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ABSTRACT 

Although the continuation of Moore’s law has resulted in sustained growth in 

microprocessor speed for many years, improvements in speed and performance of 

CMOS memory systems have been far from satisfactory. In fact, the performance gap 

between the CPU and memory subsystem has been continuously widening. In this work, 

we investigate using the 3D integration technology in bridging this gap. Firstly, a 

performance comparison between 2D and 3D SRAM is performed where it is concluded 

that although 3D integration does improve wire delay in memory structures, the 

improvement does not have a very significant effect on its access time. It is argued that 

the major benefit of 3D stacking is in terms of realizing a very wide data bus between 

CPU and memory system. Towards that end, a three-tier, 3D 192-KB unified L2 cache 

chip is designed and fabricated in a 0.18-um fully-depleted SOI CMOS process. An ultra 

wide data bus for connecting the 3D L2 cache with the lower level L1 cache is 

implemented using dense vertical vias between the stacked wafers. The cache operates at 

500 MHz and achieves up to 96 GB/s aggregate bandwidth. In the final part of the thesis, 

design of a very high-density 3D SOI 1T DRAM with floating body cell (FBC) is 

investigated. Such a capacitor-less DRAM, which when stacked on top of the CPU and 

cache, might eliminate the need of external main memory. Operating conditions of the 

capacitor-less 1T FBC DRAM are analyzed and robustness studies are carried out. A test 

chip has been designed and fabricated to characterize and validate its operation. 
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1. Introduction 

1.1 History and Motivation 

Continuing advancements in semiconductor technology have made sure that the 

integrated circuit industry keeps following the Moore’s law, which predicts doubling the 

circuit density at a constant rate. This has been possible due to continuous scaling of 

CMOS transistor size and innovations in packaging. The scaling of transistor size results 

in increased frequency response of the transistor, which in turn produces faster circuits. 

However, in recent years, it has been observed that the performance of integrated circuit 

has increasingly been constrained by the interconnect performance. This is due to the 

fact that conventional planar integrated circuits fabricated in deep sub-micron 

technology nodes consist of long wires that offer more resistance to the signal path 

consume much bigger chip space than the devices which they interconnect.  As a result, 

the delay of interconnect wires outweighs better performance of smaller transistors. In 

order to keep the delays of long wires tractable, buffers and repeaters are often inserted 

to prevent severe performance degradation. However, such additional components result 

in higher power consumption. Consequently, interconnects consume a significant 

proportion of total power dissipation. This is illustrated in Fig.1-1 which shows that, 

with continued CMOS scaling, an increasing proportion of total delays consist of 

interconnect delay in digital integrated circuits. 

 

 

 Figure 1-1.  Breakdown of gate delay at technology nodes. 

 



 

     2

Nevertheless, with exponential growth in burden of interconnection wires, the 

density of circuits has continued to climb with more complex architecture techniques, for 

example, increased pipelining, and speculative execution to improve throughput.  

Eventually this has led to the introduction of multiple core architectures, often with 

shared memory architecture to employ parallelism (wherever possible) to continue the 

improvement of performance expected by the market.  In a sense the expectation of 

continued performance implications of Moore’s Law have already begun to demand 

strategies other than just shrinking CMOS to maintain throughput improvement. 

Even when the continuation of Moore’s law feature size shrinkage resulted in a 

proportionate growth in raw microprocessor clock rate, improvements in speed of 

CMOS memory systems have lagged.  This is due to Amdahl’s rule of thumb, which 

states that higher throughput computers require larger memory to sustain that 

performance. Usually this situation is made worse because new computational 

applications become feasible with demands for larger memory.  As can be seen in Fig.  

1-2 [1], the performance gap between the CPU and memory system has been 

continuously widening leading to the emergence of the so-called “memory wall” even as 

Moore’s law continues to hold.   In fact the later data points for processor performance 

involve multiple cores and built-in parallelism. Clearly, if one is to operate beyond 

Moore’s law (such as with the introduction of new device technology, or a breakthrough 

in interconnection physics) something must be done to address this widening gap.  

 

Figure 1-2.  Performance gap between processor and memory with continued 
CMOS scaling. 
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Over the years, a number of architectural techniques have been proposed to 

overcome the memory wall problem, including the development of cache hierarchy so 

that at least some parts of memory could operate fast, but this requires development of 

cache memory management strategies such as adaptive history based pre-fetching to 

percolate data from slower to faster sections of memory in advance of when needed.  

Nevertheless, many programs are inherently unpredictable and for these algorithms none 

of these strategies work.  In short, the basic problem has never gone away. i.e. 

bandwidth of the data transfer between processor and memory system is too low and 

continues to be a bottleneck in CPU performance regardless of how the processor 

architecture is organized or implemented.  At least part of this problem is dictated by 

package limitations on bus width and speed, Hence, a part of the solution may come 

from considering the vertical direction for integration of processor and memory, namely 

3D processor-memory stacks.  

Three-dimensional integrated circuits offer a way to circumvent this problem by 

utilizing the vertical dimension to connect devices using vertical interconnects. It has 

been shown that 3D integration can result in reduced lengths of global wires and 

increased lengths of local wires; resulting in increased chip density, better latency, wide 

bandwidth and lower power consumption [2], [3]. 

1.2 3D Integration Technology 

Three-dimensional integrated circuits reduce the chip area and length of interconnect 

wires without scaling down the transistor sizes. A number of technologies have been 

explored to carry out 3D integration; all of which can be loosely grouped in the 

following four categories [4]: 

1.2.1 Die Stacking 

In this method, independently fabricated stand-alone chips are stacked on top of each 

other. Most commonly, the stacked chips are attached together using bump or wire 

bonding or some flipchip techniques. Though this method might result in smaller overall 

chip footprint and shorter interconnect lengths, it does not fully exploit the benefits of 
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3D integration primarily because the stacked chips are just loosely integrated 

independent components that means the signals have to travel outside the chip and then 

inside the other; thus resulting in much higher power consumption as compared to what 

might be achievable by keeping the signals inside a single chip package. Moreover, the 

number of vertical vias is limited by the size and density of wire bonds, which means 

that vias are not dense enough to fully exploit the vertical integration. 

1.2.2 Transistor Stacking 

This method consists of realizing multiple levels of transistors on a single substrate. The 

primary issue in this technique is thermal budget, which arises due to the fact that 

building multiple layers of transistors would destroy any metal already laid down and 

would cause migration of transistor implants on previous layers. 

1.2.3 Die-on-Wafer Stacking 

In this technique, already tested and defect-free dies are bonded on top of a single wafer. 

The bonding can be metal or oxide or some type of organic glue can also be used for this 

purpose. The interconnects between multiple dies can be either on the edges or through-

die. Much higher interconnect density is obtained if the interconnects are through-die as 

compared to what is achievable with on-edge interconnects. 

This method suffers due to placement accuracy of pick-and-place equipment, which 

is used to position the dies on the wafer. Also, there is the possibility of accumulation of 

static charge on the fabricated circuit while placing naked die on wafer. To mitigate this 

problem, ESD protection buffers are employed in all stacked dies at the cost of power 

and speed. 

1.2.4 Wafer-Level Stacking 

In wafer level integration, entire wafers are bonded together to make a stack [5]. Wafer-

level integration process can be characterized primarily by the technique employed for 

bonding independent wafers, and also by the method of forming interwafer 

interconnections (3D via). In general, there are four enabling technologies involved in 

3D wafer-level integration, as described in the following sections: 
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1.2.4.1 Wafer Alignment 

In this step, independent wafers are stacked and aligned. Stacking can be face-to-face or 

face-to-back. This step is critical in achieving a working circuit assembly and new wafer 

alignment tools are being developed to achieve even better accuracy. 

1.2.4.2 Wafer Bonding 

After stacking and aligning, wafers can be attached by several ways. It can be adhesive 

bonding, oxide bonding or metal bonding. Moreover, interwafer vias have also been 

used to attach the stacked wafers.  

1.2.4.3 Wafer Thinning 

During wafer thinning, the top wafer backside is thinned. This can be done by backside 

grinding, optional chemical-mechanical polishing (CMP), and then wet etching to an 

etch stop. It can be an ion implanted layer, a SiGe epitaxial layer, or the buried oxide 

(BOX) layer in SOI. The etch stop provides thinning uniformity. The thickness of 

thinned wafer can be in the order of few tens of nanometers. Another approach is the 

removal of silicon without an etch-stop in bulk CMOS wafers. This technique results in 

relatively thick thinned wafer (in the range of a few tens or hundreds of micrometers). 

The uniformity of thickness is also not as good as with etch stop. Another technique is to 

use TSVs as a thinning stopper, where the TSVs are formed either during the FEOL 

process or after the BEOL process but right before wafer alignment and bonding. 

1.2.4.4 Interwafer Interconnections 

Interwafer vias can be formed during (via-first) or after (via-last) the wafer bonding 

process. In the first approach, these vias are formed during wafer bonding and in some 

cases these interwafer vias form the bond by themselves, and can be referred to as bond 

vias.  In the second approach, vias are formed after wafers have been aligned, bonded 

and backside of the top wafer is thinned. In such a case, these vias are formed through a 

silicon layer and are often called through-silicon vias (TSVs). 

A via diameter in a range of a few micrometers with high via height-to-diameter 

aspect ratio has been achieved. Vias can be formed by via etching and clean, liner 
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deposition, metal fill, and CMP. Actually, the bond vias have been formed using the 

BEOL damascene patterning process. The TSVs have been reported to be formed a) 

before or during the FEOL process using polysilicon or tungsten as the via filling 

material; b) after the FEOL or BEOL process using copper as the via filling material; or 

c) after wafer bonding and thinning. The diameter and aspect ratio of TSVs are usually 

much larger than the bond vias due to the fact that they pass through the thinned silicon 

wafer and on-chip interconnects. 

Table 1-1 lists major wafer bonding approaches and a comparison of their key 

characteristics [4]. 

Table 1-1.  Characteristics of various wafer bonding approaches. 

 Via-Last 

with Oxide 

Bonding 

Via-Last with 

Adhesive 

Bonding 

Via-First 

with Copper 

Bonding 

Bonding Temperature Fair Low High 

Surface Planarity Strict Loose  Strict 

Bond Strength Good High Good 

Via Density Low Low High 

Thermal Management Fair Fair Good 

Process Complexity High Fair Fair 

 

Fig. 1-3 illustrates the process of wafer scale integration as done in a 3D integration 

process at RPI. The 3D circuit is assembled from separate wafers, each of which is 

independently fabricated. In general, this 3D integration technique can also be used to 

integrate wafers fabricated in heterogeneous technologies. The bottom wafer acts as a 

handle wafer. Etching to remove the substrate of the second wafer is done after stacking 

and aligning. Dielectric glues (Adhesive Bonding) are used for attaching wafers to each 

other. The same process is then repeated for top wafer. Vertical interconnects, known as 

3D vias, are etched to provide connections between stacked wafers.  

 



 

     7

 

Figure 1-3.  The process of 3D wafer scale integration, (a) Face-to-Face alignment 
of wafers; (b) Face-to-Face bonding; (c) Backside thinning; (d)  3D Vias plugged 
through thinned top. 

 

1.2.4.5 Suitability of SOI for Wafer-Level Stacking 

There are several benefits of choosing SOI for 3D wafer-level integration. Firstly, since 

the floating body of the MOSFET is not required to be electrically associated with a 

substrate, the substrate of the stacked wafer can be removed without any implication on 

circuit performance. Secondly, the presence of Buried Oxide (BOX) layer provides a 

natural etching stop when removing the substrate of stacked wafer. The use of SOI wafer 

also enables high density of TSVs using BEOL damascene patterning process through 

the BOX layer because the bulk silicon substrate of the SOI wafer can be completely 

removed, leaving only the BOX layer with a thickness of a few ten to a few hundred 

nanometers. 

1.3 MIT Lincoln Lab’s 3D Process 

In the MIT Lincoln Lab’s process, 3D circuits are fabricated by transferring and 

interconnecting the active sections of wafers independently fabricated on 150-mm SOI 

substrates to a base wafer [6]. The active section consists of the interconnect and active 
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silicon and is transferred to the base tier, tier 1, which can be, in general, either a bulk or 

SOI wafer. In this process, the base wafer is also SOI.  

The 3D circuit integration process begins with the fabrication of three FD-SOI tiers. 

Wafer 2 is then inverted, aligned, and bonded to wafer 1, as shown in Fig. 1-4 (a). The 

handle silicon is removed from tier 2, 3D vias are etched through the oxides of tiers 2 

and 1 and stop on metal pads in tier 1, and tungsten is deposited and planarized using 

chemical-mechanical polishing (CMP). In this process, these inter-wafer 3D vias are 

1.75um square and 3um deep. The structure shown in Fig. 1-4 (b) is a two-tier assembly 

with electrical connections between the top-level metal of tier 2 and the top level metal 

of tier 1. Following the inter-tier via formation, back side via and back side metal are 

formed, as shown in Fig. 1-4 (c). Tier 3 is transferred to the two-tier assembly using the 

same processes as for the tier 2 transfer, except that the 3D vias connect the top-level 

metal of tier 3 to the back side metal of tier 2, as shown in Fig. 1-4 (d). The completed 

3D assembly is shown in Fig. 1-4 (e) after back side metallization of tier 3. Bond pads 

and heat sink cuts are formed to expose this tier 3 back metal layer is provided on tier 2 

and 3 for probing, wire bonding, and cooling. Fig. 1-5 illustrates a detailed list of layer 

thicknesses in the MITLL’s 3D process. 

 

 

(a) 

 

   (b) 



 

     9

 

(c) 

 

(d) 

 

           (e) 

Figure 1-4.  3D chip assembly process in MITLL process. (a) Two completed circuit 
wafers are planarized, aligned and bonded face-to-face; (b) Handle silicon is 
removed from the upper wafer, 3D vias are etched and tungsten plugs are formed 
to connect circuits on both tiers; (c) Tier-2 back-side metal is formed on top of the 
bonded wafers (d) Tier 3 is bonded in the similar way; (e) Back-side metal is 
formed at the top of the stack and bond pads are etched through BOX. 
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Figure 1-5.  Layer thickness in MITLL’s 3D stack assembly. 

 

1.4 3D Circuit Design 

For a 3D chip, circuit and layout design for each tier is done independently in the 

conventional 2D technology. The designer should take the orientation of integration into 

account, since the upper two tiers are inverted with respect to bottom tier. 3DLAND and 

3DCUT layers are then used to create 3D vias between all tiers. 3DCUT layer defines 

the starting point of 3D via on the higher tier, whereas 3DLAND layer is used to define 
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end point of that via on the lower tier. Each 3DLAND must have a matching 3DCUT on 

an upper tier. In earlier MPWs, the process only allowed indirect connections from 1st to 

3rd tier – i.e., a via was defined from tier 3 to tier 2, another one from tier 2 to tier 1, and 

finally they were connected on tier 2 using one of the metal layers. However, subsequent 

MPWs allowed for stacking the tier3-tier2 and tier2-tier1 vias, allowing considerable 

area savings in the layout. 
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2. FD-SOI Devices and Circuit Techniques  

Silicon-On-Insulator (SOI) technology, introduced in early 90s, is very attractive for 

large volume manufacturing of low-voltage, low-power and high-speed digital systems. 

Devices built in SOI CMOS process have lower junction capacitance and higher current 

density than comparable bulk CMOS devices. The performance advantages associated 

with SOI devices have led to development of high-performance microprocessors, DSPs 

and memories in this process. 

2.1 SOI Device Technology 

 

 

Figure 2-1. Cross-section of bulk and SOI CMOS 

 

Fig. 2-1 shows a simplified SOI process cross-section. As can be seen, the primary 

difference between bulk and SOI CMOS is the presence of Buried Oxide (BOX) layer. 

