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ABSTRACT | Three-dimensional (3-D) integration of systems by
vertically stacking and interconnecting multiple materials,
technologies, and functional components offers a wide range
of benefits, including speed, bandwidth and density increase,
power reduction, small form factor, packaging reduction, yield
and reliability increase, flexible heterogeneous integration
with multifunctionality, and overall cost reduction. A new
spectrum of opportunities and challenges arises for integrated
system designers, which warrants rethinking and innovations
from system design perspectives. By selecting three represen-
tative cases, i.e., solid-state data storage, power delivery, and
hybrid radio-frequency/optical transceiver for distributed
sensor networks, this paper intends to exemplify the potentials
of exploiting the benefits of 3-D integration technology from
system perspectives.
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I. INTRODUCTION

There have been significant developments in three-
dimensional (3-D) integration technology towards high
manufacturability, which is expected to lead to an industry
paradigm shift [1], [2]. The most compelling potential
benefits of 3-D integration include multifunctionality,
increased performance, reduced power, small form factor,
reduced packaging, increased yield and reliability, flexible
heterogeneous integration, and reduced overall costs. As a
result, 3-D integration has been widely considered as an
enabling technology for future integrated circuits (ICs)
and low-cost micro/nano/electroopto/bioheterogeneous
integrated systems [2].

The family of 3-D integration technology includes
packaging-based 3-D integration such as system-in-
package (SiP) and package-on-package (PoP), die-to-die
and die-to-wafer 3-D integration, and wafer-level back
end of the line (BEOL)-compatible 3-D integration. In
general, all 3-D integration technologies would offer
high-density component integration with small form
factor (small size and light weight), reduced packaging,
and reduced power (fewer I/Os to be driven). Detailed
discussions on the 3-D technologies have been presented
in many publications, including the papers in this Special
Issue.

The potential benefits and risks of 3-D integration can
only be explored to the full extent when it is integrally
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considered from the very beginning of the overall
integrated system design. This certainly provides a new
spectrum of opportunities and challenges for system
designers and warrants significant rethinking and innova-
tions from system design perspectives. This paper attempts
to exemplify the potential benefits and risks of 3-D
integration technologies from system perspectives through
three representative cases, including solid-state data
storage, power delivery, and hybrid radio-frequency
(RF)/optical transceiver for distributed sensor networks.

The first case study focuses on NAND Flash memory
system using 3-D integration. Driven by the ever exploding
demands for higher capacity nonvolatile solid-state data
storage in the emerging pervasive computing and commu-
nication era, NAND Flash memory has become one of the
fastest growing segments in global semiconductor indus-
try. Besides the technology scaling, the storage density of
NAND flash memory can be greatly improved by using
multilevel storage technique that stores more than 1 bit in
each memory cell. With 3-D integration technology,
NAND Flash memory die stack vertically and share
common peripheral functions, leading to a dramatic
storage density increase. Furthermore, 3-D integration
makes it feasible to use very powerful and complex
peripheral function design techniques, in particular on-
chip fault tolerance in multilevel flash memory. We will
show that this will enable the most aggressive use of
multilevel storage technique to push the envelope of
storage density at minimal cost.

The second one focuses on 3-D power delivery for highly
integrated systems, such as high-performance micro-
processors, application-specific integrated circuits (ASICs),
and 3-D integrated systems. Conventional power delivery
methods for microprocessors and high-performance ASICs
have fundamental limitations in meeting the power
requirements of future IC technologies. A 3-D power
delivery approach was proposed as a possible solution to the
problems of conventional two-dimensional (2-D) power
delivery [3], [4]. In this paper, we will address the key

aspects of 3-D power delivery system. Based on a review of
relevant challenges with conventional power delivery, a 3-D
power delivery scheme is introduced with a list of
advantages. The unique capabilities offered by 3-D integra-
tion are highlighted. Design methodologies of 3-D power
delivery are discussed with design guidelines provided and
potential issues addressed.

The third case study focuses on an integrated on-chip
hybrid RF/optical wireless transmitter through 3-D SiP to
create a sensor node for distributed sensor networks. The
analog, digital, memory, and sensing chips are fabricated
and optimized individually for the best combination of
performance and cost. All the chips are in bare die package
and are hosted in a Si substrate through vertically chip
bonding. The on-chip RF antennas are fabricated on the
host Si substrate and the optical elements integrated to the
host substrate by thin-film wafer bonding. The 3-D vertical
integration scheme allows the antenna and optical ele-
ments to be combined on a low-cost Si platform while
keeping a short reach to their driver circuits. The 3-D in-
tegrated sensor node achieves an extremely compact pack-
age while expanding its functions from sensing to data
storage, signal processing, and network wireless connection.

IT. 3-D INTEGRATED NAND FLASH
MEMORY SYSTEMS

This section addresses the potential NAND Flash memory
system design innovations enabled by 3-D integration
technologies. First, the NAND Flash memory architecture
in current practice is reviewed. As illustrated in Fig. 1, a
NAND Flash memory typically consists of two planes of
cell array, and the peripheral circuits mainly contain row
decoders, charge bumps, and control logic (including
page buffer). Each cell array is partitioned into blocks,
and each block is further partitioned into pages. The read/
programming and erase are carried out per page and per
block, respectively. The typical page size ranges from
512 byte to 4 Kbyte user data. Furthermore, the multilevel

Cell Array

Cell Array

Plane 0 Plane 1

Charge Pumps &
Control Logic (including Page Buffer)

Rough Area Breakdown (w/o pads)

UCell Array: ~82%
U Charge Pumps&Control Logic: ~14%

UORow Decoders: ~4%

Fig. 1. Example floorplan schematic of NAND Flash memories and a rough area breakdown among different parts.
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(ML) concept, i.e., to store more than 1 bit in each memory
cell, has been widely used as an effective means to increase
NAND Flash memory storage capacity [5]. Most present
ML NAND Flash memories store 2 bits in each cell. Due
to the inherently reduced operational margin, ML NAND
Flash memories typically employ error-correcting code
(ECC) to ensure storage reliability, where relatively weak
ECC with up to 5-bit error-correcting capability is
currently used [6]. Readers are referred to recently
reported NAND Flash memories [7]-[10] for further
information and [11] for detailed discussions on Flash
memory circuit design and implementation.

