that are at Vee and 
ground equilibrate to Vcc/2 V [5]. The bias devices ensure that this occurs 
and also that the digitlines remain at Vcc/2, despite leakage paths that 
would otherwise discharge them. Again, for the same reasons as for the 
equilibration transistor, NMOS transistors are used. Most often, the bias and 
equilibration transistors are integrated to reduce their overall size. Vcc/2 V 
PRECHARGE is used on most modem DRAMs because it reduces power 
consumption and Read-Write times and improves Sensing operations. 
Power consumption is reduced because a Vcc/2 PRECHARGE voltage can 
be obtained by equilibrating the digitlines (which are at Vee and ground, 
respectively) at the end of each cycle. 

EQ 

Figure 2.15 Equilibration schematic. 

The charge-sharing between the digitlines produces Vcc/2 without 
additional Ice current. Some designs, however, equilibrate the digitlines to 
Vvv [18]. Because the wordlines and digitlines are both at Vee when the 
part is inactive, row-to-column shorts that exist do not contribute to 
increased standby current. Vcc/2 PRECHARGE DRAMs, on the other hand, 
suffer higher standby current with row-to-column shorts because the word-
lines and digitlines are at different potentials when the part is inactive. A 
layout for the equilibration and bias circuits is shown in Figure 2.16. 
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o· 

D 

Figure 2.16 Equilibration and bias circuit layout. 

2.2.2 Isolation Devices 

Isolation devices are important to the sense amplifier circuits. These 
devices are NMOS transistors placed between the array digitlines and the 
sense amplifiers (see Figure 2.19). Isolation transistors are physically 
located on both ends of the sense amplifier layout. In quarter-pitch sense 
amplifier designs, there is one isolation transistor for every two digitlines. 
Although this is twice the active area width and space of an array, it never-
theless sets the limit for isolation processing in the pitch cells. 

The isolation devices provide two functions. First, if the sense amps are 
positioned between and connected to two arrays, they electrically isolate 
one of the two arrays. This is necessary whenever a wordline fires in one 
array because isolation of the second array reduces the digitline capacitance 
driven by the sense amplifiers, thus speeding Read-Write times, reducing 
power consumption, and extending Refresh for the isolated array. Second, 
the isolation devices provide resistance between the sense amplifier and the 
digitlines. This resistance stabilizes the sense amplifiers and speeds up the 
Sensing operation by somewhat isolating the highly capacitive digitlines 
from the low-capacitance sense nodes [ 19]. Capacitance of the sense nodes 
between isolation transistors is generally less than l 5fF, permitting the 
sense amplifier to latch much faster than if it were solidly connected to the 
digitlines. The isolation transistors slow Write-Back to the mbits, but this is 
far less of a problem than initial Sensing. 

2.2.3 Input/Output Transistors 

The input/output (//0) transistors allow data to be read from and written 
to specific digitline pairs. A single //0 transistor is connected to each sense 
node as shown in Figure 2.17. The outputs of each //0 transistor are con-
nected to 1/0 signal pairs. Commonly, there are two pairs of 1/0 signal lines, 
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which permit four //0 transistors to share a single column select (CSEL) 
control signal. DRAM designs employing two or more metal layers run the 
column select lines across the arrays in either Metal2 or Metal3. Each col-
umn select can activate four //0 transistors on each side of an array to con-
nect four digitline pairs (columns) to peripheral data path circuits. The //0 
transistors must be sized carefully to ensure that instability is not introduced 
into the sense amplifiers by the //0 bias voltage or remnant voltages on the 
I/0 lines. 

Although designs vary significantly as to the numerical ratio, //0 tran-
sistors are designed to be two to eight times smaller than the Nsense ampli-
fier transistors. This is sometimes referred to as beta ratio. A beta ratio 
between five and eight is considered standard; however, it can only be veri-
fied with silicon. Simulations may fail to adequately predict sense amplifier 
instability, although theory would predict better stability with higher beta 
ratio and better Write times with lower beta ratio. During Write, the sense 
amplifier remains ON and must be overdriven by the Write driver (see 
Section 1.2.2). 