The presence of oxide isolation results in a reduction in source and drain junction 

capacitance of the device. The reduction in parasitic capacitance results in higher speed 

digital circuits along with lower power consumption. In general, replacing bulk CMOS 

devices by compatible SOI devices in a digital circuit result in nearly 25% improvement 

in speed performance at reduced power [7]. On the other hand, due to the presence of 

BOX, the body of SOI devices might be floating which may complicate circuit design 

using these devices. Besides lower parasitic capacitance, depending on the type of SOI, 

it might also provide reduced short channel effects, multiple threshold voltage and 

reduced soft error effects as compared to bulk CMOS [8]. 
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Figure 2-2 illustrates the plot of propagation delay versus the normalized power 

dissipation of a CMOS inverter using 0.35 um bulk and SOI CMOS devices at various 

supply voltages. It can be seen that, compared to bulk, SOI CMOS is less affected by 

scaling down of supply voltage in terms of speed performance. 

 

 

Figure 2-2.  Comparison of Inverter Delay vs. Power Dissipation in SOI and Bulk 

 

Various methods have been proposed to manufacture SOI wafers. Fig 2-3 [7] 

illustrates the simplified process steps for manufacturing in the SIMOX (synthesis by 

implantation of oxygen) technology, which is also used in MIT Lincoln Lab’s process. 

Here high-dose oxygen ions are implanted into the silicon wafer with the peak 

concentration deep beneath the surface. A high-temperature anneal is done so that the 

oxygen ions in the silicon wafer react with silicon to form an oxide layer. At the top of 

the oxide layer, a layer of crystalline silicon layer is generated. If the thickness of the 

crystalline silicon layer above the oxide is not sufficient, an epitaxial layer of silicon can 

be grown on top of the silicon thin film by chemical vapor deposition (CVD) epitaxy. 

Then, a smooth surface of the silicon layer is obtained by chemical mechanical polishing 

(CMP). 
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Figure 2-3. SIMOX Process Steps for manufacturing SOI wafer 

 

Depending on the condition of the thin film during operation, SOI CMOS devices 

are classified into two categories: (1) partially depleted (PD) and (2) fully depleted (FD) 

as shown in Fig. 2-4. 

 

Figure 2-4. Simplified Cross-section of PD and FD SOI 

 

In a PD device, the depletion region extends into its thin film under the gate at 

source-body and drain-body junctions but it does not deplete all of the charge in the 

body. For an FD device, the thickness of the thin film is smaller than PD devices 

resulting in full depletion of body under all bias conditions. 

Table 2-1 illustrates comparative advantages and disadvantages of bulk, PD-SOI 

and FD-SOI CMOS in terms of manufacturability, reliability and circuit design [9]. 
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Table 2-1.  Comparison of bulk, PD-SOI and FD-SOI CMOS 

Property Bulk PD FD 

Parasitic Capacitance - + + 

Self-Heating ++ + + 

Short Channel Effect - + ++ 

Body Contact ++ + - 

Design Compatibility + - + 

Leakage Current - + - 

Kink Effect ++ - ++ 

History Dependence ++ - ++ 

Radiation Tolerance - + + 

Manufacturability ++ + - 

Suitability for 3D integration - + + 

 

 

The devices fabricated by MIT Lincoln Lab’s 3D process are fully depleted by the 

standard definition but are partially depleted under some conditions. Specifically, as will 

be seen later, the NMOS transistors with long channel lengths display such properties 

that these can be called partially depleted SOI. For all other devices, the behavior is that 

of fully depleted SOI.  

2.2 SOI Device Properties 

Owing to their structure, SOI devices exhibit peculiar electrical characteristics as 

described in the following sections: 

2.2.1 Impact Ionization 

Similar to bulk CMOS, impact ionization plays an important role in device performance. 

This is caused by charge accumulation in the body region. When the drain voltage is 

large, impact ionization is caused by the high energy traveling electrons in the high 

electric field region near the drain generating a large amount of electron/hole pairs, 

causing device wear out. This effect is more pronounced when the gate voltage is 
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lowered. In SOI, in addition to long-term wear out of the device, impact ionization also 

creates more immediate effect on device performance. Of the large number of generated 

electron-hole pairs, the electrons move toward the drain and the holes toward the 

floating body accumulating at the buried oxide boundary near the source. This causes an 

increase in local body potential and consequently, a decrease in local threshold voltage. 

As a result, there is a sudden rise in the drain current. Accumulation of charge in the 

floating body is significant since it causes variation in device threshold and “kinks” in its 

DC characteristics. These effects, in a nutshell, are referred to as floating body effects. 

2.2.2 Floating body Effects 

2.2.2.1 Threshold Voltage Variation 

As mentioned before, impact ionization causes charge accumulation inside the transistor 

body. This means that device I-V characteristics are not constant but dependent on the 

amount of charge contained in the body of the device. The charge in the body is directly 

related to body potential, which in turn affects the threshold voltage of the device. 

Consequently, the threshold voltage of SOI device is no longer constant but rather varies 

with variation in body charge. The amount of charge present in the body is dependent of 

multiple factors such as previous state of transistor, schematic position of transistor, 

channel length, supply voltage, junction temperature and operating frequency [10]. 

2.2.2.2 Kink Effect 

Once impact ionization begins, there is a sudden increase in body charge and the 

threshold voltage decreases causing an abrupt increase in IDS of the device. This increase 

appears as a kink in the I-V characteristics of the device. As a rule of thumb, the kink is 

most visible when the gate voltage is approximately VDD/2. 
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Figure 2-5. IV characteristics of FD-SOI NMOS:W=8um, L=0.5um 

 

 

Figure 2-6. IV characteristics of FD-SOI NMOS:W=8um, L=0.2um 

 

Kink effect appears as an 

abrupt change in slope  
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Fig. 2-6 illustrates IV characteristics of MITLL’s 3D FD-SOI process. As can be 

seen in Fig. 2-6 (a), the device with long channel length exhibit visible kink effect in 

their IV characteristics. On the other hand, Fig. 2-6(b) illustrates that short channel 

device does not show any such effect. 

2.2.2.3 Parasitic Bipolar Effect 

In SOI, specifically PD devices, the bipolar parasitic effect is substantially more 

prominent as compared to bulk CMOS. This causes charge paths in and out of the 

transistor so that current flows from drain to the source of an otherwise OFF device 

through the parallel parasitic bipolar. This problem is more pronounced in dynamic 

circuits and topologies consisting of a large number of parallel devices e.g. wide MUX 

or OR gates. Static circuits normally do not suffer from this problem. 

 

Figure 2-7.  Equivalent circuit of an SOI NMOS device 

 

Figure 2-7 [7] depicts the equivalent circuit of an SOI NMOS device including the 

impact ionization current and the parasitic bipolar device effects. As can be seen, with 

impact ionization, the hole current is charging the depletion capacitance (CD) and the 

equivalent substrate capacitance (CBOX) to raise the body potential (VBS). As a result, the 

body/source junction is forward biased to trigger the parasitic bipolar device. The 

generated hole current from impact ionization becomes the triggering base current of the 
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parasitic bipolar device. A large collector current, caused by amplification of the bipolar 

device, flows out of the drain causing a rapid increase in the drain current. 

On the other hand, contrary to parasitic bipolar induced latch-up in bulk CMOS, 

SOI devices do not suffer from latch-up due to the fact that all SOI MOSFET devices are 

completely surrounded by insulator.   

2.2.2.4 Elevated DIBL 

In long channel SOI devices, DIBL is not prominent since the effect of lateral electric 

field on IDS saturates and sub-threshold leakage becomes independent of VDS when VDS 

is low and VG is 0. On the other hand, in short channel devices, DIBL results in 

exponentially decreasing barrier near the source and results in increased sub-threshold 

current. 

Generally speaking, for an FD SOI NMOS device, when the drain voltage increases, 

its sub-threshold slope becomes steeper due to kink effect. From Fig 2-8, it can be seen 

that this kink effect related sub-threshold slope phenomenon becomes more noticeable 

when the channel length is shrunk [7]. When the channel length is further shrunk to 0.25 

μm, this kink effect related sub-threshold slope becomes smaller. These phenomena are 

due to the simultaneous function of DIBL and the kink effect. 
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Figure 2-8.  Effect of kink on sub-threshold slope at various gate lengths 

 

As shown in Fig 2-8, at the high drain voltage, impact ionization generated holes 

start to accumulate at the bottom of the thin film. Therefore, its body potential increases 

and its threshold voltage drops. With a small channel length, DIBL still lowers its 

threshold voltage. As the body voltage rises, the source/body potential barrier shrinks 

due to shrinking of space charge surrounding the high voltage drain. Hence, DIBL 

subdues the short channel effect induced reduction in threshold voltage. Nonetheless, the 

body voltage has greater influence on threshold voltage as compared to DIBL.  

2.2.3 Noise 

In addition to flicker (1/f) noise, which is common in all MOSFET devices, a unique 

low-frequency noise is present in SOI circuits due to floating body effects. This noise is 

identified to be shot noise associated with impact ionization current and body-source 

diode current. The shot noise, normally negligible as compared to flicker noise, is 

magnified in SOI through floating body effect and shows a Lorentzian-like spectrum. 

This shot noise in the floating body causes fluctuations in body voltage, and 
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consequently, threshold voltage of the device also fluctuates leading to noise in the drain 

current. This noise overshoot is more noticeable in PD SOI as compared to FD and NFD 

devices. 

When the gate overdrive voltage is very low or device is biased in subthreshold 

region, the generation/recombination noise forms a dominant portion of noise in SOI 

devices. However, in saturation region, 1/f and Lorentzian-like noise dominates. 

2.2.4 Latch/GIDL Behavior 

When the drain voltage applied to an SOI NMOS device exceeds a certain value, its 

drain current increases substantially. This implies that the device cannot be turned off 

regardless of the gate voltage, a behavior similar to latch. At a large drain voltage, the 

parasitic bipolar device at the bottom of the thin film is turned on and the current 

conduction is via the bottom of the thin film- the surface channel is not dominant any 

more. To resolve this problem, various techniques to lower the kink effects mentioned in 

this section can be used, for example, by the adoption of the germanium implant into the 

source/drain region, the latch voltage has been raised at least 1 V. 

There is another unique phenomenon for the SOI NMOS devices. When the device 

is turned off, its leakage current becomes larger and larger when the gate voltage 

becomes more negative. In addition, this phenomenon is more noticeable at a higher 

drain voltage. This phenomenon appears due to the fact that, generally for most SOI 

NMOS devices, there is overlap between the front gate and the n+ drain, which results in 

a very thin depletion region with a very large electric field.  When the difference 

between the drain voltage and the gate voltage is sufficiently large, the electric field in 

this depletion region is high enough to make the electrons tunnel through the bandgap to 

generate electron/hole pairs flowing to the drain. As a result, the drain current rises. 

Some holes may flow toward the bottom of the thin film to turn on the parasitic bipolar 

device. Thus, the GIDL current is further amplified. The base width of the parasitic 

bipolar device becomes smaller with smaller channel length resulting in better current 

gain of the parasitic bipolar device and more noticeable GIDL. To reduce the GIDL 

phenomenon, the most straightforward method is to use the LDD structure such that the 
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overlap is between the front gate and the n- region. Under this situation, the electric field 

between the front gate and the drain is smaller and GIDL can be reduced.  

2.2.5 Device Self-Heating 

In contrast to bulk CMOS, where the generated heat inside the transistor is transferred 

out of the chip through substrate, the heat generated in an SOI CMOS transistor stays 

inside the insulated region. The insulation is form by the presence of BOX layer 

underneath, SiO2 above and isolation trenches on left and right of the body. As a result, 

junction temperature in SOI is higher as compared to bulk. Self-heating also cause 

reduction in mobility and drain conductance in the device. 

In most logic circuits, devices conduct only during switching and this temperature 

change has negligible effect on performance. However, performance is degraded in 

heavily loaded interconnects with very high switching factors, such as I/O drivers. 

2.3 SOI Digital Circuit Design 

2.3.1 Advantages and Challenges 

As compared to bulk devices, SOI circuits have a higher speed performance. The current 

driving capability of the MOSFETs is reduced as supply voltage is lowered. On the other 

hand, threshold voltage of the SOI devices is designed to be low by an appropriate 

design of the thin film without causing extra leakage currents. Therefore, the reduced 

current driving capability of bulk MOSFETs due to the reduced power supply voltage 

can be compensated is SOI MOSFETS. Moreover, due to the presence of thick buried 

oxide, the depletion junction capacitances under the source/drain regions are almost 

negligible, hence the RC delay is lower due to the reduced parasitic capacitance, which 

can be used to further compensate for the loss resulting from the reduced power supply 

voltage. 

In addition to the high-speed advantage, SOI devices also provide advantages for 

integrating low-power VLSI circuits. As stated before, the drain current driving 

capability of SOI devices is stronger than in bulk devices, at identical supply voltage, at 

same technology node. This is due to the reduced threshold voltage, which is caused by 

positive body-source voltage. 
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Along with advantages, designing digital circuits with SOI devices present unique 

challenges to designers. The following sections describe several techniques in designing 

SOI digital circuits. 

2.3.2 Design Considerations 

Generally, design techniques for SOI circuits is similar to those for bulk CMOS. 

However, one must take into consideration the effect of floating body on circuit 

performance to tune the circuit. 

2.3.2.1 Body Contact 

Most of the negative effects of floating body in SOI can be handled by creating body 

contacts to the source or the ground. However, this approach has its own limitation. 

Specifically, in FD-SOI or in PD-SOI when the channel length is small, the body contact 

resistance can be very high. Using such body contacts eliminates many of the benefits 

that come with peculiar structure of SOI devices, including speed. Moreover, creating 

body contacts in the circuit layout also result in an increase in layout area. Fig. 2-9 

illustrates two types of body contacts that are often employed in SOI circuits. These are 

the layouts of NMOS in MITLL’s 3D FD-SOI process [11]. 
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Figure 2-9. (a) Source-side body contacted NMOS; (b) H-gate body contacted 
NMOS device. 

 

2.3.2.2 Static Logic Circuits 

The propagation delay of an SOI static gate can be seriously affected by the switching 

cycle of the clock. Since the body is floating, the body potential is easily influenced by 

the capacitive coupling to the gate, the drain, and the source, during switching activity. 

In addition, the impact ionization, and the diode leakage current also determine the 

progress of the body potential reaching the steady state. By applying a very fast clock at 

its input gate after switching, the body potential may not reach its steady state in time 

when the next switching arrives. Therefore, the body charge cannot recover in time, 

which brings in a smaller body-source voltage, and hence an increased threshold voltage. 

On the other hand, if the switching is slow enough, body voltage continue to increase to 

steady state leading the threshold voltage to decrease. This variation in VT could lead to 

significant delay variations with varying body voltages. 

It can also be inferred from above that body voltage of the SOI FETs in a static gate 

depend upon its most recent switching history. The delay of free running circuit would 

be constant if it is constantly switching at same duty cycle. This however is not the case 

for most circuits. Faster the switching frequency, more pronounced is the history effect. 

On the other hand, with slower clock, body voltage has time to adjust back to steady 

state, thus resulting in less history effect. Generally, body contacts are employed only in 

those transistors where history effects and delay variability are not tolerable. 
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2.3.2.2.1 Pass Gate Circuits 

The body of passgate transistors is severely affected by parasitic bipolar currents. When 

the input signal switches from high to low, the situation arises when floating body of the 

SOI device is more positive as compared to source and negative as compared to drain. 

Therefore, body to source diode is forward biased and body to drain diode is reverse 

biased. This causes the parasitic NPN bipolar device, which is in parallel with NMOS, to 

turn on. The magnitude and duration of bipolar current depends on device dimensions, 

but it may be large enough to pull out a large amount of charge from the output node of 

the pass gate. With different loads on the output, that node will display differing 

responses with the body voltage varying up to VDD. If the bipolar current is large 

enough, the data on the output node might be corrupted even with a half latch load, 

unless the passgate and the feedback transistor are properly sized.  