In the context of 3-D integrated NAND Flash memory
systems, we are particularly interested in the integration
technologies that offer high interdie interconnect densities
such as die-on-wafer or wafer-level integration. This
enables the integrated Flash die to share some circuits
and function blocks, which provides designers an unprec-
edented design space to pursue innovative memory system
design solutions. In this section, we attempt to demon-
strate the potential by presenting two possible new design
approaches enabled by 3-D integration.

A. Peripheral Circuits Sharing

The first approach of leveraging 3-D integration is
relatively straightforward. As illustrated in Fig. 1, Flash
memory peripheral circuits occupy a nonnegligible portion
of a Flash die. Hence, for 3-D integrated Flash memories, a
certain number of Flash die can share some peripheral
circuits. Since through-silicon vias (TSVs) are required to
realize circuits sharing among different die, the silicon
cost of those TSVs must be taken into account.

Among various peripheral circuits, control logic
(including page buffer) and charge pumps tend to
dominate the silicon area. Meanwhile, the number of
TSVs induced by sharing control logic and charge pumps is
slightly larger than the page size. Given the modest value
of page size (i.e., up to 4 Kbyte) and the feasibility of
fabricating TSVs with 4 ym pitch [1] (corresponding to a
density of 64 K TSVs/mm?), sharing control logic and
charge pumps may result in TSVs with less than 1 mm? of
silicon area that can be much less than the area occupied
by control logic and charge pumps themselves. On the
other hand, sharing row decoders may not be justifiable
since row decoders occupy a relatively small silicon area
but drive a large number of word-lines in Flash cell array.

For example, considering a 4 Gb flash die with 4 Kbyte
page size, row decoders must drive 128 K word-lines. The
silicon area occupied by 128 K TSVs may be comparable to
or even larger than that of row decoders themselves.
Therefore, we expect that 3-D integrated Flash memories
should share control logic and charge pumps as much as
possible and keep row decoders on each flash die.

As one of the most straightforward ways to leverage
3-D integration, the above peripheral circuit sharing may
gain reasonable silicon area reduction without any
significant system design changes. Certainly, such sharing
concept can be expanded further to enable significant
changes of Flash memory system design, which might be
too expensive in conventional 2-D design for improving
overall system performance. In the remainder of this
section, we present one such possible scenario from ML
NAND Flash ECC design perspective.

B. ECC-Active ML NAND Flash Design

In conventional ML NAND Flash memory design, ECC
plays a passive role in a sense that designers endeavor to
push the raw error rate of memory cores as low as possible
and use ECC to handle the residual minimized raw unrelia-
bility. Motivated by the great success of powerful ECC in
modern data communication and storage systems, we
expect that better system design solutions are achievable by
jointly considering the design of Flash memory core and
ECC. Under this new ECC-active design paradigm, as illus-
trated in Fig. 2, ECC handles an optimized raw unreliability
where the optimization is carried out subject to specific
metrics such as storage capacity, read/programming
throughput and latency, and/or retention lifetime.

This ECC-active design paradigm most likely favors
ECC that are (much) stronger than what is being used
today. As a result, the ECC-induced implementation over-
head can severely limit its use in conventional 2-D design.
In 3-D integrated ML NAND Flash memories, ECC can be
shared among all the Flash dies, which greatly alleviates the
implementation overhead issue and hence warrants a
serious consideration of such ECC-active design paradigm.
In this paper, using Bose—Chaudhuri-Hocquenghem
(BCH) codes as ECC, we demonstrate the effectiveness of
this ECC-active design paradigm for 3-D integrated Flash
memories. The objective here is to maximize the effective
Flash memory storage density subject to a prespecified
Flash memory programming time.

optimized raw| gcc

Memory Core

unreliability

Fig. 2. switch from ECC-passive to ECC-active design paradigm.
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Fig. 3. Schematic of program-and-verify programming for
I levels/cell NAND Flash memories.

1) Background and Key Assumptions: ML  Flash
memory programming is realized through sequential
program-and-verify with a staircase V,, ramp of program-
ming voltage as illustrated in Fig. 3. The width of each
programming voltage pulse is denoted as T,. Let | denote
the number of storage levels per cell: read circuits in ML
NAND Flash memories take I — 1 cycles to finish one read/
verification. Let T, denote the period of one read/
verification cycle: each read/verification operation takes
(I—1)-T,, as illustrated in Fig. 3. The number of
program-and-verify cycles required by Flash memory
programming is proportional to 1/V,,. Therefore, letting
Tprog denote the programming time, we have

T,+(1-1)-T,
Tprog X #l
VPP

)

Meanwhile, the tightness of memory cell threshold voltage
window is proportional to Vp,. It is well known that Flash
memory cell threshold voltage can be affected by many
factors such as floating-gate interference and source-line
noise. In this paper, we use Gaussian distribution to model
the variation of Flash cell threshold voltage distribution
and assume the corresponding threshold voltage distribu-
tion standard deviation is proportional to V.