I/Ob* I/Ob //Oa* 1/0a 

CSEL <O> 

Figure 2.17 1/0 transistors. 

2.2.4 Nsense and Psense Amplifiers 

The fundamental elements of any sense amplifier block are the Nsense 
amplifier and the Psense amplifier. These amplifiers, as previously dis-
cussed, work together to detect the access signal voltage and drive the digit-
lines, accordingly to Vee and ground. The Nsense amplifier depicted in 
Figure 2.18 consists of cross-coupled NMOS transistors. The Nsense ampli-
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tier drives the low-potential digitline to ground. Similarly, the Psense ampli-
fier consists of cross-coupled PMOS transistors and drives the HIGH-
potential digitline to Vee-

Figure 2.18 Basic sense amplifier block. 

The sense amplifiers are carefully designed to guarantee correct detec-
tion and amplification of the small signal voltage produced during cell 
access (less than 200mV) [5]. Matching of transistor Vrn, transconductance, 
and junction capacitance within close tolerances helps ensure reliable sense 
amplifier operation. Ultimately, the layout dictates the overall balance and 
performance of the sense amplifier block. As a result, a tremendous amount 
of time is spent ensuring that the sense amplifier layout is optimum. Sym-
metry and exact duplication of elements are critical to a successful design. 
This includes balanced coupling to all sources of noise, such as J/0 lines 
and latch signals (NLAT* and ACT). Balance is especially critical for layout 
residing inside the isolation transistors. And because the sense node capaci-
tance is very low, it is more sensitive to noise and circuit imbalances. 

While the majority of DRAM designs latch the digitlines to Vee and 
ground; a certain number of designs choose to reduce these levels. Various 
technical papers report improved Refresh times and lower power dissipation 
through reductions in latch voltages [20][2 l]. At first, this appears contra-
dictory: writing a smaller charge into the memory cell would require 
refreshing the cell more often. However, by maintaining lower drain-to-
source voltages (Vos) and negative gate-to-source voltages (VGs) across 
non-accessed mbit transistors, substantially lower subthreshold leakage and 
longer Refresh times can be realized, despite the smaller stored charge. An 
important concern that we are not mentioning here is the leakage resulting 
from defects in the silicon crystal structure. These defects can result in an 
increase in the drain/substrate diode saturation current and can practically 
limit the Refresh times. 

Most designs that implement reduced latch voltages generally raise the 
Nsense amplifier latch voltage without lowering the Psense amplifier latch 
voltage. Designated as boosted sense ground designs, they write data into 
each mbit using full V cc for a logic one and boosted ground for a logic zero. 
The sense ground level is generally a few hundred millivolts above true 
ground. In standard DRAMs, which drive digitlines fully to ground, the VGs 

BESANG EX2034 
Micron v. BeSang, IPR2023-00900 

Page 48



Sec. 2.2 The Sense Amp 49 

of nonaccessed mbits becomes zero when the digitlines are latched. This 
results in high subthreshold leakage for a stored one level because full V cc 
exists across the mbit transistor while the V Gs is held to zero. Stored zero 
levels do not suffer from prolonged subthreshold leakage: any amount of 
cell leakage produces a negative V Gs for the transistor. The net effect is that 
a stored one level leaks away much faster than a stored zero level. One's 
level retention, therefore, establishes the maximum Refresh period for most 
DRAM designs. Boosted sense ground extends Refresh by reducing sub-
threshold leakage for stored ones. This is accomplished by guaranteeing 
negative gate-to-source bias on nonaccessed mbit transistors. The benefit of 
extended Refresh from these designs is somewhat diminished, though, by 
the added complexity of generating boosted ground levels and the problem 
of digitlines that no longer equilibrate at V cc/2 V. 