There are several methods for reducing the bipolar current, namely, by reducing the 

width of the passgate transistor, by making the feedback transistor stronger, or by 

reducing the switch point for the load inverter. It must be noted that all these solutions 

come at the expense of speed. 

2.3.2.3 Dynamic Logic Circuits 

Floating body effects degrade the performance of dynamic circuits much more seriously 

as compared to static logic circuits, due to temporal variation in the amount of charge 

present in the floating body of the evaluation transistor. Some of the most common 

design concerns impacting dynamic operation of SOI devices are loss of precharge 

caused by the parasitic bipolar current in addition to the normal MOSFET leakages, and 

delay variability. Numerous techniques are employed in SOI dynamic circuits to 

minimize these concerns. These include, but are not limited to, early set up of inputs 

during pre-discharging or precharging of intermediate nodes, cross-coupling of dynamic 

inputs, re-ordered inputs, logic remapping and conditional feedback [10]. 

2.3.2.4 Synchronous Circuits 

Latches and flip-flops comprise of components which are very susceptible to floating 

body effects in SOI devices. Furthermore, due to BOX layer, drain capacitances in SOI 
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devices is reduced, which reduces the stability and noise immunity of latch contents 

from noise sources such as lateral coupling. Similarly, parasitic bipolar current in the 

pass gates of latches and flip-flops can destroy their stored data. For robust latch design 

under these conditions, stronger feedback strength is desired to prevent data loss due to 

parasitic bipolar current. Moreover, making the widths of pass-gate devices as small 

decreases the bipolar current 

The variability in threshold voltages of transistors in components that come in clock path 

introduces variations in clock skew. The arrival of clock at the latch might vary because 

of that. This means that hold time of clock must be extended to account for these 

variations. Furthermore, the response time of cross-coupled inverters in the latch can 

also vary with threshold variations and the resulting switching point of the inverters. 

Thus characterization of setup and hold time for latches must take into account these 

variations in body and threshold voltages. 

 

2.3.2.5 SRAM 

SOI CMOS is a good candidate for implementing SRAMs due to its radiation hardness 

and small parasitic capacitances. However, for a number of reasons, it is very difficult to 

realize similar performance improvements in SOI SRAMs as can be achieved in typical 

logic circuits. This is due to strong influence of floating body effects on several key 

components of the SRAM, namely, pass transistor, decoders with dynamic logic, 

precharging circuit, and sense amplifiers. 

The timing of the clock that enables the wordline can vary due to history effects 

appearing the wordline decoder and the driver. Furthermore, the timing of sample clock 

to the sense amplifier is critical for correct functionality of SRAMs, but is severely 

compromised due to temporal variation in development of sufficient bitline differential. 

During a WRITE cycle, the write enable signal goes high, and of the bitlines 

attached to the memory cell is pulled down by the write driver. With input “1”, the true 

bitline (B) driver holds it high while the complimentary (B’) bitline is pulled to ground. 

The minimum delay needed to reliably write data depends on the condition of the 

unselected memory cells attached to that bitline. The slowest write is when each of the 
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unselected cell has stored “0” long enough that their bodies have reached steady state 

bias. In such a case, the write driver must sink all the currents from many different 

sources to discharge the bitline completely to ground. Because the bodies of pass gates 

on B and B’ of all cells on a bitline can have different charge depending on the value 

stored in those cells, the total capacitance on those bitlines can assume a wide range, and 

consequently, their capacitive discharge rate is also highly variable. This problem can be 

mitigated by using sufficiently large bitline drivers. Finally, bodies of unselected cells in 

a column act as leakage sources due to transient parasitic bipolar currents and higher 

than normal sub-threshold leakage. In idle condition, these floating bodies of access 

transistors drift between the drain and source voltages, forming the base of a transient 

parasitic bipolar NPN transistor with the source as the emitter. When the source drops a 

diode drop below the base, bipolar currents flow until the floating body is discharged. 

Furthermore, raised body voltage lead to lowering of threshold voltage and increase in 

sub-threshold leakage. The effect of this phenomenon is transient since the raised body 

voltage is eventually restored to a lower value upon removal of the body charge. Thus, 

the first write cycle after a long period of dormancy will have the highest unselected cell 

leakage. When the bitlines are precharged to VDD the situation of maximum parasitic 

bipolar currents and sub-threshold leakage occur on the true or complement side of the 

bitline when trying to write a “0” to a polarized column of all 1’s or write a “1” to a 

polarized column of all 0’s. 

During the READ operation, sufficient bitline differential is allowed to develop 

between the bitlines before sense amplifier is enabled, given the highest possible leakage 

of unselected cells on the column. It is also ensured that bitline differential is enough to 

cover the maximum bias which could accumulate in the sense amplifier. Finally, timing 

of the development of bitline differential varies due to charge stored in the floating 

bodies of access transistors. 

Body contacts are often used in the passgates of the 6T SRAM cell and transistors in 

precharging circuitry to eliminate the variability in timing of bitline differential, 

although the former come at a great expense of area and speed. Undesirable sense 

amplifier mismatch, which might appear due to variable body potentials, are also 
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reduced by electrically connecting bodies of critical devices to known value, such as 

cross and rail ties. 

2.3.2.5.1 Cell Stability 

The ability of an SRAM cell to retain most recently written data while being read is 

referred to as cell stability. Prudent device sizing is key to achieving reasonable 

performance and stability. The designer must ensure that a minimum voltage differential 

will be produced on the precharged bitlines in a fixed delay, anticipating a variety of 

influences that can introduce bias into the memory cell and diminish the bitline 

differential voltage. SRAM cell ratio is the width to length ratio of the pulldown 

transistor to the pass transistor. Cell stability depends on the transfer ratio. Depending on 

the topology, the relative strengths of pull down device and pass gate device can vary 

due to their floating bodies, causing the transfer ratio to assume a wide range of values. 

Reasonable and prudent selection of transistor sizes ensures cell stability along with high 

speed operation. Typical transfer ratios range from 1.8 to 2.8 in SOI SRAM cells, as 

compared to 1.8 - 2.0 in bulk CMOS [10]. 

2.3.2.6 Timing and I/O Circuits 

Besides digital circuits in their functional blocks, microprocessors use a variety of 

analog circuits that are even more susceptible to peculiar characteristics of SOI devices. 

These include timing (PLL, DLL) and I/O circuits (clock drivers and receivers, data 

drivers and receivers, and voltage references).  

Data drivers are severely affected by history effects due to the fact that they often 

output data in bursts followed by long periods of idleness. This leads to jitter and 

variation in data rates. Body contacts are routinely used in SOI data drivers to minimize 

the variability. Same is the case with data receivers, which exhibit variability in transfer 

characteristics due to history effects. Nonetheless, since receiver is part of all critical 

paths in the microprocessor chip, body contacts are never used in its circuits so as not to 

compromise speed. 

On the other hand, clock drivers and receivers are independent of any history effects 

and suffer from little to no jitter and delay variation. 
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3. Performance Evaluation of 3D SRAM  

It might be argued that the advantage in 3D integration of processor and memory is in 

terms of a) its ability to realize very wide data bus between processor and memory and, 

(b) the reduction in delays associated with long wires that are present in conventional 

planar memories.  

Using Rent’s rule, various analytical studies [12] [13] have been performed to 

investigate the wire-length shortening in 3D integrated circuits as compared to planar 

ones. To explore the feasibility of designing 3D stack of processor and memory, a 

simple three-tier block of SRAM was designed and fabricated using Lincoln Lab’s 0.18-

um 3D FD-SOI process. This first test structure produced a 48Kbit working 3D SRAM 

macro consisting of 256x64 bit sub-array, one on each of the three tiers forming the 

memory. 

3.1 3D Partitioning 

 

Figure 3-1. Partitioning of memory in 3D 
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Primarily, there are three possible ways of partitioning a planar memory structure into 

3D chip stack, which are shown in Fig. 3-1 [14]. The first approach would be folding the 

bit lines into multiple tiers. This will result in reduced bitline capacitance, fewer 

transistors and reduced leakage. This scheme would also provide lower memory latency 

but there is no improvement in terms of data bus width. The second scheme could be to 

divide the cache into multiple banks and stack individual banks on top of each other. 

This approach does result in reduced cache latency and can also be used to achieve a 

wide data bus. However, for a wide data bus, this scheme would be optimal only when 

the cache size is large and the number of stacked tiers is significantly higher than in this 

process. This scheme will also require an independent decoder on each tier to access 

individual banks. In the third approach, the wordlines can be divided into multiple tiers, 

resulting in reduced wordline length and memory latency. Moreover, this scheme can 

also be easily used to realize a wide data bus. In this case, a wide data bus can be 

implemented by employing clusters of 3D vias at all the read/write ports of the divided 

sub-arrays on all tiers. In order to exploit both benefits of wordline folding, we partition 

the SRAM sub-arrays by partitioning their wordline into three tiers. Fig. 3-2 illustrates 

the folding scheme, where the 256x192 sub-array is partitioned into three tiers with 

256x64 bits each. The 3D memory core consists of three identical memory arrays 

sharing wordlines, with one array placed on each tier.  

 

Figure 3-2.  Bank arrangement in the 3D memory 
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3.2 Memory Design 

The memory consists of 6T SRAM cell as the storage element, sense amplifier, 

static pre-charging and bit-line equalization circuit, write drivers and pseudo-NMOS 

decoder. Figure 3-3 shows the schematic diagram of a memory column. 

 

 

Figure 3-3.  Schematic of an SRAM column 

 

3.2.1 Memory Cell 

6-T SRAM cell, which consists of two cross coupled inverters and two access 

transistors, was chosen for this design due to its better stability and noise margin.  

Fig. 3-4 illustrates the schematic diagram of the 6T cell. It is connected to true (B) 

and complimentary (B’) bitlines on the two pass transistors.  Both the bitlines are pre-

charged to a certain value before the start of a cycle. During a WRITE operation, one of 

the bitlines is pulled low if a “0” has to be stored in the cell, whereas the other bitline is 

pulled low if a “1” has to be stored. During HOLD or steady-state condition, one 



 

     32

intermediate node is at logic “0” whereas the other one is at “1”, depending upon the 

value stored in the cell. During READ operation, one of the pre-charged bitline 

discharges through the side at logic “0”. The other bitline stays at the pre-charged level. 

Once an appropriate differential voltage is established between B and B’, the sense 

amplifier is enabled which compares B and B’ and speeds up the output. Upon 

completion of READ and WRITE cycle, the bitlines are pre-charged back to VDD. 

SRAM cell design consists of trade-off between area and performance. Transistors 

are sized such as to ensure correct READ and WRITE operation, maximize cell stability 

while minimizing cell area. Two ratios are important. The first one is the pull-up ratio 

(PR), which is the size ratio between pull-up (PMOS) and the pass-transistor (NMOS). 

This ratio is constrained by the requirement of correct WRITE, which can be ensured if 

the intermediate node is pulled down low enough during a WRITE that it is below the 

threshold value of second of the cross-coupled inverter. As a rule of thumb, this ratio 

should not be greater than 1.6.  The second constraint, as described in chapter 2, is 

known as cell ratio. The pull-down NMOS must be strong enough so that the voltage on 

the intermediate node (at logic “0”) does not rise above the switching threshold of the 

other cross coupled inverter. In designing the cell, NMOS pass gate and PMOS pull-ups 

were chosen to be minimum for the process (0.6µm/0.2µm). Cell ratio was chosen 

conservatively to be 2.5, whereas pull-up ratio is 1. These choices reduce the cell load on 

the wordline and increase the storage capacitance of the cell. The cell consumes 263 µA 

during READ operation. 

 

Figure 3-4. Schematic of a 6T SRAM cell 
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Stability is one of the key aspects in SRAM cell design since it determines soft error 

rate and tolerance to process variation and operating conditions. The stability is often 

expressed in terms of static noise margin (SNM) of the memory cell. One simple way to 

estimate static noise margin is to draw and mirror the transfer characteristics of cross 

coupled inverters. After obtaining such a figure, also known as butterfly diagram, 

maximum possible square is drawn that can fit inside the curves to obtain SNM. Fig. 3-5 

depicts the butterfly diagram of the memory cell designed for this chip, during HOLD. 

From this figure, the hold SNM is estimated to be approximately 0.5 V. 

      

Figure 3-5. Butterfly diagram of the 6T SRAM cell in HOLD condition 

 

Read stability is also an important characteristic of the 6T SRAM cell. During read 

operation, the voltage at the intermediate node, which is discharging to bitline through 

the pass transistor, must not exceed the threshold of the other inverter; otherwise the 

stored value in the cell is disturbed. Fig. 3-6 shows the SNM plot during READ 

operation, which was measured to be about 0.2 V. 
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Figure 3-6.  SNM during READ condition 

 

3.2.2 Decoder 

For this design, pseudo-NMOS logic was used to implement the 8-bit decoder. Fig. 3.7 

illustrates the circuit schematic of the decoder with a grounded PMOS as pull-up and 

eight parallel NMOS devices to input the eight bit address. For a single stage decoder, 

this style of topology provides the minimum number of transistors, although that comes 

at the cost of reduced robustness and increased power dissipation. In the hindsight, this 

was a poor choice of topology and an 8-to-256 decoder was much more efficiently 

implemented as a multistage circuit for the subsequent tapeouts. 

 

 

Figure 3-7. Schematic of the 8-bit decoder 



 

     35

 

The wordline driver at the output of decoder consisted of tapered chain of inverters 

to drive the wordline load, which can be calculated as follows: 

Cwordline = No. of cells in row * (2*Cgg + Cwire). 

The wordline in this design consists of 64 cells. The wordline length in each cell 

was 6.6 µm. That gives Cwire of 1.4 fF per cell.With Cgg of 1 fF for access transistors, 

Cwordline was estimated to be about 220 fF. 

 

3.2.3 Sense Amplifier 

 

Figure 3-8.  Schematic of the current-mirror sense amplifier 

 

Fig. 3-8 illustrates the circuit schematic of traditional current-source differential 

amplifier used as sense amplifier in this design due to its high speed and good noise 

immunity. In its operation, this topology cancels common-mode noise and amplifies 

differential signal on the bitlines. The two input transistors form a source-coupled 

differential pair. The tail current is set by the bottom transistor. In steady state, the tail 
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current is split in half by both branches and all transistors are in saturation. If voltage on 

one the B bitline fall down to a certain designed value, the left input transistor is turned 

off. No current flows through both of the transistors in the current mirror. Load 

capacitance is then discharged to ground through the right input and tail transistors. On 

the other hand, if voltage on B’ falls down, right input transistor is turned off. Whole 

current now flows through the left input transistor, both transistors forming the current 

mirror and into the load charging it to VDD. The time taken in charging and discharging 

depends on the tail (bias) current.   Therefore, speed can be increased by increasing bias 

current. However, that results in higher steady state power dissipation.  

The major design decision in this type of sense amplifier is selection of appropriate 

sense amplifier current, which depends on the chosen sense amplifier delay. Sense 

amplifier delay, ΔT, can be given as: 

bias

outout

I

V.C
  T


  

where Cout is the output load capacitance. ΔVout is the change in output voltage of 

the sense amplifier and Ibias is the tail current. Selecting 0.3 nS as the ΔT, Cout of 50 fF 

(wire capacitance at the output of the sense amplifier), and 1.5 V as ΔVout, we need Ibias 

of 250 µA for desired speed. Once bias current is chosen, transistor sizes can be 

calculated easily. In device sizing, long channel lengths are used to improve linearity, 

although that comes at the price of more pronounced floating body effects. 

Timing of Sense_Enable circuit is not critical in this topology. Generally, it should 

be asserted when sufficient bitline differential has been established. However, it might as 

well be left enabled at all times, as was done in this design. This was to reduce design 

complexity by eliminating the delay path circuit, which has to be implemented to 

achieve accurate timing of the Sense_Enable signal, although this design choice 

significantly increases static power dissipation.  