We use a four-level/cell memory with 4 Kbyte page size
as a baseline. Fig. 4 shows the memory cell threshold
voltage distribution model, where the standard variation is

0.4} .

0.31

6.2V
0.2}

04 b

0

Fig. 4. The threshold voltage distribution model with the standard
deviation of 0.16 V in the baseline four levels/cell memory.
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0.16 V (i.e., 30 of 0.96 V) and the voltage difference
between the means of the two outer distributions is 6.2 V.
Its raw bit error rate is only 3.97 X 10™!!; hence we may
consider this memory is optimized under the ECC-passive
design paradigm. With the target page error rate of lower
than 1074, a 2-bit error correcting BCH code is sufficient
in this context.

2) ECC-Active Memory System Design: The ECC-active
design paradigm may be used to greatly improve memory
storage density in 3-D integrated memory while maintain-
ing the same memory programming timing, Compared
with the above baseline four levels/cell memory. We
intend to increase the effective storage density by
increasing the number of storage levels per cell | from
four to five, six, seven, and eight. We store nine bits per
four cells for | = 5, five bits per two cells for | = 6, 11 bits
per four cells for | = 7, and three bits per cell for | = 8,
respectively. Let V() denote the programming voltage
staircase ramp in the [ levels/cell memory. In order to
maintain the same memory programming time as the
baseline four levels/cell memory, based on (1) and
assuming T, = 24 us and T, = 3 us [12], we have

@) .y . y6) .y . (B8 _2q. . . .
Vpp.Vpp.Vpp.Vpp.Vpp—33.36.39.42.45.

Let o)) denote the memory cell threshold voltage distribu-
tion standard deviation of the [ levels/cell memory. Because
oV is proportional to Vg) and 0¥ = 0.16 V in the baseline
four levels/cell memory, we have o =017V (with
+300) of 1.02 V), 0® = 0.19 V (with +36(® of 1.14 V),
o7 = 0.20 V (with +30(7) of 1.20 V), and ¢® = 0.22 V
(with £30®) of 1.32 V). Fig. 5 shows the corresponding
memory cell threshold voltage distributions.

Accordingly, the raw bit error rates are 3.20 X
10°%(1=5), 3.47 x 10°*(1=6), 3.48 x 103(1=7),
and 1.24 x 107%(1 = 8). With the page size of 4 Kbyte
user data and a target page error rate of lower than 10714,
binary BCH codes are constructed by shortening primitive
binary BCH codes under GF(2!¢). Table 1 lists the BCH
codes parameters and the corresponding page error rates,
as well as the effective user bits stored in each cell.

We further evaluate the BCH decoder implementation
silicon cost using Synopsys tools and 0.13 um comple-
mentary metal-oxide—semiconductor (CMOS) standard
cell and SRAM libraries. Fig. 6 shows the BCH code
decoder structure, in which the inversion-free Berlekamp—
Massey (BM) algorithm [13] is used to solve the key
equation. For detailed discussion on BCH code decoding,
readers are referred to [14] and [15]. To improve the
decoding speed, both the syndrome computation and
Chien search blocks have a parallelism factor of four (i.e.,
each clock cycle the syndrome computation block receives
four input bits and Chien search block generates four
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(a) 5 levels/cell (c®=0.17V)

(b) 6 levels/cell (6®=0.19V)
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Fig. 5. The memory cell threshold voltage distribution of (a) | = 5, (b) | = 6,(c) | = 7,and (d) | = 8.

output bits). Hence the latency of both blocks is [n/4]
clock cycles. For a t-error correcting BCH code, a fully
serial realization of the key equation solver takes
t(t + 3)/2 clock cycles. For different BCH codes listed in
Table 1, we set the parallelism factor of the key equation
solver in such a way that its latency is less than [n/4]/10
clock cycles. The decoder first-in first-out buffer as shown
in Fig. 6 is realized by SRAMs to minimize the silicon area
cost. Table 2 shows the silicon area and decoding latency
when the decoders operate at 400 MHz.

Based on the results listed in Tables 1 and 2, the
optimum design solution can be examined assuming the
NAND Flash memory cells are fabricated at 70 nm
technology node and each flash die stores 8 Gb user data.
The effective NAND Flash memory cell size is 0.024 m?
at 70-nm CMOS technology [9]. Therefore, the memory
cell array in each flash die occupies 103.18 mm? (I = 4),
91.98 mm? (I = 5), 84.35 mm? (I = 6), 83.20 mm? (I = 7),
and 93.55 mm? (I = 8). Assuming the BCH decoders are
still implemented using 0.13 um technology, we may draw a
conclusion that the design with | =7 may have the
minimum silicon area if the number of Flash dies is larger

Table 1 BCH Code Parameters and Performance

I | (n,k,¢) BCH Codes Paglga'fe”"r %S:rr c'z;{s
4 [ (327199, 32768, 2) | 368 x10-1 | 1.998
5 [ (32895, 32768, 8) | 3.04x10-15 | 2242
6 [ (33319, 32768, 47) | 1.36 x 1015 | 2457
7 | (36367, 32768, 225) | 1.07 x 10-15 | 2.539
8 | (44607, 32768, 740) | 6.38 x 10-15 | 2338

than six; otherwise the design with | = 6 will be the best
choice. Both designs are clearly superior to the baseline four
levels/cell design. Finally, it should be pointed out that we
use BCH codes as ECC simply for the purpose of
demonstration and by no means suggest BCH codes are
the best choice. Further studies on various ECC schemes in
this context certainly are a rewarding and interesting
research direction.