2.2.5 Rate of Activation 

The rate at which the sense amplifiers are activated has been the subject 
of some debate. A variety of designs use multistage circuits to control the 
rate at which NLAT* fires. Especially prevalent with boosted sense ground 
designs are two-stage circuits that initially drive NLAT* quickly toward true 
ground to speed sensing and then bring NLAT* to the boosted ground level 
to reduce cell leakage. An alternative to this approach, again using two-
stage drivers, drives NLAT* to ground, slowly at first to limit current and 
digitline disturbances. This is followed by a second phase in which NLAT* 
is driven more strongly toward ground to complete the Sensing operation. 
This phase usually occurs in conjunction with ACT activation. Although 
these two designs have contrary operation, each meets specific performance 
objectives: trading off noise and speed. 

2.2.6 Configurations 
Figure 2.19 shows a sense amplifier block commonly used in double- or 

triple-metal designs. It features two Psense amplifiers outside the isolation 
transistors, a pair of EQ/bias (EQb) devices, a single Nsense amplifier, and 
a single l/0 transistor for each digitline. Because only half of the sense 
amplifiers for each array are on one side, this design is quarter pitch, as are 
the designs in Figures 2.20 and 2.21. Placement of the Psense amplifiers 
outside the isolation devices is necessary because a full one level (V cc) can-
not pass through unless the gate terminal of the ISO transistors is driven 
above Vee- EQ!bias transistors are placed outside of the ISO devices to per-
mit continued equilibration of digitlines in arrays that are isolated. The //0 
transistor gate terminals are connected to a common CSEL signal for four 
adjacent digitlines. Each of the four I/0 transistors is tied to a separate l/0 

BESANG EX2034 
Micron v. BeSang, IPR2023-00900 

Page 49



50 Chap. 2 The DRAM Array 

bus. This sense amplifier, though simple to implement, is somewhat larger 
than other designs due to the presence of two Psense amplifiers. 

CSEL 

Figure 2.19 Standard sense amplifier block. 

DO a 
Arra O 

CSEL 

Figure 2.20 Complex sense amplifier block. 

Array1 

CSEL 

Figure 2.21 Reduced sense amplifier block. 

Figure 2.20 shows a second, more complicated style of sense amplifier 
block. This design employs a single Psense amplifier and three sets of 
Nsense amplifiers. Because the Psense amplifier is within the isolation tran-
sistors, the isolation devices must be the NMOS depletion type, the PMOS 
enhancement type, or the NMOS enhancement type with boosted gate drive 
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to permit writing a full logic one into the array mbits. The triple Nsense 
amplifier is suggestive of PMOS isolation transistors; it prevents full zero 
levels to be written unless the Nsense amplifiers are placed adjacent to the 
arrays. In this more complicated style of sense amplifier block, using three 
Nsense amplifiers guarantees faster sensing and higher stability than a simi-
lar design using only two Nsense amplifiers. The inside Nsense amplifier is 
fired before the outside Nsense amplifiers. However, this design will not 
yield a minimum layout, an objective that must be traded off against perfor-
mance needs. 

The sense amplifier block of Figure 2.21 can be considered a reduced 
configuration. This design has only one Nsense-amp and one Psense-amp, 
both of which are placed within the isolation transistors. To write full logic 
levels, either the isolation transistors must be depletion mode devices or the 
gate voltage must be boosted above Vee by at least one VTH. This design 
still uses a pair of EQ/bias circuits to maintain equilibration on isolated 
arrays. 

Only a handful of designs operates with a single EQ/bias circuit inside 
the isolation devices, as shown in Figure 2.22. Historically, DRAM engi-
neers tended to shy away from designs that permitted digitlines to float for 
extended periods of time. However, as of this writing, at least three manu-
facturers in volume production have designs using this scheme. 