As stated in chapter 2, the sense amplifiers of an array column should contain 

closely matched devices in order to distinguish small voltage differentials across B and 

B’. However, with the bodies of the sense amplifier transistors floating in SOI, devices 

may become mismatched due to varying threshold voltages. This can cause the same 

logic value to be more easily read in subsequent cycles. Reading the same logical value 
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over hundreds or thousands of cycles can cause the sense amplifier to develop a 

preferential bias toward reading that value. Read cycle timing, therefore, must take into 

account any variations that might be possible in read access time due to this hysteresis 

effect. 

3.2.4 3D Integration 

Each array comprises one bank and the wordlines of these banks are interconnected 

using 3D vias; thus forming a 192-bit wide data bus, all of which are accessed for 

read/write, in parallel, in a single clock cycle. Each cell column, in all three tiers, has its 

own pre-charge and input/output circuits. Address decoder is part of the middle tier and, 

in addition to feeding the decoder drivers on that tier, all 256 wordlines are also 

branched out to the top and bottom tiers using the 3D vias, thus creating a topology that 

is sometimes referred as 3D divided wordline [14]. Moreover, power, ground and 

read/write control signals are also distributed globally among all tiers using the 3D vias. 

Since bond pads are defined and etched only on the top tier, address inputs are routed 

from the top tier to the decoder on the middle tier also using the 3D vias. Similarly, data 

inputs/outputs (from the 1st and 2nd tiers) are routed to the top tier and onto the bond 

pads using the 3D vias. Figure 2 is a 3D visualization of three stacked memory cells with 

the wordline shared using inter-tier 3D vias. Fig. 3-9 depicts visualization of three 

memory cells stacked on top of each other, whereas Fig. 3-10 illustrated section of the 

layout of the 3D SRAM with 3D vias.  
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Figure 3-9.  3D Visualization of the three stacked SRAM cells 

 

 

Figure 3-10.  Section of the layout of 3D SRAM with 3D vias 

 

3.3 Simulation Results 

Simulations were performed on a single column of 256 cells to characterize the memory 

cell and evaluate the floating body effects on the SRAM performance using the 

methodology described in [16]. Fig. 3-11 illustrates simulation waveform to estimate 

minimum bitline parasitic BJT current during a write cycle. At the start of simulation, 1s 

were written to all cells in a column, except the bottom one. This was followed by hold 
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state for 500 µs to allow the body charge settle to steady state. Minimum bitline parasitic 

bipolar current during a write cycle was then tested by writing a 1 to that column of all 

1s. In this case, the bitline reaches ground. Fig. 3-12 illustrates simulation waveform for 

maximum bitline parasitic bipolar current. To measure maximum parasitic bipolar 

current, first 1s were written to a whole column except the bottom cell, followed by hold 

of 500µs and then writing a 0 to the bottom cell in that column so that the bipolar 

currents add up on B’. It can also be seen that the bitline with maximum parasitic bipolar 

current levels off approximately 256 mV higher than the case for minimum parasitic 

bipolar current. 

 

Figure 3-11. Simulated BL waveforms during WRITE cycle (min. parasitic bipolar 
current condition) 
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Figure 3-12.  Simulated BL waveforms during WRITE cycle (max. parasitic bipolar 
current condition) 

 

As stated in chapter 2, during a read operation, the floating bodies of the cell access 

transistors may cause the device capacitance contribution to the bitlines to vary 

depending on the stored value. To measure this effect, reading of “0” from one selected 

cell in a column with all 1s was simulated. This result was compared with another 

simulation reading “1” from a selected cell in a column that had all 0’s stored except one 

selected cell. As shown in Figure 3-13, there is a difference of 15 mV in the developed 

offset between the maximum and minimum loaded in these two cases.  

In order to analyze history effect, a simulation was performed in which “0” was read 

500 times from a column followed by a “1”. Fig. 3-14 shows the read of the first 0, 

whereas Fig.3-15 illustrates the read of “1”, which follows 500 consecutive reads of “0” 

from the same column. It can be seen that sense amplifier functions correctly for both 

reads, although the read of “1” is not very clean due to hysteresis. 
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Figure 3-13.  Simulated BL waveforms during READ cycle 

 

 

Figure 3-14.  Simulated READ of first “0” in a series of 500. 
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Figure 3-15.  Simulated READ of 500th “0”, followed by “1”. 

 

3.4 Chip Results 

Figure 3-16 shows a zoomed photographic image of a section of the chip with the 3D 

vias along with the micrograph of the fabricated chip. 

The chip was tested using a Tektronix probe station. An HP pattern generator 

was used to provide input for randomly selected memory cells from all tiers. HP 9150A 

oscilloscope was used to measure the output waveform. Fig. 3-17 depicts a waveform 

acquired from the bottom tier of the chip. It was measured to be 29 MHz, significantly 

slower than expected. Upon detailed analysis of the test setup, the problem was isolated 

to the output pad driver. It was found that the output pad driver of the chip was designed 

to drive a 10 pF load, rather than 170 pF presented by the coaxial cable ultimately used 

for interconnecting probe station to oscilloscope. Nevertheless, participation in this 

MPW provided valuable insight into design and testing of 3D chip. 
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Figure 3-16. (a) Photo micrograph of the 3D SRAM test chip; (b) Section of the 
chip micrograph with 3D vias. 

 

 

Figure 3-17.  Measured waveform of Read data from bottom tier 

 

3.5 Comparative Study of 2D and 3D SRAM Performance 

As mentioned earlier, wordline splitting was adopted as partitioning scheme since it 

provides benefits both in terms of latency and bandwidth. In order to compare 

performance of 3D memory with 2D organization, we design both the 2D and 3D 

memories using similar 6T memory cell sized 6.6um x 5.2um. Similarly, for sense 

amplifier, pre-charging and decoder circuits, same architecture was employed.  
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3.5.1 3D SRAM vs. 2D SRAM in a single bank 

In the first study, we designed 48Kbit planar SRAM consisting of a single bank. Fig.3-

18 shows the block diagram of single bank planar memory whereas Figure 3-19 shows a 

section of the layout of this SRAM structure. 

 

Figure 3-18.  Bank arrangement in conventional memory in single bank 

 

 

Figure 3-19.  Section of the layout of single bank SRAM array 

 

Extracted simulations of both 2D and 3D memory structures were performed to 

compute the worst case access time. Simulations were done using UC Berkeley’s 

BSIMSOIv3.0 (level 9) FD-SOI models. Since extraction of parasitic resistance is not 

supported by the currently available tools, resistances were hand-calculated and resistive 

elements were added to bitlines and the wordlines to emulate the delays by RC ladder 

structures. In the simulations, the parameter of our interest was worst access time which 
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is expected to be read access time of the farthest cell in any memory structure. In this 

measurement, we don’t include the sense amplifier delays since those remain constant 

for both 2D and 3D memories. Both 2D and 3D memories were designed such that, once 

wordline is enabled, a voltage difference of 180 mV between B and B’ has to appear in 

order for it to be detected and amplified by the sense amplifier.  

Figure 3-20 shows a read cycle of the farthest cell in a 48K memory block 

implemented in conventional 2D architecture. It can be seen that voltage difference of 

180 mV is achieved in about 1.5 ns. 

 

 

Figure 3-20.  Read Cycle of farthest SRAM cell in single bank 2D architecture 

 

 

Figure 3-21 shows a read cycle of the farthest cell in 48K memory block 

implemented in 3D. In this case the voltage difference of 180 mV between B and B’ is 

achieved in about 202 pS. 
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Figure 3-21.  Read Cycle of farthest SRAM cell in 3D architecture 

   

These results show that a 256x192 SRAM implemented in 3D performs about 6 

times better than a similar SRAM implemented in 2D, in terms of worst case read access 

time. However, it must be noted that the 2D memory architecture used for this set of 

simulations was a single bank. i.e. the whole 48K memory implemented as one bank. 

Normally, one can expect a significant improvement in memory performance if it is 

implemented as multiple bank structure.  

 

3.5.2 3D SRAM vs. planar SRAM in sub-array arrangement 

In the second study, 2D SRAM was designed in an optimal multi-array arrangement. 

Figure 3-22 shows the block diagram of the planar memory. 
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Figure 3-22.  Sub-array organization of 2D SRAM. 

 

Here again, both 2D and 3D memories consist of similar 6T memory cell. Similarly, 

same circuit architecture is employed for the sense amplifier, decoder and pre-charger 

for both memories. Both 2D and 3D memories are divided into three banks of 256x64 

each. 

We performed extracted simulations of both 3-D and 2-D memory structures to 

measure the worst-case access time. Due to non-availability of extraction deck, 

resistances were hand-calculated and resistive elements were added to the bitlines and 

the wordlines to emulate the delays by RC ladder structures. In the simulations, the 

parameter of our interest was worst access time which is expected to be read time of the 

farthest cell in any memory structure. Discounting the sense amplifier delay, which stays 

constant, we measure the time elapsed between assertion of address and appearance of a 

180 mV voltage differential between B and B’ of the memory cell. 

Figure 3-23 shows the simulated waveform of bit line charge and discharge in both 

the 2D and 3D memories. With 1.5V VDD, during the READ of the farthest cell in the 

planar memory, the required 180 mV bitline differential is developed in 230 pSec; while 

in the 3D memory, the same differential appears in 202 pSec, which is 12.2% lower than 

the planar memory. 
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Figure 3-23.  Bitline charge and discharge in the farthest SRAM cell of 2D and 3D 
memories (simulated waveform). 

 

3.6 Results 

Table 3-1 summarizes the simulation results of memory latency for 2D and 3D 

structures. 

Table 3-1.  Summary of maximum “Read” latency measurements 

Memory Organization 

of 48Kbit SRAM 

Maximum Read Latency 

3D 202 pS 

2D (single bank, single array) 1.5 nS 

2D (sub-array arrangement) 230 pS 
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Fig. 3-24 shows memory access time components in case of the three types of memory 

organizations. 

Memory Access Components in 3D SRAM
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Memory Access Components in 2D SRAM (single bank)
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Memory Access Components in 2D SRAM (multiple bank)
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Figure 3-24.  Memory access component breakdown in (a) 3D SRAM;                   
(b) 2D SRAM (single bank, single array);  (c)  2D SRAM (single bank, multiple sub-
arrays) 
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It can be seen that for an SRAM of 48Kb, there is no significant benefit of a 3D 

arrangement, in terms of total access time of the memory. From these results, the 

following conclusions can be inferred: 

1) The improved latency in 3D SRAM is achieved due to two factors. Firstly, the 

shorter wordlines and secondly, smaller decoder delays, which come as a consequence 

of reduced wordline lengths.  

2) The overall performance gain by the 3D architecture would be more pronounced 

if memory were realized in a technology such as SOI that has inherently lower junction 

capacitances. These low capacitances result in lower loading and gate delays, which 

would therefore form a smaller proportion of the total memory latency. As a result, with 

SOI, any reduction in interconnects delays would result in a more pronounced reduction 

in overall memory delays. 

3) It can also be argued that the advantage of 3D integration increases with increase 

in size of the memory. As compared to large memories, wire latency comprise smaller 

fraction of the total access time of smaller memories. Therefore, a larger size memory 

would benefit more from vertical dimension in terms of interconnect lengths that are 

present in larger memories realized in conventional 2D.  

4) It is evident that the reduction in interconnect delay in 3D memory is relatively 

small to have a significant positive affect on the memory access time. Although the 

delay reduction will be much more significant if 3D integration is aggressive enough 

with the number of tiers and the size of memory being integrated into the 3-D stack.  

Based on this observation, it can be argued that, with the current 3D integration 

technology, major benefit in 3D processor-memory stacking comes in terms of high 

bandwidth data bus while the effect of interconnect-length shortening is relatively 

insignificant. This experimental result is also corroborated by analytical analysis in [17].  
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4. 3D L2 Cache Design 

In a microprocessor, an L2 cache is present between L1 cache and the main memory. 

The cache design consists of both architectural and circuit level design. In order to 

achieve optimal performance from the cache, several key policies must be defined before 

indulging on to its circuit-level design.  

4.1 Architecture 

The cache architecture refers to the several parameters that define the design of the 

cache. Some of the key parameters are 1) cache size, 2) degree of associativity, 3) line 

size, 5) replacement algorithm and, 6) write scheme. Furthermore, in designing the 3D 

cache, another challenge is to utilize the additional variability that comes with vertical 

dimension while choosing these parameters such that the cache performance is further 

enhanced as compared to a traditional planar architecture. 

Considering the area and process design rules constraints, the aim was to design 192 

KB of unified cache. The cache is divided equally onto three tiers so that each tier 

contains 64 KB array in total. For a cache of this size, 4-way associativity is found to be 

optimum [18]. Write scheme is chosen to be write-through and random replacement 

algorithm is selected as replacement policy, primarily because of consideration for 

simplified implementation. 

It is a well-known fact that cache performance improves if its line/block is longer 

than one word. 3D integration provides an added dimension which can be used to 

implement very long line size. As discussed in previous chapter, a major benefit of 3D 

integration is the possibility of a very wide data bus as cache I/O. Fig. 4-1 illustrates the 

dependence of a simple RISC processor CPI on the data bus width for a simple memory 

management system. It is obvious that moving an entire line of cache in one cycle to the 

next level faster and smaller cache instead of one or two words at a time offers great 

benefits.  Such a wide data bus requires extremely wide I/O structures that are feasible 

only with 3D chip stacking using ultra small and dense vertical vias. It can be seen that 

CPI decreases with increasing bus width. It is primarily because of the decrease in cache 

miss rate with increased cache block size that can be achieved with a wide data bus 

assuming that the next level of cache is not too small [19]. 
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Figure 4-1.  RISC CPI variation with bus width 

 

4.1.1 3D Partitioning 

As has been discussed in the previous chapter, there are three possible ways of 

partitioning the cache into a 3D chip stack. Since reducing the size of wordline and 

increasing bandwidth are major aims in most cache memory designs, we chose wordline 

partitioning for the 3D cache chip. Each tier is divided into four arrays of 16 KB each. 

Each of these arrays is further divided into 4 KB sub-array, one for each of the four 

ways. These sub-arrays are formed by arrays of 256x384 memory cells. The 256x384 

sub-array is partitioned into three tiers with 256x128 bits each. Fig. 4-2 illustrates this 

folding scheme.  
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Figure 4-2.  256x384 SRAM sub-array (a) in 2D organization, (b) in 3D. 

 

. In this design, the 3D L2 cache consists of three tiers. The cache is addressed by 24 

physical address bits. For the 4-way cache, 16 bits are stored as tag and the remaining 8 

bits are used to address 256 wordlines. 1536 vertical interconnects between L1 and L2 

cache are used to realize wide data bus and line size is also the same. During a read or 

write operation, address translation and data delivery of full block is performed in one 

clock cycle. In case of a miss, the cache employs pseudo-random replacement algorithm 

with two random bits. Fig. 4-3 illustrates the block diagram of the L2 cache. 

The cache controller, the three-stage decoder and the tag array lie in the top tier. The 

cache controller logic is placed in the middle of the chip for optimal distribution of 

control signals to all the banks on all tiers. The placement of tag array on the top tier 

provide significant chip space on the middle and bottom tiers for incorporating inter-tier 

redundancy, as will be described later. 
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Figure 4-3.  Block Diagram of the 3D L2 cache. 

 

Table 4-1 summarizes various architectural parameters of the 3D L2 cache. 

Table 4-1.  Architectural summary of the 3D L2 cache 

Architecture Unified 

Size 192 KB 

Associativity 4-way 

Write Policy Write-Through 

Line Size 1536 bits (192 Bytes) 

Bus Width 1536 bits (192 Bytes) 
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4.2 Circuit and Layout Design 

4.2.1 Design Methodology 

 

Figure 4-4.  Floor plan of 3D L2 cache. 