3) Integration With Defect Tolerance: The above study is
subject to the constraint that the memory programming
time always remains the same for various L If this
constraint can be relaxed to certain extent, the design
solutions using strong BCH codes may provide a good
potential for realizing strong defect tolerance. For one
page with defective memory cells, if we could reduce the
programming voltage staircase ramp V,, and hence
improve the raw storage reliability, a certain degree of
BCH code error-correction capability would be available
for compensating those defects in present page. Mean-
while, the reduced V,, results in increased memory
programming time. Let dg.f denote the number of defective
cells that can be compensated in one page, Table 3 lists the

Table 2 BCH Decoder Silicon Implementation Metrics at 0.13 ym Node

[ 1 | (n,k,t) BCH Codes | Area (mm2) | Latency (us) |
4 | (32799, 32768, 2) 0.26 41.0
5 | (32895, 32768, 8) 0.38 41.3
6 | (33519, 32768, 47) 1.29 44.8
7 | (36367, 32768, 225) 7.83 48.8
8 | (44607, 32768, 740) 41.75 375
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Syndrome Comp.
(parallelism factor: 4)

Key Equation Solver using
Inversion-Free BM Algorithm

Chien Search
(parallelism factor: 4)

FIFO Buffer

N

Fig. 6. BCH code decoder structure.

tradeoffs between programming time and defect tolerance
for the BCH codes listed in Table 1.

Therefore, 3-D integration may further enable a new
ML NAND Flash memory defect tolerance strategy by
combining the conventional spare rows/columns repair
and strong BCH codes. As illustrated in Fig. 7, one can first
check whether the available spare rows/columns can repair
all the defects in one block. If not, a certain repair
algorithm is carried out to use the spare rows/columns to
repair as many defects as possible so that the number of
residual defective cells can be minimized. Then one
calculates how to adjust V,,, to sufficiently improve the raw
storage reliability. Finally, the feasibility of such adjust-
ment is checked, subject to some practical constraints
such as circuit precision and minimum allowable program-
ming time.

ITI. 3-D POWER DELIVERY

This section aims to study the application of 3-D
integration technology to power delivery systems. Relevant

Table 3 Tradeoff Between Programming Time and Defect Tolerance

[ 1] (n,k,t) BCH Codes | Programming Time Increase | dges |
51 (32895, 32768, 8) 14.3% 1
6.7% L
6 | (33519, 32768, 47) 43% 9
6.7% 25
7 | (36367, 32768, 225) T43% vy
6.7% 70
8 | (44607, 32768, 740) 73% 79
] BCH code
Repair all the defects parameters

Determine Vpp

A 4

Y
Pass |2
3|8
o (]

N 8|2 . .
| O Feasible? Fail
oL

Repair as many ®*9
defects as possible Y
Pass

Fig. 7. Flow diagram of using strong BCH codes for defect tolerance.

166 PROCEEDINGS OF THE IEEE | Vol. 97, No. 1, January 2009

challenges with conventional power delivery are reviewed,
including power density, interconnect parasitics, passives,
and packaging. A 3-D power delivery scheme is introduced
based on a wafer-level 3-D integration platform, offering a
number of advantages compared to conventional power
delivery. Several design aspects are examined, particularly
with emphasis on the cellular architecture of a power
regulator array, vertical partitioning of circuit modules,
and passive integration. Issues associated with 3-D power
delivery are addressed.

A. Conventional Power Delivery Challenges

Power delivery has become a major issue in deep
submicrometer very large-scale integration designs due to
the rapid increase in power density and clock frequency.
Take the Intel Dual-Core Xeon processor as an example: it
has a thermal design power of 150 W at 1.25 V core supply
and 3.4 GHz top frequency [16]. Generally, this high
power leads to a total current on the order of 100 A with
rapid changes over short time periods (di/dt events).
Methods for power saving, such as clock gating, reduce the
average power but further increase the di/dt ratio.

Conventional power delivery methods for micropro-
cessors, as shown in Fig. 8, have fundamental limitations
in meeting the power requirements of future IC technol-
ogies [17], [18]. Usually, this power conversion system
employs a voltage regulator module (VRM) mounted on
the motherboard to transfer the power into the required
supply rails. One power delivery challenge is to maximize
the efficiency of the VRM. In general, power efficiency of
the power conversion system 7 is defined as the output
power Pt over the input power that is the sum of power
loss Pjoss and output power

n= Pout/(Pout + Ploss)- (2)

Besides the power losses from the control and gate drive
circuits, which are generally small, the power loss of power
conversion system is the sum of MOSFET power loss and
filter power loss

3)

Pioss = Peonduction + Pswitching ~+ Pind + Pcap~
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The MOSFET power loss consists of conduction power
loss Pconduction and dynamic switching loss Pgwitching-
Conduction power loss is the power dissipated in the series
resistance of the MOSFET operating in the active region.
Dynamic switching loss is the power dissipated each
switching cycle and is a function of capacitance, supply
voltage, and switching frequency. The filter power loss
includes the losses Py,q and Pc,, from the inductor and
capacitor, respectively. Pj,q is due to the conductor series
resistance and the stray capacitance. Pc,, is due to the
capacitor effective series resistance and is usually small
compared to other loss mechanisms.

A chip power delivery system has to maintain steady
power and ground rails during core switching [19]. With
the processor CMOS device down-scaling, supply voltage
decreases and supply current increases, and VRM switch-
ing frequency increases for wide bandwidth control. This
results in higher power losses in Peonductions Pswitching> and
Piyd, making high-power conversion efficiency more
difficult to realize. Moreover, the sensitivity of ICs to
voltage fluctuations increases with the decrease of supply
voltage. There are three more challenges related to
conventional power delivery system.