A sense amplifier design for single-metal DRAMs is shown in 
Figure 2.23. Prevalent on 1-Meg and 4-Meg designs, single-metal processes 
conceded to multi-metal processes at the 16-Meg generation. Unlike the 
sense amplifiers shown in Figures 2.19, 2.20, 2.21, and 2.22, single-metal 
sense amps are laid out at half pitch: one amplifier for every two array digit-
lines. This type of layout is extremely difficult and places tight constraints 
on process design margins. With the loss of Metal2, the column select sig-
nals are not brought across the memory arrays. Generating column select 
signals locally for each set of //0 transistors requires a full column decode 
block. 

Arra O 

CSEL 

. 
o'l> /,o {3 v 

Figure 2.22 Minimum sense amplifier block. 

Arra 1 
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As shown in Figure 2.23, the Nsense-amp and Psense-amps are placed 
on separate ends of the arrays. Sharing sense amps between arrays is espe-
cially beneficial for single-metal designs. As illustrated in Figure 2.23, two' 
Psense-amps share a single N sense-amp. In this case, with the //0 devices 
on only one end, the right Psense-amp is activated only when the right array 
is accessed. Conversely, the left Psense-amp is always activated, regardless 
of the accessed array, because all Read and Write data must pass through the 
left Psense-amp to get to the //0 devices. 

ArrayO Array1 

Figure 2.23 Single-metal sense amplifier block. 

2.2. 7 Operation 

A set of signal waveforms is illustrated in Figure 2.24 for the sense 
amplifier of Figure 2.19. These waveforms depict a Read-Modify-Write 
cycle (Late Write) in which the cell data is first read out and then new data 
is written back. In this example, a one level is read out of the cell, as indi-
cated by DO rising above DO during cell access. A one level is always 
+Vcc/2 in the mbit cell, regardless of whether it is connected to a true or 
complement digitline. The correlation between mbit cell data and the data 
appearing at the DRAM's data terminal (DQ) is a function of the data topol-
ogy and the presence of data scrambling. Data or topo scrambling is imple-
mented at the circuit level: it ensures that the mbit data state and the DQ 
logic level are in agreement. An mbit one level (+Vcc/2) corresponds to a 
logic one at the DQ, and an mbit zero level (-Vcc/2) corresponds to a logic 
zero at the DQ terminal. 

Writing specific data patterns into the memory arrays is important to 
DRAM testing. Each type of data pattern identifies the weaknesses or sensi-
tivities of each cell to the data in surrounding cells .. These patterns include 
solids, row stripes, column stripes, diagonals, checkerboards, and a variety 
of moving patterns. Test equipment must be programmed with the data 
topology of each type of DRAM to correctly write each pattern. Often the 
tester itself guarantees that the pattern is correctly written into the arrays, 
unscrambling the complicated data and address topology as necessary to 
write a specific pattern. On some newer DRAM designs, part of this task is 
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implemented on the DRAM itself, in the form of a topo scrambler, such that 
the mbit data state matches the DQ logic level. This implementation some-
what simplifies tester programming. 

- - - - - ;?oo•\ \ / 
ACTb If \ DO 

oo· .'I '. V 
-~ -:,~:-~ +9-~';~---~r········-~9-~~-

NLA,.\ \ I,.. - I \::SEL 
/SO a~ 

Access Sense Write Restore 

1so1-r-
\ (~Ob --'i -- -----, / 

I 

' 1oo· I 

Figure 2.24 Waveforms for the Read-Modify-Write cycle. 

Returning to Figure 2.24, we see that a wordline is fired in Array I. Prior 
to this, JSOa* will go LOW to isolate ArrayO, and EQb will go LOW to dis-
able the EQ/bias transistors connected to Arrayl. The wordline then fires 
HIGH, accessing an mbit, which dumps charge onto DO*. NLAT*, which is 
initially at Vcc/2, drives LOW to begin the Sensing operation and pulls DO 
toward ground. Then, A CT fires, moving from ground to V cc, activating the 
Psense amplifier and driving DO* toward V cc. After separation has com-
menced, CSELO rises to Vee, turning ON the 1/0 transistors so that the cell 
data can be read by peripheral circuits. The //0 lines are biased at a voltage 
close to Vee, which causes DI to rise while the column is active. After the 
Read is complete, Write drivers in the periphery tum ON and drive the //0 
lines to opposite data states (in our example). 