 

Fig. 4-4 shows the floor plan of the 3D cache. Each tier consists of 64 KB SRAM sub-

arrays in total. The SRAM, data and tag arrays were custom designed, whereas an 

automated approach was used to design the cache controller and the decoder blocks on 

the top tier. A full custom approach was then used to integrate all blocks to realize the 

3D chip. In the first stage, planar wires were routed to connect circuit blocks on the 

individual tiers. In the second stage, individually designed tiers were integrated forming 

the 3D chip. This included custom placement of the 3D vias including via clusters for 

the wide data bus, the wordlines and the control signals. The 3D via clusters forming a 

wide data bus were placed keeping in mind the processor floor plan. In the placement of 

3D vias, the obvious goal of minimizing interconnect lengths is constrained by process 
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design rules requiring a certain minimum spacing of 3D vias from active and poly 

regions of the transistors as well as minimum spacing requirement for these vias. The 

cost of these constraints was an increase in overall cache area. An alternative approach 

would have been optimal placement of 3D vias and interconnects in the first stage 

followed by routing of planar interconnects on the individual tiers. Such an approach 

would result in even more constrained routing since planar interconnects outnumber the 

3D interconnects and the number of metal layers available in this process is limited. 

The 3D L2 cache design consists of data and tag arrays and their decoders, 

redundancy and cache control circuitry. In the cache operation, both the read and write 

need single clock cycle in case of a hit. For both the read and write operations, the 

address decoder starts decoding on the positive edge of the clock signal. The decoded 

address simultaneously activates applicable word lines in all the banks of data array (on 

all tiers) and the tag array. The tag array consists of fast latches so that the Hit/Miss 

signal is available to the cache controller before data bits are sent to appropriate 

destination. Based on the Hit/Miss, Read/Write, Enable and LFSR output signals, the 

controller generates the signal to enable the appropriate way of the cache. The way-

enable logic is placed directly underneath the data arrays on the top tier and Way_Enable 

signal is routed to the bottom tiers using 3D vias. 

4.2.2 Decoder and Wordline Driver 

Logic diagram of the three-stage decoder is shown in Fig. 4-5. The first stage of the 

three-stage decoder is shared by the four sub-arrays while the subsequent stages are 

separate. The last decoder stage is branched out to the three tiers using 3D vias and each 

tier has its separate word-line drivers. This way, each address is decoded to enable 

twelve word lines. 

The decoder circuit is implemented using static CMOS logic to avoid floating body 

effects in circuit performance that are very severe in dynamic logic. Transistor sizing is 

done using logical effort. For a wordline capacitance of 520 fF and the input capacitance 

of the two input NAND gate as 4.2 fF, the overall effective fan-out equals 120. With 

path branching effort of 384 and path logical effort of 4, the total path effort is estimated 

to be 184320. The gate effort to minimize the delay is approximately 7.5. With these 



 

     57

numbers, the Width to Length ratios of the 1st stage NAND-2, the 2nd stage NOR-3, the 

3rd stage NAND-2, and the final chain of inverters (wordline driver) can be easily 

calculated. 

 

 

Figure 4-5.  Logic diagram of the 3-stage decoder. 

 

4.2.3 Data Array 

A memory column similar to Fig. 3-3 was employed in this design, except for using 

different topologies for precharge and sense amplifier circuits. 

As mentioned earlier, the basic unit of data array is a 256x128 (4 KB) sub-array. 

The data array consists of memory cells and peripheral circuitry for READ and WRITE 

operations. In order to facilitate simultaneous access of all bits in the cache line, each 

column in the array has its own read and write circuit including write drivers and sense 

amplifier. 

4.2.3.1 Memory Cell 

As in first design, 6T SRAM cells are used to form the memory core. In the cell layout, 

the transistors forming the inverters are connected by simply abutting them, as shown in 

Fig. 4-6. This is possible because all active and poly surfaces are silicided, which allows 

single contact layout of cross-coupled inverters [20]. This results in significant saving in 

memory cell area as compared to layout in bulk CMOS. A single memory column is 

similar to one used in the first MPW as shown in Fig. The cell ratio in this design is 

chosen to be 2 as opposed to 2.5 in the first design. This provides further savings in cell 
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area with acceptable performance and noise margin. The butterfly plots for HOLD and 

READ are shown in Fig. 4-7. 

 

 

Figure 4-6.  Layout of the 6T SRAM cell with drains of NMOS and PMOS adjoined 

 

 

(a) 
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(b) 

 

Figure 4-7.  Butterfly plot for SNM in (a) HOLD, (b) READ 

 

4.2.3.2 Pre-Charge Circuit 

Fig. 4-8 illustrates the clocked precharge circuit used in this design. This circuit 

facilitates fast equalization and charge-up of the bitlines with large devices. 

 

 

Figure 4-8.  Bit line precharge circuit 
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4.2.3.3 Sense Amplifier and Read Circuitry 

In order to realize wide data bus, simultaneous access to all bits in the cache line is 

required. That necessitates separate sense amplifier for each column in every sub-array 

in the data array. Due to simultaneous activation of all sense amplifiers, their power 

consumption is high. This necessitates the need of a circuit that could consume low 

power while providing high speed. 

For fast sensing, a current controlled latch-type sense amplifier is employed in this 

design [21]. Fig. 4-9 illustrates the circuit schematic of this sense amplifier. The primary 

benefits of this sense-amplifier are high input impedance and detached input and output. 

Moreover, in this circuit, current flows through the tail transistor only during switching 

of cross-coupled inverters and hence, there is no static power dissipation. The sense 

amplifier operates by sensing voltage differential between B and B’ at the gates of 

differential input transistors. Current flow in the differential input transistors controls the 

action of cross-coupled latches to provide output. 

 

 

Figure 4-9.  Schematic of the sense amplifier. 
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Once a 70 mV differential is established between B and B’, Sense_En signal is 

asserted. Timing of Sense_En signal is critical in this type of sense amplifier, since too 

early or too late enabling of the amplifier might result in erroneous data output. In order 

to gurantee that timing constraint, a delay path consisting of replica circuit that exhibits 

delay of the actual signal path is employed. The delay path consists of bitline replica 

followed by decoder replica. The bitline replica consists of enough memory cells that 

would generate full signal swing in the same time as the full column generates a 

differential of 70 mV. This constraint is met by using 12 6T cells in the bitline replica. 

4.2.4 Tag Array 

The tag array consists of 256x18 bit of memory elements all located on the top tier. The 

primary design criterion for tag array is to ensure that tag access and hit/miss decision is 

made by the time that data is available at sense amplifier output during data cache 

access. To meet this requirement, array of high-speed latches is used to store 16-bit tags 

along with Valid bit. The tag arrays are placed adjacent to data arrays and share the 

preliminary stage of the address decoder with the data array but have their own, albeit 

identical, final stage. Fig.4-10 shows circuit diagram of positive edge-triggered flip-flops 

used to make the tag array whereas Fig. 4-11 illustrates its layout. 

 

Figure 4-10.  Schematic of the latch in tag array 



 

     62

 

 

 

Figure 4-11.  Layout of the latch 

 

4.2.5 Cache Controller 

The design of state machine for cache controller started with identifying six potential 

states, namely, Idle, Wait, Read Hit, Read Miss, Write Hit and Write Miss. Four inputs 

(RD/WR, HIT/MISS, EN, TEST/RESET) and five outputs (Way_En, WE, Din_En, 

Dout_En, LFSR_EN) were identified. However, after few iterations, it was realized that 

only two states (IDLE, WAIT), two inputs (HIT/MISS, EN) and five outputs (READY, 

Way_En, WE, Din_En, Dout_En, LFSR_EN) would suffice to be part of the 

combinational and sequential circuit comprising the cache controller. Fig. 4-12 shows 

the state diagram for the controller. TEST/RESET and EN inputs were implemented as 

global signals for enabling and resetting of various combinational and sequential circuits 

in the whole chip. 
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Figure 4-12.  State Diagram of the Cache Controller 

 

In normal condition, the cache controller is in IDLE state. Upon receiving a read or 

write request, lower 8 bits of asserted address are decoded by the decoder and 

appropriate wordline is enabled for both tag and data array. From the tag array, the 

selected tag is read out and compared with upper 16 bits of asserted address. Depending 

upon the outcome of comparator operation, a hit or miss signal is generated. This is done 

for all the four ways.  

In case of a hit with READ request, the controller generates Dout_En, READY and 

appropriate Way_Enable signal so that the data from that way is loaded onto the 1536-

bit data bus. In case of a read miss, the controller goes to the WAIT state and asserts 

LFSR_En and STALL signal and no data is loaded onto the data bus. It stays in the 

WAIT state until STALL signal is deasserted and data is loaded into the way enabled by 

LFSR output. At that time, READY signal is generated and the controller goes back into 

IDLE state. 

In case of WRITE request, a hit results in generation of Din_En, READY and 

appropriate Way_Enable signal. If there is a miss, controller generates LFSR_En signal 

and also asserts the STALL signal. The controller stays in the WAIT state until the 
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STALL signal is deasserted externally. Fig. 4-13 illustrates block diagram of Hit/Miss 

generation circuitry. 

 

 

Figure 4-13. Upper level schematic of Hit/Miss generation circuit 

 

The LFSR_En enables the 3-bit LFSR that generates LFSR_out<0:3>. Fig. 4-14 

shows the upper level schematic of the way enable circuitry which is done by XORing 

H/M<0:3> with LFSR_out<0:3>. 

 

Figure 4-14.  Upper level schematic of the way enable circuit. 
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Fig. 4-15 shows the schematic of the 16-bit comparator whereas Fig.4-16 depicts its 

layout. The circuit consists of 16 XOR, 8 2-input NOR, 4 2-input NAND and one four-

input NOR gates. 

Fig. 4-17 shows the circuit diagram of the XOR gate employed in building the 

comparator. 

 

 

Figure 4-15.  Schematic of the 16-bit comparator. 

 

 

 

 

Figure 4-16.  Layout of the 16-bit comparator 
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Figure 4-17.  Schematic of the XOR used in 16-bit comparator. 

 

In order to implement random replacement policy, a 3-bit LFSR is employed to 

generate the way where the requested tag and corresponding data is placed. Fig. 4-18 

illustrates the schematic of the 3-bit LFSR whereas Fig.4-19 shows its layout. Fig. 4-20 

is the circuit diagram of the D flip-flop used in the LFSR. 

 

 

Figure 4-18.  Schematic of the 3-bit LFSR. 
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Figure 4-19.  Layout of the 3-bit LFSR. 

 

 

Figure 4-20.  Schematic of the D Flip-Flop. 
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4.3 Redundancy  

Redundancy is a key feature in modern-day high-density memories in order to increase 

their yield, and caches are no exception to that. More so in 3D ICs, where the problem of 

low-yield becomes even more pronounced due to the possibility of independent defects 

in either of the integrated wafers, it is imperative to employ redundancy circuits to 

increase the yield. In 3D memories, the redundancy circuits need to be incorporated at 

possibly two levels. The first one, that might be called intra-tier redundancy, is the 

conventional use of redundant columns and/or rows to replace some defective part of the 

data array on the same tier. The second scheme, that might be called inter-tier 

redundancy, can be introduced by employing redundant arrays on a given tier, which 

might be made operational in case of massive defects in data sub-arrays on other tiers.  

In the 3D cache, the intra-tier redundancy can be introduced conventionally by 

adding redundant elements in each sub-array forming the data array along with the shift 

circuits. For inter-tier redundancy, four independent sub-arrays of 256x128 cells are 

incorporated on the second and first tier and act as redundant elements for defective sub-

arrays. Although it might seem that such a large inter-tier redundancy would result in a 

significant increase in the chip area, that assertion is not quite true. As mentioned before, 

the tag arrays along with the decoder and all the control logic are placed on the top tier. 

The placement of data sub-arrays is identical and symmetric for all tiers. These design 

choices, coupled with the fact that area of all tiers is the same, leaves open area on tiers 1 

and 2 underneath the tag arrays on tier3, which is used for placing sub-arrays for inter-

tier redundancy. The provisioning of inter-tier redundancy thus comes without 

significant area overhead and becomes significantly important due to the fact that yield 

of 3D integrated circuits is lower as compared to conventional planar chips in current 

technologies. 

 The top two of the extra sub-arrays act as redundant cells for the top-half of the 

chip and the bottom two for the bottom half of the chip.  This assignment is further 

limited by reserving the redundant sub-array on the 1st tier for the left side and the one 

on the 2nd tier are for the right side sub-arrays of the chip. Upon detection of massive 

defects in any sub-array on a tier, it is disabled and replaced with one of the redundant 



 

     69

sub-arrays on the second or third tier. The input/output signals of the associated 

redundant sub-arrays are multiplexed with actual sub-arrays using 3D vias. 

The operation of de-activating a faulty sub-array and replacing it with the associated 

redundant one is fairly straightforward. Firstly, all wordline drivers of the faulty array 

are disabled. Since the wordlines are already routed to all tiers using 3D vias, no extra 

3D vias are required in bringing wordlines to the redundant arrays. Once the word-line 

drivers of redundant sub-arrays are activated, their input/output signals replace those of 

the faulty sub-array on the data bus through a multiplexer. 

4.4 3D Floor Planning 

The L2 cache has been designed with the consideration of three-dimensional integration 

with a high-speed processor. Fig. 4-21 illustrates 3D integration of the L2 cache tiers 

with the bottom tier that holds the processor core. The 24-bit address bus, 1536-bit data 

bus and several control signals are routed from the CPU to the L2 cache using 3D vias. 

On the three tiers forming the 3D L2 cache, data arrays are placed symmetrically on top 

of each other to enable easy sharing of the first two stages of the decoder among the 

three tiers. Such a placement of data arrays also reduces length of interconnects for 

control signals that are shared by the three tiers. To facilitate symmetric floorplanning, 

the 3D interconnects for processor core interface are placed in the middle of the 5mm x 

10mm chip. The data bitlines are routed from read/write drivers at the bottom of data 

arrays to the middle of the chip by using low-resistance back metal interconnects. All the 

bond pads are etched on the top tier so the power, ground and independent test signals 

for lower tiers are routed using 3D vias on the edges of the chip. 
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Figure 4-21.  Floor plan of 3D processor stack combining CPU and L1 cache on the 
bottom tier with three tiers of L2 cache stacked on top of it. 

 

4.5 Testing Scheme 

The chip is designed such that it can be tested while operating in stand-alone mode. i.e. 

in absence of CPU interface. External inputs include RD/WR, EN, CLK, A0, A1, A7, 

A8, TEST and several Din signals. When TEST is asserted, control signals from CPU 

are disabled and can be controlled externally. The signals brought out of the chip include 

Way_Enable, LFSR_out, HIT/MISS and READY. Besides these several wordline and 

Dout signals are brought out on to output pads. Figs. 4-22 and 4-23 illustrates circuit 

diagram of input and output pad drivers and their layouts.  
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(a) 

 

     (b) 

Figure 4-22.  (a) Circuit schematic, and (b) layout of the input pad driver. 
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(a) 

 

 

(b) 

Figure 4-23.  (a) Circuit schematic, and (b) layout of the output pad driver. 

 

In addition to these, two output pads with drivers of W/L ratio of 4860 are also 

implemented to observe Dout without being affected by high loading coaxial cable 

between I/O pad and oscilloscope. Fig. 4-24 shows the layout of that output pad driver. 

 

Figure 4-24.  Layout of the output pad driver with W/L of 4860. 
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4.6 Results 

The L2 cache design has been fabricated using MITLL’s 0.18 um, 3D FD-SOI 

process. The nominal supply voltage is 1.5 V for this process. The chip occupies 5mm x 

10mm physical area and it consists of over six million transistors. There are 72 I/O pads 

surrounding the die area. Fig. 4-25 illustrates the chip layout whereas Fig.4-26 shows the 

micrograph of the fabricated chip.  