1) Pin Counts and Packaging: For high-performance ap-
plications such as a microprocessor, packaging pin count has
grown more rapidly because higher frequency, higher power
density and lower supply voltage demand more power and
ground pins to meet supply voltage fluctuation, high current
and high current slew rate, and signal integrity requirements.
According to ITRS 2007 [20], for high-performance
application, the minimum cost per pin for contract assembly
(cents/pin) reduces slightly from 1.71 to 1.51 cents/pin
during 2007 to 2013, while the number of pin counts
increases from 3371 to 4736 over the same time-frame.
Consequently, total pin cost increases 1.24 times, while the
chip size increases 1.13 times due to the increase of pin
counts. The majority of pins are for power and ground [16].
Pin count increase also leads to routing complexity, which
prolongs design cycles with increasing verification time and
makes system debug even more arduous and costly.

2) Long Interconnect Parasitics: Conventional power
delivery architecture has long interconnects between the

power conversion system and the IC chip. The parasitics of
the long interconnect leads to voltage drop and generates
large di/dt noise. The latter forces the use of a large
number of decoupling capacitors at various locations along
the power delivery path. As the supply voltage continues to
drop and the current slew rate keeps increasing, these
parasitics become a critical design constraint and cannot
meet future needs.

3) Passives: The output low-pass filter of a power
conversion system, composed of an inductor and a
capacitor, influences the efficiency of power delivery to
a large extent when integrated on-chip. Large capacitors
and high-value inductors consume large area, and the
influence of losses related to passive components becomes
significant, especially for the low-voltage high-current
power distribution network [21]. For instance, an on-chip
inductor typically results in an increased area, lower yield,
and higher expense for an active die [22], although
inductor size can be reduced at higher switching
frequency. Moreover, the performance of on-chip in-
ductors typically suffers from substrate loss due to the
close proximity of the devices to a conductive silicon
substrate.

In summary, solutions are needed to minimize
parasitic resistance, inductance, and capacitance from
the power conversion system to the on-chip power grid;
increasing input voltage, moving the power regulator
closer to the integrated system, or using on-chip inductors
operating at higher frequency can alleviate the problems.
These solutions have opened the possibility of integrating
the power delivery system on a single silicon chip [23],
[24] or in a 3-D chip stack [3], [4], [25]-[27].

B. 3-D Power Delivery and Advantages

Several vertical power delivery integration approaches
were proposed [11]-[17], such as vertically stacked dc—dc
converters on a processor using flip-chip and through-hole
packaging [25], z-axis quasi-vertical power delivery with a
conventional discrete VRM [27], and a vertically packaged
switched-mode power converter [28]. We proposed a 3-D
architecture for power delivery to microprocessors and
ASICs using monolithic wafer-level 3-D integration
technology [3], [4].
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Fig. 9. Examples of bonded interfaces for via-first and via-last 3-D integration platforms: (a) cross-section of bonded CMOS SOI wafer
using BCB (for via-last 3-D) [31]; (b) cross-section of bonded damascene patterned Cu/BCB wafers (for via-first 3-D) [32].

Monolithic wafer-level 3-D integration technology
uses two fully processed wafers aligned face-to-face or
face-to-back [29]-[32] and bonded using either a dielectric
adhesive [Fig. 9(a) [31]] or metal/adhesive damascene-
patterned layer [Fig. 9(b) [32]] under conditions compat-
ible with CMOS processing. Wafer-level 3-D integration
provides the least interconnect parasitics and low cost in
high-quantity production with high reliability due to
monolithic IC-type interconnectivity, enabling 3-D inte-
gration of the power delivery system with memory and
processors in one 3-D stack.

Fig. 10 represents a 3-D power delivery system design.
VRM on a thinned substrate in the top stratum is vertically
integrated with the processor using wafer-to-wafer bond-
ing and TSV, with a layer of interstratum inductors and
capacitors in between. The VRM accepts a high input
voltage and generates different supply voltages required by
different 3-D integrated systems such as microprocessors,
ASICs, and I/Os from several volts to below 1 V. The high-
performance interstratum inductors and capacitors can be
fabricated separately with their optimized materials and
processing; thus magnetic thin-film and high-k materials
can be used to reduce the size of passive components and
improve the performance.

Cell Zoom-In

Management

Passives

(S LS

Microprocessor,

Memory,

ASIC,
3D integrated
systems

3D Power Delivery

Fig. 10. Schematic of a 3-D power delivery system with passives
included between bonded wafers in three strata.
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Compared to existing conventional power delivery
architectures, 3-D power delivery offers a number of
advantages for high-performance systems:

e minimum interconnect parasitics between VRM
and integrated systems with interstratum vias of
several micrometers long;

e wide control bandwidth of high-switching frequen-
cy power delivery system, enabling dynamically
scalable voltages;

e heterogeneous integration of high-performance
interstratum inductors and capacitors;

e cellular design of an on-chip power regulator array,
enabling generation and distribution of multiple,
individually regulated supply voltages for multi-
core and multifunction applications;

e significantly reduced power/ground package pin
counts (I/0s);

e low cost and high reliability due to monolithic
IC-type interconnectivity and tolerance of less
efficient voltage regulators.

C. Design Methodologies of 3-D Power Delivery
Three-dimensional integration of power supplies with
microprocessors using 3-D IC technologies as discussed
above requires high-density VRM occupying a footprint
area similar to the processor. Since only a limited amount
of capacitance can be incorporated into the 3-D design, the
power conversion system must also be able to maintain
output voltage regulation in face of rapid load current
changes without requiring a large output filter capacitance.
Both requirements point to high-performance and fully
monolithic power conversion systems with control band-
width far beyond today’s discrete designs. The feasibility
and performance of such monolithic power conversion
system for 3-D power delivery was demonstrated with a
fully integrated, two-phase interleaved buck converter
with linear feedback control in a 180 nm SiGe bipolar
CMOS process [3], [4]. The converter operates at around
200 MHz switching frequency and achieves a control
bandwidth of about 10 MHz. All passives, including the
inductor and output filter capacitor, are monolithically
integrated on the same chip as the power switches and the
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Fig. 11. Top view of cellular design of power regulator array die.

control circuitry. In the following, we discuss the design
considerations for 3-D power delivery architecture,
partitioning, passives, and power efficiency.