This new data propagates through the //0 devices and writes over the 
existing data stored in the sense amplifiers. Once the sense amplifiers latch 
the new data, the Write drivers and the //0 devices can be shut down, allow-
ing the sense amplifiers to finish restoring the digitlines to full levels. Fol-
lowing this restoration, the wordline transitions LOW to shut OFF the mbit 
transistor. Finally, EQb and /SOa* fire HIGH to equilibrate the digitlines 
back to Vcc/2 and reconnect ArrayO to the sense amplifiers. The timing for 
each event of Figure 2.24 depends on circuit design, transistor sizes, layout, 
device performance, parasitics, and temperature. While timing for each 
event must be minimized to achieve optimum DRAM performance, it can-
not be pushed so far as to eliminate all timing margins. Margins are neces-
sary to ensure proper device operation over the expected range of process 
variations and the wide range of operating conditions. 
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Again, there is not one set of timing waveforms that covers all design 
options. The sense amps of Figures 2.19~2.23 all require slightly different 
signals and timings. Various designs actually fire the Psense amplifier prior 
to or coincident with the Nsense amplifier. This obviously places greater 
constraints on the Psense amplifier design and layout, but these constraints 
are balanced by potential performance benefits. Similarly, the sequence of 
events as well as the voltages for each signal can vary. There are almost as 
many designs for sense amplifier blocks as there are DRAM design engi-
neers. Each design reflects various influences, preconceptions, technolo-
gies, and levels of understanding. The bottom line is to maximize yield and 
performance and minimize everything else. 

2.3 ROW DECODER ELEMENTS 
Row decode circuits are similar to sense amplifier circuits in that they pitch 
up to mbit arrays and have a variety of implementations. A row decode 
block is comprised of two basic elements: a wordline driver and an address 
decoder tree. There are three basic configurations for wordline driver cir-
cuits: the NOR driver, the inverter (CMOS) driver, and the bootstrap driver. 
In addition, the drivers and associated decode trees can be configured either 
as local row decodes for each array section or as global row decodes that 
drive a multitude of array sections. 

Global row decodes connect to multiple arrays through metal wordline 
straps. The straps are stitched to the polysilicon wordlines at specific inter-
vals dictated by the polysilicon resistance and the desired RC wordline time 
constant. Some processes that strap wordlines with metal do not silicide the 
polysilicon, although doing so would reduce the number of stitch regions 
required. Strapping wordlines and using global row decoders obviously 
reduces die size [22], very dramatically in some cases. The disadvantage of 
strapping is that it requires an additional metal layer at minimum array 
pitch. This puts a tremendous burden on process technologists in which 
three conductors are at minimum pitch: wordlines, digitlines, and wordline 
straps. 

Local row decoders, on the other hand, require additional die size rather 
than metal straps. It is highly advantageous to reduce the polysilicon resis-
tance in order to stretch the wordline length and lower the number of row 
decodes needed. This is commonly achieved with silicided polysilicon pro-
cesses. On large DRAMs, such as the I Gb, the area penalty can be prohibi-
tive, making low-resistance wordlines all the more necessary. 
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2.3.1 Bootstrap Wordline Driver 

The bootstrap wordline driver shown in Figure 2.25 is built exclusively 
from NMOS transistors [22], resulting in the smallest layout of the three 
types of driver circuits. The absence of PMOS transistors eliminates large 
Nwell regions from the layout. As the name denotes, this driver relies on 
bootstrapping principles to bias the output transistor's gate terminal. This 
bias voltage must be high enough to allow the NMOS transistor to drive the 
wordline to the boosted wordline voltage V eeP· 

DEC---.---' 

WLO 

WL1 

Figure 2.25 Bootstrap wordline driver. 