 

 

Figure 4-25.  Layout of the 3D L2 cache. 

 

 

Figure 4-26.  Micrograph of the 3D L2 cache. 
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Fig. 4-27 illustrates extracted simulation waveforms during READ and WRITE of 

different address locations at 500 MHz. Fig.4-28 shows the simulated waveform of B 

and B’ during read and write. The voltage differential of 70 mV is enough for safe sense 

amplifier operation. 

 

Figure 4-27.  Simulation waveforms of cache data array access. 

 

 

Figure 4-28.  Simulation waveforms of B and B’ during (a) Write, and (b) Read. 
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Fig. 4-29 shows the measured waveform of wordline WL<1> when A<0> alternates 

between 0 and 1, whereas Fig. 4-30 is the measured waveform of a wordline with 

alternating addresses.  

 

 

Figure 4-29.  Measured waveforms of WL<1> with changing A<0>. 

 

 

Figure 4-30.  Measured waveform of WL <255>. 

 

Figs. 4-31 and 4-32 shows the measured waveform of several read after write cycles 

during L2 cache access at 500 MHz and 255 MHz, respectively. The data array access 

CLK 

A<7> 
WL
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time is 1.6 ns. With a 1536-bit data bus, the cache provides aggregate data bandwidth of 

up to 96 GB per second.  

 

  

Figure 4-31.  Measured waveforms of alternating read and write from Tier 1. 

 

 

 

Figure 4-32.  Measured waveform of output data at 255 MHz. 

 

RD/WR

Dout 
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Fig. 4-33 shows measured waveforms where the data contains string of 0s, followed 

by 1s. 

 

Figure 4-33.  Measured waveform with a string of consecutive 0s from Tier 3. 

 

In order to quantify access time improvement achieved by 3D stacking, extracted 

simulation results of the 3D data array were compared with those of a same sized planar 

data array designed in the same process. The baseline design of the 2D cache minimized 

its access time while keeping the 192-byte wordline. Since all the control and decoder 

logic of the 3D cache is optimally placed on its top most tier, the 2D cache was formed 

by replacing the 3D sub-array structure shown in Fig.3-2 with the one in Fig.3-16. 
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Figure 4-34. Read access time component breakdown for the 192 KB data array in        
3D and 2D; 1-Decoder, 2-Wordline + Wordline_driver, 3-Bitline, 4-Sense_Amp. 

 

Fig. 4-34 illustrates the memory access time components during a READ operation for 

2D and 3D data arrays. We define the wordline+wordline_driver delay component as the 

time taken from assertion of  the decoder output till the completion of the wordline 

charging whereas the bitline latency is the time taken from the end of the wordline 

charging till achieving a 75mV differential between B and B’. With 3D, the wordline 

and bitline delays are reduced by 31% and 20%, respectively, as compared to the planar 

organization.  On the other hand, the rest of the access time components remain 

unchanged. The decoder delay stays the same due to the fact that it consists of logic 

components which are independent of 2D or 3D implementation. Similarly, there is no 

improvement in sense amplifier delay. The total data array read access time (without 

I/O) is 1.11ns for 3D as compared to 1.28ns for 2D, an improvement of over 13%. These 

results can be expected to be different depending upon cache size and 3D partitioning 

scheme. Also, it should be noted that improvement in interconnect delay would be even 

more pronounced if 3D technology is more aggressive in terms of the number of 

integrated tiers. 
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Figure 4-35. Read access time components for the data array of the reported 3D 
cache compared with 3DCacti predictions; 1-Decoder, 2-Wordline + Bitline, 3-
Sense_Amp. 

 

Fig. 4-35 depicts the comparison between access time components in our 3D cache 

data array with the 3DCacti predicted values [15]. Overall, 3DCacti predicts an access 

time of 0.94 ns (without I/O), 15% lower than our result.  

Table 4-2 summarizes the measured characteristics of the 3D cache chip described 

in this paper. In regular operation, the data array consumes 4.3 W. The high power 

consumption by the data array can be attributed to the very wide data bus that requires 

simultaneous enabling of all the sense amplifiers during a READ operation. Also, cell 

current is high to ensure high speed operation. As explained earlier, the chip also 

employs large output pad drivers which consume a significant portion of the total chip 

current. 
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Table 4-2. Summary of 3D L2 cache chip results. 

Technology 0.18-um FD-SOI CMOS 

Supply Voltage 1.5 V 

Organization 192 KB  

Operating Frequency 500 MHz 

Data Transfer Rate 96 GB/s 

Icell 252 µA 

Ileak 35 nA 

Ichip 7.4 A 

 

4.7 Functional Testing of 3D SRAM 

Reliability is a key aspect of any SRAM chip. To detect the faults that can occur within a 

memory chip, extensive testing is carried out by both manufacturers and users of those 

chips. Fault detection in 3D memories is even more important due to additional 

processing involved in building a multi-layered chip. Physical faults can occur in any 

part of the memory chip and depend upon circuit layout, density and manufacturing 

technology. In a 3D memory chip, additional sources of physical faults are additional 

processing for 3D integration. In addition to physical faults, soft errors also affect the 

reliability of memory chips. Though, SRAMs are less susceptible to soft errors as 

compared to DRAM, they are still a cause of concern. These errors can occur due to 

excess variations in node voltages inside the SRAM cell beyond the noise margin, 

resulting in flipping of the data stored in the cell. The primary cause of such voltage 

variations in conventional memories are external radiations such as alpha particles that 

cause excess charge carriers in the devices. Additional causes can be random noise and 

signal integrity issues such as crosstalk due to capacitive coupling. In 3D memory chips, 

the affect of such crosstalk might be more severe due to stacking of bitlines and 

wordlines.  
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In order to study both the soft and hard errors in 3D SRAMs and understand the 

causes of these failures, a 96 Kbit of 3D SRAM chip was designed in MIT Lincoln Lab’s 

0.15 µm process for their third MPW (3DM3). The chip consists of four 256x128 sub-

arrays on each of the three tiers. Circuit design of its components is similar to the one 

used for 3D cache chip in the second MPW (3DM2). Moreover, scan chains, using D 

flip-flops, are inserted with sub-arrays on all tiers. A synchronous 8-bit binary counter is 

used to scan all the 256 addresses in any given sub-array. Each scan chain has a TEST 

signal, which when asserted, enables that chain. The TEST signals are connected to 

input pads for external control. The chip is currently in fabrication and will be tested as a 

follow-up study of the work presented in this thesis. 
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5. 3D FD-SOI DRAM 

As discussed in previous chapters, main memory presents a major performance 

bottleneck in modern computer systems as a memory wall where memory speed lags 

behind the processor speed by thousands of order of magnitude. In the computer 

systems, main memory usually consists of large amount of DRAM organized as multiple 

DIMMs that are external to the processor. The limitations of on-board inter-chip 

communication severely handicap the speed of data transport between the processor and 

external memory. 3D stacking can be used to reduce or eliminate DRAM DIMMs 

needed external to the processor, and hence physical board size and length of board level 

interconnections that remain to be implemented using conventional packaging. 

Fig. 5-1 shows 3D integration of a SiGe BiCMOS processor at the bottom tier with 

multiple SOI SRAM and DRAM tiers stacked on top of it. One or more tiers of SRAM 

are used as cache, due to superior access time.  However, for large foot-print code or 

data applications large amounts of DRAM are needed. 

In this work, we developed the 3D DRAM in MITLL’s 0.15um 3D FDSOI process. 

 

 

 

Figure 5-1. Schematic drawing showing a vertical 3D stack of SRAM and DRAM 
memory wafers on a SiGe HBT BiCMOS processor wafer. 
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5.1 SOI DRAM 

Conventional DRAM processing currently involves use of a vertical trench capacitor 

with a transistor up in the top neck of the trench capacitor.  In efforts to achieve gigabit 

memories, one of the key challenges is the integration of storage capacitor while 

simultaneously achieving short access time and very high density. For this reason, 

several capacitor-less DRAMs have been proposed [22],[23],[24],[25]. An interesting 

possibility is to exploit the floating body in SOI as storage capacitance [26]. The DRAM 

cell consists of a single transistor, three signal lines and a single channel. Figure 5-2 

shows the circuit diagram of such a DRAM cell. 

 

 

Figure 5-2.  Circuit diagram showing a single cell of the FDSOI Floating Body 1-T 
DRAM with Floating Body Cell. 

 

Implementation of high-density DRAM circuits in SOI processes have been 

undertaken by numerous groups utilizing the fact that these transistors possess a floating 

body that can be used as a charge storage node. As discussed earlier, normally this 

floating body charge is an irritant to designers, because it can become trapped in channel 

regions shifting effective device thresholds introducing kink effect in the device 

characteristics and hysteresis in the circuit operation.  However, in DRAM, the trapped 

charge can be an asset since it can preclude the need of a separate storage capacitor, thus 

providing very high-density memory. The 1-T DRAM is also inherently dense compared 

to conventional DRAM and SRAM since each unit cell requires only one transistor.  
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5.2 Principles of Operation 

5.2.1 Write Cycle 

The write operation for the Floating Body Capacitance DRAM is depicted in Figure 5-3.  

The write “1” operation is achieved by creating positive charge in the transistor body 

using impact ionization mechanism. Both the word line (WL) gate voltage and bit line 

source are raised high, which causes impact ionization to create positive charge that is 

trapped in the body when the word line is low.  A high gate voltage and low drain 

forward biases the body-drain junction, thereby removing holes from the body, 

corresponding to write “0”.  

 

Figure 5-3.  Write operation for “1” and “0” in an SOI FET Floating Body Cell. 

 

5.2.2 Read Cycle 

The read operation is performed by operating the transistor in the linear region and 

sensing its current. It starts by activating the WL. To keep the stored charge intact, 

transistor is biased with a small drain voltage. The resulting drain current appears 

through the precharged BL on the sense amplifier. At that time, the sense amplifier is 

activated and it compares this current with the reference current and outputs data 

accordingly. 

5.3 Design Considerations 

Performance of 1T SOI DRAM depends on its capability to store charge in its body. As 

has been discussed before, the charge stored in the SOI transistor’s body appears in the 

device’s characteristics as kink effects. 
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As discussed in chapter 2, the floating body effects are much more prominent in 

partially depleted SOI as compared to fully depleted processes. For that reason, most of 

the proposed capacitor-less DRAM cells have been realized in PD-SOI. [23] and [24] 

have reported floating body DRAM cell in fully depleted processes when a negative 

voltage is applied to the backside (backgate) of the wafer. In such a case, a negative VBG 

provides a potential well to store the holes injected into the body by impact ionization - 

i.e., charge is accumulated on the back surface of the thin film. [27] has reported 

generating the memory effect by creating a dip in device transconductance. This is also 

done by applying negative back gate voltage to the FDSOI device. Fig. 5-4 shows the ID-

VD characteristics of a 0.15-µm SOI NMOS in MITLL’s FDSOI process, with negative 

backgate voltage. The kink effects can be seen to be more pronounced as the back gate 

voltage is made more negative. 

  

Figure 5-4.  ID vs. VD characteristics of a 0.15 µm NMOS. 
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Nevertheless, such an option is not feasible with MITLL’s 3D FDSOI process due 

to the fact that, in this process, the substrates on the back of the second and third tier 

wafers are removed during 3D bonding. One possibility is to use the second and third 

tier back metals (see Fig. 1-10), which are physically connected to the BOX on their 

respective tiers, to apply the backgate bias. However, current simulation CAD tools lack 

the capability to model the device behavior with voltage applied to the back metal. 

The MITLL FDSOI process exhibits kink effects only for long channel devices. 

Specifically, at L=0.5um and longer, kinks can be easily distinguished in its IV 

characteristics (see Fig. 2-5). Exploiting these characteristics, this work was done using 

long channel NMOS devices in the MITLL’s 3D FDSOI process. This implies that the 

gate length must be at least 0.5 um in order to build 1T DRAM cell in this process. 

In order to characterize the performance and operation of the 1T FDSOI DRAM 

with floating body cell, several simulations were performed. Fig. 5-5 illustrates the 

schematic of the test setup for these simulations. Fig. 5-6 illustrates plot of VG versus VB. 

It can be seen that body potential is maximum when the gate voltage is about 0.7V. 

 

Figure 5-5.  Test schematic for characterizing 1T FBC DRAM cell 
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Figure 5-6.  Gate Voltage versus Body Potential. 

 

Fig. 5-7 shows impact increasing drain voltage on impact ionization current with a 

log scale. The increase in impact ionization current becomes very steep after VD of 2.5. 

That matches with the increase in sudden increase in body charge beyond that voltage as 

shown in Fig.5-8. 

 

Figure 5-7.  Drain Voltage versus Impact Ionization Current. 
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Figure 5-8.  Drain Voltage versus Body Charge. 

 

 

 

Figure 5-9.  Variation in body voltage and threshold voltage with drain potential. 
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Fig. 5-9 illustrates variation in body voltage and correspondingly, device threshold 

voltage with increasing drain potential. The gate voltage in this simulation is 0.7 V. 

The operating voltages of the device are selected based on these simulations results. 

While it is clear that higher drain voltage would result in higher charge for the body, the 

device breakdown (which is 2.6 V in this process) must be taken into consideration. 

Table 5-1 shows the suggested operating voltages for this design. 

 

Table 5-1: Operating voltages for writing, reading and hold modes 

 
Writing 

“1” 
Writing 

“0” 
Hold Reading 

VG (V) 
(WL) 

0.7 1.5 0 0.7 

VD (V) 
(BL) 

3.2 0 0 -0.2 

VS 0 0 0 0 

 

5.4 Circuit Design 

Fig. 5-10 illustrates the architecture of the DRAM array. The array consists of 256 

bitlines and 256 wordlines. The memory cell size is 6µm/1µm. On one side, the bitlines 

are connected to column activation signals and to the sense amplifier on the other side. 

The wordlines are connected to decoder output, which are branched out to the three tiers 

forming the DRAM array. There is one sense amplifier for each bitline. Fig. 5-11 shows 

more detailed schematic of a single DRAM cell, along with READ and WRITE 

peripheral blocks. Major part of the circuit consists of reference voltage generators. The 

Vwrite generation circuit consists of two charge pumps for generating reference voltages 

for writing “0” and “1”. It takes Write_EN, Data_in and CLK as inputs, all of which are 

provided externally. VWL generates reference voltage for wordline (VG), depending upon 

the activation signal externally or from decoder. Similarly, Vread generates 0.2 V needed 

for low drain bias for READ operation.  
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Figure 5-10.  Schematic showing the array of Floating Body Capacitor DRAM 

 

 

Figure 5-11.  Circuit schematic of a single DRAM cell along with peripheral circuit. 
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Figure 5-12.  Section of the layout of DRAM array 

 

A section of array layout is depicted in Fig. 5-12. Area is saved by sharing source 

and drain contacts. A memory cell is therefore just the intersection of two perpendicular 

lines, one representing WL biasing all the gates in a row and the other representing BL 

to bias all in a column. Furthermore, source terminals of all devices are connected to 

each other using a metal line parallel to WL, and then to ground at the edge of the array. 

Next sections describe the design of individual blocks used in the DRAM chip. 

5.4.1 Reference Current Generation 

A stable and accurate reference current generator is necessary to ensure correct output 

from the memory cell.  
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Figure 5-13.  Circuit schematic of the reference current generator 

 

Fig. 5-13 illustrates the reference current circuit used in this design. The key feature 

of this circuit is that output current is independent of VDD and it is controlled by the 

resistor RS. The circuit is used to generate output current of 110 µA. 

The reference current can be given as: 
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Body contacts are created for all the transistors in the circuit. PMOS transistors are 

source-body contacted, whereas bodies of NMOS transistors are tied to the ground. In 

order to minimize the effect of λ, channel lengths are chosen to be long. 