1) Horizontal Arrangement of Unit Power Cells: A cellular
architecture is envisioned to increase the flexibility and
dynamic control of output voltage, enabling dynamic power
supplies down to the functional circuit level, as shown in
Fig. 11. Different voltages can be supplied with different cells,
as often required in a range of 1 ~ 5 V or lower for powering
microprocessors, memory, ASICs, I/Os, and different
voltages on the processor. This cellular architecture can
also provide different currents with separate power/ground
rails. The input passives can be shared by adjacent power
cells to reduce cell areas. Dynamic reconfiguration of cell
connections may also be developed to dynamically allocate
the number of cells associated with the generation of
certain voltages in accordance with the required amount of
current.

2) Vertical Partitioning of System Modules: Fig. 10 shows
one of possible vertical partitions of system modules,
where the passives (i.e., capacitors and inductors) are
fabricated on a separate wafer. Other partitions are also
possible. The goal of the vertical partitioning is to optimize
the improved electrical performance, i.e., less intercon-
nect parasitics, offered by a high density of interdie/
interwafer vias, and accommodate new constraints in via
density, testability, and thermal design. For instance,
consider the Intel future terascale research chip—an
assembly of 80 core microprocessor array arranged in a
2-D mesh with 3-D memory stacking dedicated to each
core unit [33]. With conventional power delivery, a large
number of TSVs though the memory chip would be needed
to supply the power to the processor as the majority of the
package pins are for power/ground. With 3-D power
delivery for such an application, in order to reduce the
number of power/ground vias through the memory chip,
unit power cells (with higher input voltage, and therefore
less TSVs) and passives might have to be inserted between
the memory chip and processor chip, as well as on top of
the memory chip. Moreover, the cellular architecture of
VRMs can provide dynamic power to each processor core.

For 3-D integration of different functional components
and technologies, such as wireless/mixed signal, memory and

processors for different purposes, integration and partition-
ing of the power delivery circuitry into the 3-D stack are even
essential. This is because different functional components
may be fabricated using different technologies or technology
nodes. For instance, analog circuits are usually fabricated a
few technology nodes behind that for processors, and the
perception is that deep submicrometer technology might not
be the right choice for certain analog circuits. Therefore,
integration of multiple power cells into the 3-D stack can
supply the needed multiple and individually regulated supply
voltages while reducing the number of power/ground TSVs.
In general, VRM, passive devices, and 3-D highly integrated
systems should be codesigned and partitioned in order to
fully take the advantage of 3-D integration.

3) Integrated Passives: In order to meet future voltage
regulation requirements during transients, more output
filter and decoupling capacitors will be needed [34].
Magnetic thin-film and high-k materials can be used to
reduce the size of passive components and improve their
performance because 3-D allows interstratum inductors
and capacitors to be fabricated separately with optimized
materials and processing.

For inductors, increasing the switching frequency is a
viable way to decrease the size of passive components for
on-chip integration, although higher switching frequency
results in switching and gate charge/discharge losses and
unwanted in-band interference, thus affecting the power
efficiency and generating noises. Using a low-loss substrate,
magnetic materials and thicker winding metal can improve
the power efficiency with increased L/R ratio of the inter-
stratum inductor, where L is the inductance and R is the
series resistance. The power loss of an inductor is given by

2
D*(1-D) an)R @

o = (I% M

where Iy, D, Vi,, and f; are load current, duty cycle, input
voltage, and switching frequency, respectively. For an on-
chip fully integrated spiral inductor, parasitic resistance
increases dramatically with the increase of inductance; thus
it is difficult to cut down the inductor power loss. Three-
dimensional integration provides another dimension for the
inductor with reduced resistance, area, and power loss,
because 1) magnetic materials can be used to increase L
without concerns over processing contamination and
thermal budget, 2) thick metal winding wire can be
fabricated to reduce R, and 3) structures such as solenoid
or toroid can be introduced to further increase L, decrease
area, and reduce the magnetic leakage.

D. Potential Issues With 3-D Power Delivery
Although power delivery using 3-D integration is
promising, potential issues associated with efficient circuit
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design and operation should be considered, such as
thermal and electromagnetic interference (EMI) issues.

1) Thermal Issue: The thermal problem has already had
an impact on the reliability and performance of high-
performance 2-D ICs. Many approaches are explored to
address the 2-D IC thermal issues. The problem may be
aggravated in 3-D ICs because more transistors are packed,
resulting in higher power density, and materials (such as
on-chip interconnects and bonding materials) between
chips have poor thermal conductivity. Design partitioning
is a way to address the issues by placing the circuits (e.g.,
processors), which generate more heat, on the bottom
layer directly attached to the heat sink and the circuits
(e.g., memories), which generates less heat, on top of the
stack. Insertion of thermal TSVs and thermal spreader
between layers can also alleviate the thermal issues. The
dynamical 3-D power supply with thermal feedback and
control with the processor may greatly reduce the overall
thermal constraints in 3-D integration.