Operation of the bootstrap driver is described with help from Figure 
2.26. Initially, the driver is OFF with the wordline and PHASE terminals at 
ground. The wordline is held at ground by transistor M2 because the 
decoder output signal DEC* is at Vee- The gate ofM3, the pass transistor, is 
fixed at Vee- The signals DEC and DEC* are fed from a decode circuit that 
will be discussed later. As a complement pair, DEC and DEC* represent the 
first of two terms necessary to decode the correct wordline. PHASEO, which 
is also fed from a decode circuit, represents the second term. If DEC rises to 
Vee and DEC* drops to ground, as determined by the decoder, the boot 
node labeled Bl will rise to Vee- VTN V, and M2 will turn OFF. The word-
line continues to be held to ground by Ml because PHASEO is still 
grounded. After Bl rises to Vee- VTN, the PHASEO signal fires to the 
boosted wordline voltage VecP· Because of the gate-to-drain and gate-to-
source capacitance of Ml, the gate of Ml boots to an elevated voltage, 
Vboot· This voltage is determined by the parasitic capacitance of node BI, 
CGs1, CGDI, VcCP, and the initial voltage at BI, Vee-VTN. Accordingly, 

BESANG EX2034 
Micron v. BeSang, IPR2023-00900 

Page 55



56 Chap. 2 The DRAM Array 

(2.3) 

In conjunction with the wordline voltage rising from ground to Veep, the 
gate-to-source capacitance of Ml provides a secondary boost to the boot 
node. The secondary boost helps to ensure that the boot voltage is adequate 
to drive the wordline to a full VeCP level. 

-·,·· · , , ·· · · 8 1 
•DEC 

DEC*\,'---

8 1 

Figure 2.26 Bootstrap operation waveforms. 

The layout of the boot node is very important to the bootstrap wordline 
driver. First, the parasitic capacitance of node BI, which includes routing, 
junction, and overlap components, must be minimized to achieve maximum 
boot efficiency. Second, charge leakage from the boot node must be mini-
mized to ensure adequate V cs for transistor MI such that the wordline 
remains at Veep for the maximum RAS* LOW period. Low leakage is often 
achieved by minimizing the source area for M3 or by using donut gate 
structures that surround the source area, as illustrated in Figure 2.27. 

N+ active area 

.-------- ----,-,Polysllico1 

Donut gate 

M3 

Bootnode 
(metal) 

PHASEO 

M1 

Figure 2.27 Donut gate structure layout. 

BESANG EX2034 
Micron v. BeSang, IPR2023-00900 

Page 56



Sec. 2.3 Row Decoder Elements 57 

The bootstrap driver is turned OFF by first driving the PHASEO signal 
to ground. Ml remains ON because node Bl cannot drop below Vee- VTH; 
MI substantially discharges the wordline toward ground. This is followed 
by the address decoder turning OFF, bringing DEC to ground and DEC* to 
Vee· With DEC* at Vee, transistor M2 turns ON and fully clamps the word-
line to ground. A voltage level translator is required for the PHASE signal 
because it operates between ground and the boosted voltage VeeP· For a glo-
bal row decode configuration, this requirement is not much of a burden. For 
a local row decode configuration, however, the requirement for level trans-
lators can be very troublesome. Generally, these translators are placed either 
in the array gap cells at the intersection of the sense amplifier blocks and 
row decode blocks or distributed throughout the row decode block itself. 
The translators require both PMOS and NMOS transistors and must be 
capable of driving large capacitive loads. Layout of the translators is 
exceedingly difficult, especially because the overall layout needs to be as 
small as possible. 

2.3.2 NOR Driver 

The second type of wordline driver is similar to the bootstrap driver in 
that two decode terms drive the output transistor from separate terminals. 
The NOR driver, as shown in Figure 2.28, uses a PMOS transistor for Ml 
and does not rely on bootstrapping to derive the gate bias. Rather, the gate is 
driven by a voltage translator that converts DEC from Vee to VeCP voltage 
levels. This conversion is necessary to ensure that Ml remains OFF for 
unselected wordlines as the PHASE signal, which is shared by multiple 
drivers, is driven to Veep. 