5.4.2 Reference Voltage Generators 

Most of the peripheral circuitry of the DRAM array consists of voltage generators used 

in READ and WRITE. 
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5.4.2.1 Write Voltage 

Fig. 5-14 illustrates upper level schematic of voltage generation circuit for WRITE 

operation.  

 

Figure 5-14.  Schematic diagram of the circuit for generating Vwrite 

 

For writing a “1”, 3.2 volts needs to be applied at the drain of the transistor. Classic 

Dickinson type of charge pump is used to generate that voltage. Fig. 5-15 depicts its 

circuit schematic and transient response. In this process, diodes are realized in active 

region by blocking silicide formation using poly or NOSLC (salicide protection) layer. 

The output voltage rises as intermediate node capacitors are charged up during each 

clock cycle until it reaches a maximum. A slow external clock (1 MHz) is used to charge 

up the output. For this circuit, maximum output voltage is given as: 

VOUT = 4*(VDD – VD). 
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(a) 

 

 

 

(b) 

Figure 5-15.  (a) Dickinson type charge pump used to generate voltage for      
writing “1”; (b) Transient behavior of the charge pump. 
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5.4.2.2 Read Voltage 

The read voltage of 0.2 V is generated using conventional voltage bias circuit shown in 

Fig. 5-16. The circuit basically acts as a resistor divider. To maximize output resistance, 

channel lengths are chosen to be long. 

 

Figure 5-16.  Schematic of the reference voltage generator for READ operation 

 

5.4.2.3 Wordline Voltage 

The wordline needs to be strobed by 0.7, 1.5 and 0 volts under different operating 

conditions. Bias generator similar to Fig.5-16 is used to generate 0.7 V. Pass transistors 

are employed to pass appropriate voltage to the wordline depending on the operation. 

Fig. 5-17 illustrates the schematic diagram of circuit used for generation of wordline 

strobes. 
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Figure 5-17.  Circuit Schematic for Vwl generation 

 

5.4.3 Sensing Scheme 

Clamped bitline sense amplifier [28] is used to compare cell current against reference 

current. Fig. 5-18 illustrates the circuit schematic of the sense amplifier. Transistors M1-

M4 form a latch with cross-coupled inverters. M5 and M6 are biased in the linear region 

and provide low impedance tie up to the bit lines. The circuit operation is completed in 

two phases. The first phase is precharging which begins by asserting PRE1 and PRE2 to 

high. This equalizes the input and output nodes. During this phase, Vread is set to 0.2 V 

and S_En is asserted high to facilitate drain bias (Vread) to the selected memory cell. At 

the start of second stage, the wordline of the selected memory cell is activated and at the 

same time PRE1 is released. After a short while, S_En, Vread and PRE2 are also asserted 

low. At this point, M1 and M2 act as low impedance common gate amplifiers and the 
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latch uses positive feedback to convert the current difference between M1 and M2 into 

sense amplifier output. 

 

Figure 5-18.  Circuit diagram of the sense amplifier. 

 

Fig. 5-19 illustrates the timing diagram of sense amplifier operation. 
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Figure 5-19.  Timing diagram of the sense amplifier operation 

 

Fig.5-20 illustrates the transfer characteristics of the CBLSA. It displays a 

metastable range of 20 µA. Beyond 120 µA and below 100µA, the sense amplifier 

provides correct output. 

 

Figure 5-20. Transfer characteristics of the CBLSA. 
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5.5 Test Chip 

Fig. 5-21 depicts the layout of the test chip in which the top half is the DRAM. The chip 

is currently in fabrication and will be tested in the follow-up work for this thesis. The 

DRAM part needs four probes in order to be tested. The top and bottom are for 15-pin 

probes, whereas the left and right sides are for 10-pin probes.  

To contribute to future research efforts, this chip has multiple test circuits. Besides a 

number of small test structures to characterize cell performance, these are listed below 

 Two 3D DRAM arrays with wordline partitioning 

 One 3D DRAM array with bitline partitioning 

 A small array in which back gate bias to DRAM cells on tiers 2 and 3 might 

be provided through back metal. 

 

 

Figure 5-21.  Layout of the test chip with 3D DRAM (Top half is the DRAM). 
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5.6 Simulation Results 

Fig. 5-22 illustrates the simulation waveforms of read and write of 0 and 1. In this 

simulation, read and write cycle are both 50 ns. Although, read cycle can be completed 

in 5 ns (depending upon the current margin), write “0” is a major limiting factor in this 

design due to slow removal of holes from the body. On the other hand, a Write “1” can 

be completed successfully in 5 ns and has been verified by simulations.  

 

 

Figure 5-22.  1T DRAM Read and Write waveform 

 

The major concerns for reliable sensing are variations in read current representing 

1” or “0”, and the retention time. The read current depends on impact ionization, which 

is highly variable and temperature dependent. Furthermore, the charge stored in 

transistor body also changes with time due to leakage and also hole elimination during 

every WL cycle. As stated before, the cell current is compared against a reference 

current which is predetermined based on device characteristics. Therefore, it is very 

important to quantify these cell current variations.  
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5.6.1 Variations in Cell Current 

Relatively low noise margin of this memory cell necessitates more thorough robustness 

studies. Cell current representing logic “1” or “0” can be influenced by a variety of 

factors, specifically by temperature, noise, process variations and device degradation. 

5.6.1.1 Effect of Temperature 

Fig. 5-23 illustrates variation in transistor drain current with temperature. As can be 

seen, the noise margin drops by almost 50% when temperature rises from 10ºC to 85ºC. 

 

 

Figure 5-23.  Cell current variation with temperature 

 

5.6.1.2 Effect of Noise 

As discussed in chapter 2, SOI devices suffer from extra noise in addition to the 

traditional noise in bulk MOSFETs. This additional noise is due to the floating body 

effects, which are also specifically being exploited in the operation of 1T DRAM. 

Calculation of noise variance estimated it to be 1 pA2. With this much noise, there is 
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negligible chance that it might cause to disturb the cell current so much as to cause an 

erroneous read. While the device noise is found to be non-significant for cell operation, 

switching noise in the power supply rail can be much more serious. Further studies are 

needed to investigate the effect of switching noise on 1T FBC DRAM operation. 

5.6.1.3 Effect on Sensing Speed 

Fig. 5-24 illustrates the effect of current variation in sensing speed of the CBLSA. As 

might be expected, the response time of sense amplifier is inversely proportional to the 

cell current. 

 

Figure 5-24.  Variation in response time of sense amplifier with cell current 

 

5.6.2 Retention Characteristics of the DRAM 

Retention time of a DRAM is defined as the time for which the cell can hold on to the 

stored value without need to refresh. Retention time is measured during HOLD and 

during READ conditions.  

Fig. 5-25 (a) illustrates the retention characteristics of the 1T DRAM in HOLD 

state. It was simulated by first writing the data value to the memory cell and then doing a 

READ after every 10 µS. Transistor current for logic “1” drops to 110 µA after 10 mS 

which is within 20 µA of current representing a “0”.  
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Fig. 5-25 (b) represents the retention characteristics while READ operation. This 

was simulated by continuously reading a memory cell while noting its cell current. The 

cell current for logic “1” becomes equal to that for logic “0” after about 20 µA, which is 

more than enough to complete a READ operation.  

It is clear from these figures that this DRAM is not non-destructive. To ensure 

stability of stored data, it is suggested that every READ should be followed by a refresh. 

Also, for optimal performance, it is suggested that each DRAM cell should be 

periodically refreshed after 3 mSec. 

 

(a) 
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(b) 

Figure 5-25.  (a) Hold retention characteristics, and (b) Read retention 
characteristics of the floating body memory cell 
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ABSTRACT – Slow cache memory systems and low memory bandwidth present a major 

bottleneck in performance of modern microprocessors. 3D integration of processor and 

memory subsystems provides a means to realize a wide data bus that could provide a 

high bandwidth and low latency on-chip cache. This paper presents a three-tier, 3D 192-

KB cache for a 3D processor-memory stack. The chip is designed and fabricated in a 

0.18µm fully depleted SOI CMOS process. An ultra wide data bus for connecting the 3D 

cache with the microprocessor is implemented using dense vertical vias between the 

stacked wafers. The fabricated cache operates at 500 MHz and achieves up to 96 GB/s 

aggregate bandwidth at the output. 

Index terms – 3D integration, cache architecture, data bus, SRAM, FD-SOI. 

 

I. INTRODUCTION 

The semiconductor industry has over the last two decades focused on 

reducing the lithographic sizes of the transistors to accommodate more transistors. The 

trend has kept pace with the prediction made by Moore’s law so far. However, as the 

lithographic processes hit 22nm one begins to see a limit being introduced from the 

quantum effects. 3D integration provides a viable opportunity to continue adding more 

transistors in a given chip area by stacking multiple layers of circuits. This has opened 

up several other advantages in that memory latency could be reduced from the shorter 

interconnection paths as well as from wider memory bandwidth provided by the large 

number of vias that can be drawn between the layers. This permits a speed up in the slow 

memories to match faster processors. The relevance of 3D memory is even more 
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pronounced in shared memory multi-core processors, where there is a requirement of a 

large bandwidth which can be conceived only with the help of the memory subsystem 

stacked on top of the processor cores. 

Because of slow response from the memory systems, modern CPUs spend a 

significant amount of time idling while waiting for data from the slower cache memory. 

Over the years, a number of architectural techniques have been proposed to overcome 

the penalties associated with slow memory systems [1], [2]. Such strategies are generally 

applicable to specific algorithms and hence may not be helpful for a more general 

purpose processor.  In short, the basic problem of insufficient bandwidth for data transfer 

between the processor and the memory hierarchy has never been solved and it continues 

to be a bottleneck in CPU performance regardless of how the processor architecture is 

organized or implemented. A well-known technique for creating high-bandwidth caches 

is dividing the cache into multiple independently addressed banks and interleaving their 

data buses. However, as the cache size increases, this approach leads to increased length 

of interconnect wires resulting in increased wire delays. The problem can be solved by 

considering the third or vertical direction for integration of multiple memory arrays or 

banks forming the cache. If the 3D technology is aggressive enough, much wider address 

and data bus paths are possible, and many more ports for simultaneously accessing 

independent blocks or tiers of memory become feasible. 

Fig. 1 shows the dependence of a simple single RISC processor CPI on the 

data bus width for a simple memory management system [3]. It is obvious that moving 

an entire line of cache in one cycle to the next level cache, which is faster and smaller, 

instead of one or two words at a time offers great benefits.  It can be seen that CPI 

decreases with increasing bus width, and the effect is more pronounced at very high 

clock-rates. In [4], the authors presented the performance improvement in multi-core 

processors with wide-bus 3D memory. That paper also discusses the advantages of 

moving multiple lines of cache to or from independent tiers or multi-ported memory 

blocks nearly simultaneously. Such an architecture would require multiple wide 

structures that are feasible only with 3D chip stacking using ultra small and dense 

vertical vias. 
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Fig. 1. RISC CPI variation with bus width and clock frequency (with the 

Spec95 benchmark). 

A 3D computational structure [5] has been reported with separate RAM on 

top of each processing element. [6] and [7] carry out some analytical work in building a 

3D cache. [8] discusses the design of a 3D data cache but only explores bank stacking. 

Moreover, using Rent’s rule, various analytical studies have also been performed to 

investigate the wire-length shortening in 3D integrated circuits as compared to the planar 

ones [9], [10]. A 3D cache can also use a large number of dense, vertical interconnects to 

form a very wide data bus between the processor and cache memory [11]. It is not 

feasible to realize a very wide data bus in traditional, planar integrated circuits due to 

two reasons. Firstly, it would consist of very long interconnects that would have large 

parasitic capacitance and consequently, increased interconnect latencies and high power 

consumption. Secondly, a very large number of long interconnects would make it 

impossible to meet chip area requirements. This paper explores the design and 

implementation of a three dimensional cache memory that can be integrated with a high-

speed processor using a very wide data bus. The cache has been designed and fabricated 

in a 0.18µm fully depleted SOI CMOS process developed by Lincoln Lab. 

 

II. 3D PROCESS 

3D integration can be done by several techniques including wafer bonding. 

Fig. 2 illustrates the MITLL process of 3D wafer scale integration using wafer bonding 



 

     111

[12], [13]. The 3D circuit is assembled from separate FD-SOI (fully depleted-silicon on 

insulator) wafers, each of which is independently fabricated [14]. This 3D integration 

technique can also be used to integrate wafers fabricated in heterogeneous technologies, 

with as many wafers stacked as the current stacking technology would permit. 

 

Fig. 2. The process of 3D wafer scale integration, (a) Face-to-Face alignment of 

wafers; (b) Face-to-Face bonding; (c) Backside thinning; (d)  3D Vias plugged 

through thinned top. 

 

The bottom wafer acts as a handle wafer. Etching to remove the substrate of 

the second wafer is done after stacking and aligning it face-to-face with the bottom 

wafer. The buried oxide (BOX) of the upper tier FD-SOI wafer acts as an etch stop. The 

same process is then repeated for the top wafer. Vertical interconnects, known as 3D 

vias, are etched to provide connections between stacked wafers. In this process, these 

inter-wafer 3D vias are 1.75µm square and 3µm deep and they connect top-level metal 

of the first wafer to that of the second wafer and, first level metal of the second wafer to 

the top-level metal of the third wafer. These 3D vias are then filled with tungsten plugs. 

The design rules specify 3D via spacing to be at least 1.45µm if five or fewer 3D vias 

are closely placed and at least 2.65µm when the number of closely placed 3D vias is 

more than five. The median resistance of these vias is measured to be approximately 1 

ohm, thus, negligible RC delay is associated with them. Fig. 3 illustrates SEM image of 

the process cross-section. 



 

     112

 

Fig. 3. SEM image of a cross-section of the 3D process. In total, there are 10 

metal layers - 3 metals on each tier plus one back metal on the top tier. 

 

FD-SOI CMOS is a promising technology, which offers most of the 

performance benefits associated with the partially depleted SOI such as lower junction 

capacitances, reduced latch-up and simplified layouts as compared to bulk CMOS 

technologies. In the Lincoln Lab process, the device characteristics exhibit a “kink 

effect” for the long channel NMOS. The kink, which is due to stored charge in the 

floating body of SOI transistor, is not apparent in devices with small gate lengths. 

Moreover, PMOS transistors do not show any effect on their device characteristics due 

to the floating body. It follows that the FD-SOI SRAM cells and most logic circuits do 

not suffer from variation in their threshold voltage and static noise margin as do the ones 

with PD-SOI devices. However, from the memory design point of view, the most serious 

shortcoming is the higher leakage currents of these devices [15], [16]. 

 

III. 3D CACHE ARCHITECTURE 

A 3-tier, 3D, 192 KB, 4-way set-associative cache with a 192-byte wide data 

bus was designed in the Lincoln Lab’s 3D process. Logically, the cache consists of four 

ways of 256 sets each. Each set comprises one block which is 192 bytes wide. The cache 

is addressed by 24 physical address bits providing an 8-bit index and a 16-bit tag. Fig. 4 

illustrates the micro-architecture of the 3D cache. 
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Fig. 4.  Block Diagram of the 3D cache. 

 

A. 3D PARTITIONING 

As discussed earlier, the advantages achievable by 3D integration can be 

characterized as a) the reduction in delays associated with long wires that are present in 

conventional planar memories, and b) its ability to realize a very wide data bus.  

There are three possible ways to partition a planar memory into a 3D stack. 