2) ElectroMagnetic Interference: EMI issues should also
be investigated when integrating passive components in a
3-D architecture. Three-dimensional integration might
have certain advantages in terms of EMI characteristics
because interconnect distances are shortened and TSVs
as shielding can be placed around sensitive signal paths
to further improve isolation. In addition, a copper metal-
lization grid can be placed on the underlying substrate to
provide a Faraday shield beneath the active devices and
as a good ground plane for stray field termination. For
instance, the damascene-patterned metal/adhesive re-
distribution layers, which are used for high-density
interwafer electrical interconnects and strong adhesive
bonding of two wafers in a wafer-level via-first 3-D
integration platform [4], can provide some shielding
for EMI.

IV. ON-CHIP 3-D INTEGRATED
RF/OPTICAL WIRELESS
COMMUNICATION CHIP FOR
SENSOR NETWORK

Two wireless communication technologies—RF and free-
space optics (FSO)—possess unique characteristics and
are complementary to each other. A hybrid RF and FSO
wireless communication system of a sensor node offers a
number of advantages such as increased bandwidth, higher
data transmission rate, lower power consumption, and
increased security of the data link. Si is the dominant
integration platform at present and probably will remain so
in the next decade. Monolithic integrated RF wireless
front-end circuits, including voltage-controlled oscillator
and antenna on Si substrate, are attractive to designers
[35]-[37]. However, the challenge is that 1) the dimension
of an RF antenna is usually several orders of magnitude
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larger than typical transistor circuits and 2) the surface
wave tends to confine the electromagnetic energy in the
substrate rather than radiating it into air. Resonant
antenna structures or high gigahertz carrier frequency
have proven effective to greatly reduce antenna dimension
[38]. A number of techniques have been developed to
reduce the surface wave in the substrate. The typical
methods include electromagnetic bandgap structures in
the substrate [39], [40], low effective dielectric material
underneath the antenna area [41]-[43], and the use of soft-
and-hard surface material [44]. In this context, we choose
a quasi-Yagi antenna that is integrated on chip for the RF
wireless links because of its compatibility with high
dielectric substrate [45].

The miniaturized high-frequency antenna and the
monolithic integrated optoelectronic devices make it
possible to realize optoelectronic integrated circuits
(OEICs) and monolithic microwave integrated circuits
(MMICs) on the same chip. However, the challenge in the
monolithic approach is similar to the dilemma that system
on chip technology is facing. The amplifier circuits of OEIC
typically require significantly different epilayer growth
profiles from optoelectronic devices. For example, Si
CMOS is not compatible for monolithic integration of a
light-emitter or a photodetector because Si is an indirect
bandgap material and does not respond to wavelengths
longer than 1 pm. Vertical integration through 3-D wafer
bonding is particularly attractive in this aspect because it
offers an economic solution for complex circuits that can
incorporate devices of significantly different design
features and material structures in a super die with an
extremely small footprint. Thus, the system architecture
can separate the antenna structure and optoelectronic
devices from the transceiver circuits as well as the analog
sensing chip through vertical interconnects.

In order to explore the 3-D integration more specifi-
cally, we considered a design of an RF/optical sensor chip
consisting of four die stacked vertically, as shown in
Fig. 12. The top die consists of an end-fire quasi-Yagi

Optical

Antenna elements

= ——

Communication Module

Die 1

Adhesion mEEE—

Die 2

iMMIC'? i Digital | | OEIC \

Adhesion meee——————

Die 3 ‘ Sensor Module ‘

Adhesion me—

Die 4 ‘ Power Harvest Module ‘

Fig. 12. Schematic illustration of a 3-D sensor node with
hybrid RF/FSO wireless communication capability.

Authorized licensed use limited to: Rensselaer Polytechnic Institute. Downloaded on August 06,2010 at 20:12:39 UTC from IEEE Xplore. Restrictions apply.



Zhang et al.: 3-D Data Storage, Power Delivery, and RF/Optical Transceiver

antenna, an array of edge emitting laser diodes, and an
array of edge viewing photodetectors on a SiGe substrate.
The RF antenna serves as the front end device for the
communication through RF channels, while the integrated
on-chip laser diodes and photodetectors construct the
duplex, high-data-rate wireless optical communication
links. The FSO data link and the RF channel are operated
independently to allow simultaneous data transmission
and receiving for an autonomous sensor network. The
second die on the stack is comprised of RF circuits, laser
driver, and photodetector amplifier circuits. The circuits
are grouped together to complete functions of RF and FSO
wireless communication. Through 3-D topology, the RF
antenna and optoelectronic devices can be fabricated and
optimized separately from their driving circuits in order to
achieve their best performance. In addition, this approach
is more cost effective due to the shortening in design cycle.
The RF and optoelectronic circuits connect to their front-
end devices through vertical electrical vias. Compared to a
conventional packaging scheme such as wire bonding and
flip-chip bonding, the vertical vias through vertical wafer
bonding introduce less parasitic capacitance. The third die
in the stack is a sensor chip, and the fourth die provides
energy harvesting capability—for instance, solar cell or
vibration energy generator using microelectromechanical
systems techniques. The abovementioned 3-D super die is
a hypothetical structure of a sensor node that possesses
both RF and FSO communication capabilities. In practice,
it is possible or even necessary in some cases to vary the
sequence of die stacking and/or regroup the function
blocks into different chip layers. In the following text,
more detailed analysis will be provided for the top die
that consists of the RF antenna and the optoelectronic
devices.

A. RF Antenna Integration With
Optoelectronic Devices

The top view of the integrated RF antenna with
optoelectronic devices on the top die is shown in Fig. 13.

EVPD array A e
(secondary director
Laser diode array I

(primary director)
Fig. 13. A sketch of an on-chip modified quasi-Yagi antenna.
The passive elements are replaced by arrays of optical devices.