PHASE 

DEC M1 

-----WL 

Figure 2.28 NOR driver. 
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To fire a specific wordline, DEC must be HIGH and the appropriate 
PHASE must fire HIGH. Generally, there are four to eight PHASE signals 
per row decoder block. The NOR driver requires one level translator for 
each PHASE and DEC signal. By comparison, the bootstrap driver only 
requires level translators for the PHASE signal. 

2.3.3 CMOS Driver 

The final wordline driver configuration is shown in Figure 2.29. In gen-
eral, it lacks a specific name: it is sometimes referred to as a CMOS inverter 
driver or a CMOS driver. Unlike the first two drivers, the output transistor 
Ml has its source terminal permanently connected to VeeP· This driver, 
therefore, features a voltage translator for each and every wordline. Both 
decode terms DEC and PHASE* combine to drive the output stage through 
the translator. The advantage of this driver, other than simple operation, is 
low power consumption. Power is conserved because the translators drive 
only the small capacitance associated with a single driver. The PHASE 
translators of both the bootstrap and NOR drivers must charge considerable 
junction capacitance. The disadvantages of the CMOS driver are layout 
complexity and standby leakage current. Standby leakage current is a prod-
uct of Veep voltage applied to Ml and its junction and subthreshold leakage 
currents. For a large DRAM with high numbers of wordline drivers, this 
leakage current can easily exceed the entire standby current budget unless 
great care is exercised in designing output transistor MI. 

DEC 

1 
----WL 

Figure 2.29 CMOS driver. 

2.3.4 Address Decode Tree 
With the wordline driver circuits behind us, we can tum our attention to 

the address decoder tree. There is no big secret to address decoding in the 
row decoder network. Just about any type of logic suffices: static, dynamic, 
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pass gate, or a combination thereof. With any type of logic, however, the 
primary objectives in decoder design are to maximize speed and minimize 
die area. Because a great variety of methods have been used to implement 
row address decoder trees, it is next to impossible to cover them all. Instead, 
we will give an insight into the possibilities by discussing a few of them. 

Regardless of the type of logic with which a row decoder is imple-
mented, the layout must completely reside beneath the row address signal 
lines to constitute an efficient, minimized design. In other words, the metal 
address tracks dictate the die area available for the decoder. Any additional 
tracks necessary to complete the design constitute wasted silicon. For 
DRAM designs requiring global row decode schemes, the penalty for ineffi-
cient design may be insignificant; however, for distributed local row decode 
schemes, the die area penalty may be significant. As with mbits and sense 
amplifiers, time spent optimizing row decode circuits is time well spent. 

2.3.5 Static Tree 

The most obvious form of address decode tree uses static CMOS logic. 
As shown in Figure 2.30, a simple tree can be designed using two-input 
NANO gates. While easy to design schematically, static logic address trees 
are not popular. They waste silicon and are very difficult to lay out effi-
ciently. Static logic requires two transistors for each address term, one 
NMOS and one PMOS, which can be significant for many address terms. 
Furthermore, static gates must be cascaded to accumulate address terms, 
adding gate delays at each level. For these and other reasons, static logic 
gates are not used in row decode address trees in today's state-of-the-art 
DRAMs. 

RA1 

RA2 

RA3 

RA4 

2.3.6 P&E Tree 

Figure 2.30 Static decode tree. 