The first approach would be folding the bit lines into multiple tiers. This will result in 

reduced bitline capacitance, fewer transistors and reduced leakage [6]. This scheme 

would also provide lower memory latency but there is no improvement in terms of data 

bus width. The second scheme could be to divide the cache into multiple banks and stack 

individual banks on top of each other. This approach does result in reduced cache 

latency and can also be used to achieve a wide data bus. However, for a wide data bus, 

this scheme would be optimal only when the cache size is large and the number of 

stacked tiers is significantly higher than in this process. This scheme will also require an 

independent decoder on each tier to access individual banks. In the third approach, the 

wordlines can be divided into multiple tiers, resulting in reduced wordline length and 
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memory latency. Moreover, this scheme can also be easily used to realize a wide data 

bus. In this case, a wide data bus can be implemented by employing clusters of 3D vias 

at all the read/write ports of the divided sub-arrays on all tiers. In order to exploit both 

benefits of wordline folding, we partition the SRAM sub-arrays by partitioning their 

wordline into three tiers. Fig. 5 illustrates the folding scheme, where the 256x384 sub-

array is partitioned into three tiers with 256x128 bits each.  

 

 

Fig. 5.  256x384 SRAM sub-array (a) in planar organization, (b) with 

divided wordline. 

 

The 3D processor-memory stack architecture can be extended to have 

additional levels of cache and/or main memory stacked on top of the processor with a 

very wide data bus between the two. In our design, the 3D cache consists of three tiers, 

which can be bonded to a bottom tier consisting of the processor and a lower level cache. 

The data bus consists of 1536 vertical interconnects to connect the 3D cache with the 

lower level one. The write scheme to the 3D cache is write-through and the line size is 

equal to the width of data bus. During a READ or WRITE operation, address translation 

and data delivery of a full block is performed in one clock cycle. In case of a miss, the 

cache employs a pseudo-random replacement algorithm with two random bits. 
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The cache controller, the three-stage decoder and the tag array lie in the top 

tier. The cache controller logic is placed in the middle of the chip for optimal 

distribution of control signals to all the arrays on all tiers. The placement of the tag array 

on the top tier provides significant chip space on the middle and bottom tiers for 

incorporating inter-tier redundancy, as will be described later. 

The data array architecture and floorplanning is identical for all tiers 

simplifying their design by reuse. Each tier consists of four arrays of 16 KB each. Each 

of these arrays is further divided into 4 KB sub-arrays, one for each of the four ways. 

These sub-arrays are formed by 256x128 memory cells.  

 

IV. CIRCUIT AND LAYOUT DESIGN: 

The 3D cache design consists of data and tag arrays and their decoders, 

redundancy, and cache control circuitry. In the MITLL process, transistor-level circuit 

and layout design is similar to that in the 2D process. The 3D related design decisions 

are limited to a higher level where various building blocks of the chip are optimally 

partitioned into 3D.  

In the cache operation, for both READ and WRITE, the address decoder 

starts decoding on the positive edge of the clock signal. The decoded address 

simultaneously activates applicable word lines in all the data arrays on all tiers and the 

tag array. The tag array consists of fast registers so that the Hit/Miss signal is available 

to the cache controller before data bits are sent to the appropriate destination. Based on 

the Hit/Miss, Read/Write, Enable and LFSR output signals, the controller generates the 

signal to enable the appropriate way of the cache. The way-enable logic is placed 

directly underneath the data arrays on the top tier and Way_Enable signal is routed to the 

bottom tiers using 3D vias. Both the READ and WRITE are completed in a single clock 

cycle in the case of a hit. 
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Fig. 6. Floor plan of the 3D cache. 

 

A. Design Methodology 

Fig. 6 shows the floor plan of the 3D cache. Each tier consists of 64 KB 

SRAM sub-arrays in total. The SRAM, data and tag arrays were custom designed, 

whereas an automated approach was used to design the cache controller and the decoder 

blocks on the top tier. A full custom approach was then used to integrate all blocks to 

realize the 3D chip. In the first stage, planar wires were routed to connect circuit blocks 

on the individual tiers. In the second stage, individually designed tiers were integrated 

forming the 3D chip. This included custom placement of the 3D vias including via 

clusters for the wide data bus, the wordlines and the control signals. The 3D via clusters 

forming a wide data bus were placed keeping in mind the processor floor plan and will 

be described in section V. In the placement of 3D vias, the obvious goal of minimizing 

interconnect lengths is constrained by process design rules requiring a certain minimum 

spacing of 3D vias from active and poly regions of the transistors as well as minimum 

spacing requirement for these vias. The cost of these constraints was an increase in 
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overall cache area. An alternative approach would have been optimal placement of 3D 

vias and interconnects in the first stage followed by routing of planar interconnects on 

the individual tiers. Such an approach would result in even more constrained routing 

since planar interconnects outnumber the 3D interconnects and the number of metal 

layers available in this process is limited. 

B. Data array 

As mentioned earlier, the basic unit of the data array is a 256x128 (4 KB) 

sub-array. The data sub-array is comprised of 6T SRAM cells. In the cell layout, drains 

of NMOS and PMOS are joined as shown in Fig. 7, resulting in significant saving in 

memory cell area as compared to layout in bulk CMOS [17]. Fig. 8 illustrates the circuit 

diagram of a single column in the data array. In order to facilitate simultaneous access of 

all bits in the cache line, each column in the array has its own read and write circuit, 

including write drivers and a sense amplifier. 

 

   Fig. 7. Layout of the 6T SRAM cell with drains of NMOS and PMOS 

adjoined. 
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Fig. 8. Circuit diagram of a single column in the data array. 

 

In order to realize a wide data bus, simultaneous access to all bits in the cache 

line is required. That necessitates separate sense amplifiers for each column in every 

sub-array in the data array. For fast sensing, a current controlled latch-type sense 

amplifier (Fig. 9) with detached input and output is employed in this design [18].  

 

Fig. 9. Schematic of the sense amplifier 
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The sense amplifier circuit consists of long channel NMOS transistors and it is necessary 

to employ some technique to suppress the history effects on data read. This is achieved 

by creating body contacts which are tied to the source terminal, although such body 

contacts come at the price of much larger transistor area in the layout of the sense 

amplifier. Similarly, the transistors in pre-charge circuit have body contacts tied to their 

source. 

C. Tag array design 

The tag array consists of 256x18 memory elements all located on the top tier. 

The primary design criterion for the tag array is to ensure that tag access and the hit/miss 

decision is made by the time data is available at the sense amplifier output during READ 

access. To meet this requirement, high-speed registers are used to store 16-bit tags. The 

tag arrays are placed adjacent to data arrays and share the preliminary stage of the 

address decoder with the data array but have their own, albeit identical, final stage. 

 

D. Decoder Design 

A logic diagram of the three-stage decoder is shown in Fig. 10. The first 

stage of the three-stage decoder is common for the four 16 KB blocks. The subsequent 

stages are separate for each block. The last decoder stage branches out to the three tiers 

using 3D vias and each tier has its separate word-line drivers. In this way, each address 

is decoded to enable twelve word lines in total (four on each tier). 

 

Fig. 10. Logic diagram of the 3-stage decoder. 

 

V. 3D FLOOR PLANNING AND INTEGRATION WITH PROCESSOR 

The 3D cache has been designed with the consideration of three-dimensional 

integration with a high-speed processor. Fig. 11 illustrates 3-D integration of the 3D 
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cache with the bottom tier that holds the processor core. The 24-bit address bus, 1536-bit 

data bus and several control signals are routed from the CPU to the 3D cache using 3D 

vias. On the three tiers forming the 3D cache, data arrays are placed symmetrically on 

top of each other to enable easy sharing of the first two stages of the decoder among the 

three tiers. Since the cache controller is placed in the middle of the top tier, its control 

signals are first routed to sub-arrays on that tier.  Symmetric placement of data arrays 

then simplifies routing of 3D interconnects for those control signals that are shared by 

the three tiers. As discussed earlier, 3D vias forming the data bus are placed to facilitate 

optimal integration with the data bus interface on the processor side. In this design, they 

are placed in the middle of the 5mm x 10mm chip, same as the data bus location on our 

prototype processor as shown in Fig. 11. The data bitlines are routed from read/write 

drivers at the bottom of data arrays to the middle of the chip by using low-resistance 

back metal interconnects. All the bond pads are etched on the top tier so the power, 

ground and independent test signals for lower tiers are routed using 3D vias on the edges 

of the chip. 

 

Fig. 11. Floor plan of the 3D processor stack combining CPU and L1 cache on the 

bottom tier with three tiers of L2 cache stacked on top of it. 

 

VI. REDUNDANCY 

Redundancy is a key feature in modern-day high-density memories in order 

to increase their yield, and caches are no exception to that. More so in 3D ICs, where the 

problem of low-yield becomes even more pronounced due to the possibility of 
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independent defects in either of the integrated wafers, it is imperative to employ 

redundancy circuits to increase the yield. In 3D memories, the redundancy circuits need 

to be incorporated at possibly two levels. The first one, that might be called intra-tier 

redundancy, is the conventional use of redundant columns and/or rows to replace some 

defective part of the data array on the same tier. The second scheme, that might be called 

inter-tier redundancy, can be introduced by employing redundant arrays on a given tier, 

which might be made operational in case of massive defects in data sub-arrays on other 

tiers.  

In the 3D cache, the intra-tier redundancy can be introduced conventionally 

by adding redundant elements in each sub-array forming the data array along with the 

shift circuits. For inter-tier redundancy, four independent sub-arrays of 256x128 cells are 

incorporated on the second and first tier and act as redundant elements for defective sub-

arrays. Although it might seem that such a large inter-tier redundancy would result in a 

significant increase in the chip area, that assertion is not quite true. As mentioned before, 

the tag arrays along with the decoder and all the control logic are placed on the top tier. 

The placement of data sub-arrays is identical and symmetric for all tiers. These design 

choices, coupled with the fact that area of all tiers is the same, leaves open area on tiers 1 

and 2 underneath the tag arrays on tier3, which is used for placing sub-arrays for inter-

tier redundancy. The provisioning of inter-tier redundancy thus comes without 

significant area overhead and becomes significantly important due to the fact that yield 

of 3D integrated circuits is lower as compared to conventional planar chips in current 

technologies. 

 The top two of the extra sub-arrays act as redundant cells for the top-half of 

the chip and the bottom two for the bottom half of the chip (see Fig. 6).  This assignment 

is further limited by reserving the redundant sub-array on the 1st tier for the left side and 

the one on the 2nd tier are for the right side sub-arrays of the chip. Upon detection of 

massive defects in any sub-array on a tier, it is disabled and replaced with one of the 

redundant sub-arrays on the second or third tier. The input/output signals of the 

associated redundant sub-arrays are multiplexed with actual sub-arrays using 3D vias. 

The operation of de-activating a faulty sub-array and replacing it with the 

associated redundant one is fairly straightforward. Firstly, all wordline drivers of the 
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faulty array are disabled. Since the wordlines are already routed to all tiers using 3D 

vias, no extra 3D vias are required in bringing wordlines to the redundant arrays. Once 

the word-line drivers of redundant sub-arrays are activated, their input/output signals 

replace those of the faulty sub-array on the data bus through a multiplexer. 

 

VII. RESULTS 

The 3D cache design has been fabricated in a 0.18µm, 3D FD-SOI process 

with three levels of metal and an additional back metal for tiers 2 and 3 each. The 

nominal supply voltage is 1.5 V for this process. The chip occupies 5mm x 10mm 

physical area and it consists of over six million transistors. There are 72 I/O pads 

surrounding the die area. Fig. 12 (a) and (b) shows the layout and micrograph of the 

fabricated chip, respectively. The test chip has been tested to work with up to a 500 MHz 

clock input. 

Fig. 13 shows the simulated waveforms of B and B’ in the memory array. 

Fig. 14 illustrates extracted simulation waveforms during READ and WRITE of 

different address locations in the data array, at 500 MHz. 

 

Fig. 12. (a) Layout of the 3D cache; (b) Chip micrograph. 
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Fig. 13. Simulation waveforms of B and B’ during WRITE and READ. 

 

 

Fig. 14. Simulation waveforms of cache data array access. 

Figs. 15 (a) and (b) show the measured waveforms of several READ after 

WRITE cycles during cache access at 500 and 255 MHz, respectively. With a 1536-bit 

data bus, the cache provides an aggregate data bandwidth of up to 96 GB per second at 

the output. Fig. 16 shows measured waveforms where the data contains a string of 0s. 
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Fig. 15 Measured waveforms of alternating read and write from Tier 1 at (a) 

500 MHz, and (b) 255 MHz. 

 

 

Fig. 16. Measured waveform with a string of consecutive 0s from Tier 3. 

In order to quantify access time improvement achieved by 3D stacking, 

extracted simulation results of the 3D data array were compared with those of a same 

sized planar data array designed in the same process. The baseline design of the 2D 

cache minimized its access time while keeping the 192-byte wordline. Since all the 

control and decoder logic of the 3D cache is optimally placed on its top most tier, the 2D 

cache was formed by replacing the 3D sub-array structure shown in Fig. 5(b) with the 

one depicted in Fig. 5(a). 
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Fig. 17.  Read access time component breakdown for the 192 KB data array 

in        3D and 2D; 1-Decoder, 2-Wordline + Wordline_driver, 3-Bitline, 4-

Sense_Amp. 

 

Fig. 17 illustrates the memory access time components during a READ 

operation for 2D and 3D data arrays. We define the wordline+wordline_driver delay 

component as the time taken from assertion of  the decoder output till the completion of 

the wordline charging whereas the bitline latency is the time taken from the end of the 

wordline charging till achieving a 70 mV differential between B and B’. With 3D, the 

wordline and bitline delays are reduced by 31% and 20%, respectively, as compared to 

the planar organization.  On the other hand, the rest of the access time components 

remain unchanged. The decoder delay stays the same due to the fact that it consists of 

logic components which are independent of 2D or 3D implementation. Similarly, there is 

no improvement in sense amplifier delay. The total data array read access time (without 

I/O) is 1.11ns for 3D as compared to 1.28ns for 2D, an improvement of over 13%. These 

results can be expected to be different depending upon cache size and 3D partitioning 

scheme. Also, it should be noted that improvement in interconnect delay would be even 

more pronounced if 3D technology is more aggressive in terms of the number of 

integrated tiers. 
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Fig. 18.  Read access time components for the data array of the reported 3D 

cache compared with 3DCacti predictions; 1-Decoder, 2-Wordline + Bitline, 

3-Sense_Amp. 

 

Fig. 18 depicts the comparison between access time components in our 3D 

cache data array with the 3DCacti predicted values [7]. Overall, 3DCacti predicts an 

access time of 0.94 ns (without I/O), 15% lower than our result.  

Table 1 summarizes the measured characteristics of the 3D cache chip 

described in this paper. In regular operation, the data array consumes 4.3 W. The high 

power consumption by the data array can be attributed to the very wide data bus that 

requires simultaneous enabling of all the sense amplifiers during a READ operation. The 

chip also employs large output pad drivers which consume a significant portion of the 

total chip current. 

 

Table I. Chip summary of the 3D cache. 

Technology 
0.18-µm 3D FD-SOI CMOS 

with 3 levels of metal. 

Supply Voltage 1.5 V 

Area 5mm x 10mm 

Operating Frequency 500 MHz 

Data Transfer Rate upto 96 GB/s 
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Pdata_array  4.3W 

Itotal, chip 7.4 A 

 

 

VIII. CONCLUSIONS 

With the ever widening gap between processor and memory system 

performance, 3D stacking of processor and memory offers a promising way to solve the 

seemingly insurmountable memory wall problem. A three-dimensional, three-tier, 192 

KB cache suitable for 3D integration with a processor is designed and fabricated in a 

0.18µm, 3D FD-SOI process. An innovative redundancy scheme has also been 

introduced where a failed sub-array on one tier can be replaced by activating a 

replacement array on another tier. The 3D implementation improves data read access 

time as compared to the planar architecture. The data bus between the processor and the 

3D cache is 192 bytes wide and thus facilitates realization of a very high bandwidth 

processor-memory interface. 
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