Quasi-Yagi
Antenna

An array of edge emitting laser diodes are placed in the
position of the primary director of the quasi-Yagi
antenna, while an array of the edge viewing photo-
detectors is placed where the secondary director of the
antenna is located. The doping concentration and epilayer
thickness of SiGe wafer is optimized for the photodetec-
tor for long wavelength detection. Edge viewing photo-
detectors (EVPDs) can be used for optical photoreceiver.
The grouping of photodetector with antenna is based on
two considerations. First, the metallization of antenna
and the EVPDs can be processed simultaneously.
Secondly, the epilayer thickness and doping is only cri-
tical for the photodetectors; hence the thickness of the
photodetector substrate can be tailored for the best per-
formance of the antenna. Compared to MMIC, where the
antenna is built on CMOS or bipolar die, the additional
benefit to the 3-D approach is to avoid the allocation of a
large percentage of the surface area of the CMOS chip to
antenna structure.

Monolithic integrated optical components on Si sub-
strate have been actively pursued for decades, but there is
no high-performance Si laser or modulator yet close to
commercialization [46]. Heterogeneous integration is the
most practical solution at present to add optical emitters
onto Si-based electronic devices. Both crystalline Si and
amorphous Si have been successfully made into commer-
cial photodetectors for detection of light in wavelength of
0.4 ~ 1.0 pm. Lightwave with A =1.0 ~ 1.6 ym is an
important wavelength range because it not only covers the
telecommunication wavelengths but also partially lies in
the eye-safety spectrum for free-space optics. Ge and III-V
compound semiconductors are commonly used for photo-
detection in this wavelength range. SiGe grown on Si
substrate is adopted in this research for monolithic
integrated photodetectors.

B. On-Chip Quasi-Yagi Antenna

Evolved from traditional Yagi-Uda antenna, a quasi-
Yagi antenna is suitable for fabrication on a high dielectric
substrate. The truncated ground plane reflector on the
back side of the antenna utilizes surface waves for the
generation of the fundamental mode of electromagnetic
wave for radiation. A broadband, compact size quasi-Yagi
antenna, realized on Duroid material (e, =10.2), is
reported to have achieved 3-5 dB absolute gain with
nominal efficiency of 93% [45]. Another advantage of a
quasi-Yagi antenna is its compact size, which is approx-
imately half of the central operation wavelength. For a
carrier at ~30 GHz (Ka-band), the dimension of the
antenna is on the order of ~3 mm, which is an attribute
crucial for monolithic integration on Si platform.

C. Heterogeneous Integration of Edge Emitting
Laser Diodes

Dense integration is the key to obtaining optical signals
with high emitting power for wireless communication. An
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Fig. 14. Spatial arrangement of MSM PDs with edge emitting diodes.

array of edge emitting laser diodes can be heterogeneously
integrated side-by-side on the SiGe substrate to enable
optical signal transmission from the antenna chip. Direct-
bandgap compound semiconductor materials are typically
used to fabricate a high-speed laser diode. Compound
laser diodes with the substrate removed or partially
removed have been demonstrated for heterogeneous
integration on a dissimilar substrate [47], [48]. The
dimensions of the length and width of antenna director
are critical for antenna radiation polarization and
direction. At Ka-band, the length and width of the
antenna are on the order of 2 and 0.5 mm, respectively,
which are larger than a single die laser diode. Thus, an
array of laser diodes is placed on the substrate, which has
a total length equal to the antenna.

D. SiGe Edge-Viewing Photodetector Array

The optical wireless receiver consists of an array of
EVPDs. The photodetectors can be in the form of
waveguide metal-semiconductor-metal (MSM) or PiN
photodiode. Different from laser diode integration, the
photodetectors are directly fabricated on the SiGe
substrate shared with the quasi-Yagi antenna. Dense

integration of EVPD photodetector arrays increases the
receiver alignment tolerance considerably. The metal pads
of the array of EVPDs are placed in front of the primary
antenna director, which acts as the secondary director, as
shown in Fig. 14. The laser diodes and the EVPDs are
arranged in alternating positions to avoid blocking of the
laser emission by the photodetectors. The angle 26 is
defined as the angle between two adjacent PDs from the
laser diode. This angle needs to be larger than the beam
divergence from the laser diode.

E. Analysis of the Antenna/Optical Chip

Numerical simulation of the radiation pattern, return
loss, and broadband gain of the quasi-Yagi antenna on
SiGe is performed by CST Microwave Studio. The
broadband gain of the antenna in the absence of optical
elements as well as with the placement of the optical
elements on the SiGe die is plotted in Fig. 15. The
antenna radiation gain is slightly altered when optical
elements are placed in the SiGe substrate. The vertical
vias that go between dies have little effect on the
antenna radiation as well. This is the result of the optical
elements’ being electrically small in comparison with the
RF electromagnetic wave.

V. CONCLUSION

As stated by Dr. C.-G. Hwang, president and CEO of
Samsung Electronics, at the 2006 IEEE International

13

Electron Devices Meeting, “... rapid adoption of 3-D
integration technology seems to be essential and, thankfully,
unavoidable.” We believe that the semiconductor industry
will shift to a new paradigm enabled by increasingly mature
3-D integration technologies. This certainly poses many

challenges and opportunities for integrated system designers
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Fig. 15. Broadband gain for the standard quasi-Yagi antenna (default), optical elements acting as quasi-Yagi director (square-coded line),

and antenna configuration with vertical vias (triangle-coded line).
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who must embrace this new emerging paradigm and learn
how to most effectively exploit its potentials. By presenting
three preliminary case studies, we hope this paper may
prompt more serious considerations and research efforts
from system design perspectives to enable the blossom of 3-D

integration era. B
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