The second type of address tree uses dynamic logic, the most prevalent 
beingprecharge and evaluate (P&E) logic. Used by the majority of DRAM 
manufacturers, P&E address trees come in a variety of configurations, 
although the differences between them can be subtle. Figure 2.31 shows a 
simplified schematic for one version of a P&E address tree designed for use 
with bootstrapped wordline drivers. P&E address tree circuits feature one or 
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more PMOS PRECHARGE transistors and a cascade of NMOS ENABLE 
transistors M2-M4. This P&E design uses half of the transistors required by 
the static address tree of Figure 2.30. As a result, the layout of the P&E tree 
is much smaller than that of the static tree and fits more easily under the 
address lines. The PRE transistor is usually driven by a PRECHARGE* sig-
nal under the control of the RAS* chain logic. PRECHARGE* and transistor 
MI ensure that DEC* is precharged HIGH, disabling the wordline driver 
and preparing the tree for row address activation. 

M7 is a weak PMOS transistor driven by the DEC inverter (M5 and 
M6). Together, M7 and the inverter form a latch to ensure that DEC* 
remains HIGH for all decoders that are not selected by the row addresses. 
At the beginning of any RAS* cycle, PRECHARGE* is LOW and the row 
addresses are all disabled (LOW). After RAS* falls, PRECHARGE* transi-
tions HIGH to turn OFF MI; then the row addresses are enabled. If 
RA 1-RA3 all go HIGH, then M2-M4 turn ON, overpowering M7 and driv-
ing DEC* to ground and subsequently DEC to Vee- The output of this tree 
segment normally drives four bootstrapped wordline drivers, each con-
nected to a separate PHASE signal. Therefore, for an array with 256 word-
lines, there will be 64 such decode trees. 

DEC 

DEC* 

Figure 2.31 P&E decode tree. 

2.3. 7 Predecoding 
The row address lines shown as RA 1-RA3 can be either true and com-

plement or predecoded. Predecoded address lines are formed by logically 
combining (AND) addresses as shown in Table 2.1. 
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The advantages of using predecoded addresses include lower power 
(fewer signals make transitions during address changes) and higher effi-
ciency ( only three transistors are necessary to decode six addresses for the 
circuit of Figure 2.31 ). Predecoding is especially beneficial in redundancy 
circuits. In fact, predecoded addresses are used throughout most DRAM 
designs today. 

Table 2.1 Predecoded address truth table. 

RAO RAl PROl<n> PROl<O> PROl<l> PR01<2> PR01<3> 

0 0 0 1 0 0 0 

1 0 1 0 1 0 0 

0 I 2 0 0 I 0 

I 1 3 0 0 0 I 

2.3.8 Pass Transistor Tree 
The final type of address tree to be examined, shown in Figure 2.32, 

uses pass transistor logic. Pass transistor address trees are similar to P&E 
trees in numerous ways. Both designs use PMOS PRECHARGE transistors 
and NMOS address ENABLE transistors. Unlike P&E logic, however, the 
NMOS cascade does not terminate at ground. Rather, the cascade of 
M2-M4 goes to a PHASE* signal, which is HIGH during PRECHARGE 
and LOW during EVALUATE. The address signals operate the same as in 
the P&E tree: HIGH to select and LOW to deselect. The pass transistor tree 
is shown integrated into a CMOS wordline driver. This is necessary because 
the pass transistor tree and the CMOS wordline driver are generally used 
together and their operation is complementary. The cross-coupled PMOS 
transistors of the CMOS level translator provide a latch necessary to keep 
the final interstage node biased at Vee· Again the latch has a weak pull-up, 
which is easily overpowered by the cascaded NMOS ENABLE transistors. 
A pass transistor address tree is not used with bootstrapped wordline drivers 
because the PHASE signal feeds into the address tree logic rather than into 
the driver, as required by the bootstrap driver. 

2.4 DISCUSSION 
We have briefly examined the basic elements required in DRAM row 
decoder blocks. Numerous variations are possible. No single design is best 
for all applications. As with sense amplifiers, design depends on technology 
and performance and cost trade-offs. 
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RA1 RA2 RA3 

M2 M3 M4 
WL 

I L ___________ J 

CMOS wordline driver 

Figure 2.32 Pass transistor decode tree. 
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