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Abstract—Three-dimensional (3-D) integration is a promising
technology to alleviate the interconnect bottleneck by stacking
multiple dies in a monolithic fashion. Both power dissipation
and delay can be reduced by utilizing the third dimension where
through silicon vias (TSVs) are used for vertical communication.
Characteristics of switching noise that couples to a sensitive
device due to a TSV are investigated in this paper. A model
is developed to evaluate the noise performance of a TSV.
Several noise isolation strategies are also discussed. Ignoring
noise characteristics during the TSV placement process produces
a poor 3-D circuit with high susceptibility to switching noise.

I. INTRODUCTION

Three dimensional (3-D) integration technology is a promis-
ing candidate to maintain the benefits of miniaturization by
utilizing the vertical dimension rather than decreasing the size
of the devices in two dimensions [1]-[3]. The advantages of
3-D integration technology include higher integration density
and reduction in the length and number of the global intercon-
nects. These advantages are utilized to reduce the existing gap
between logic blocks and memory units in high performance
microprocessors. Additional dynamic random access memory
can be stacked on top of the processor cores, significantly
increasing the memory bandwidth [4]. The application of
3-D integration technology to microprocessors has received
significant attention [5], [6].

Another important opportunity provided by 3-D technology
is the ability to merge heterogeneous devices for a variety
of applications including life sciences [7]. As an example, a
monolithic 3-D integrated circuit is depicted in Fig. 1, where
each plane serves a dedicated function [1]. Through silicon
vias (TSVs) are utilized to achieve communication among the
planes. Circuit blocks can be individually optimized based
on the required functionality and design objectives. In a
conventional transceiver circuitry, digital CMOS technology
is typically preferred for data processing units due to higher
noise margins and enhanced configurability whereas gallium
arsenide based devices are preferred for the front-end blocks
such as power amplifier, mixer, voltage controlled oscillator,
and low noise amplifier. Furthermore, this communication
circuitry can be integrated with a biomedical circuit consisting
of, for example, ion-sensitive field effect transistors (ISFETSs)
[8].

Noise management emerges as a significant limitation in
these highly heterogeneous and dense 3-D integrated cir-
cuits, as demonstrated in this paper. Several noise coupling
mechanisms exist in a 3-D circuit through which switching
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Fig. 1. Monolithic 3-D integration technology where through silicon vias
(TSVs) are utilized to achieve communication among the planes [1].

noise can reach to sensitive analog/RF circuits, degrading the
performance. For example, in a typical biomedical application,
the input signal of a preamplifier is typically in the range
of microvolts [9]. This signal is therefore highly sensitive
to switching noise that can couple from the digital signal
processing blocks. Noise characteristics within heterogeneous
3-D integrated circuits have not yet received much attention.
Noise injected into the substrate by TSVs is investigated in this
paper. An electrical model is proposed to estimate the noise
that couples to a victim device. Effects of different parameters
on peak-to-peak noise are discussed. The efficacy of several
noise isolation strategies is also compared.

II. INTERPLANE NOISE COUPLING IN A 3-D SYSTEM

As described in the previous section, different circuit func-
tionalities such as digital, analog, and RF can be placed on
separate planes in a 3-D integrated circuit. Hence, it is typi-
cally assumed that a 3-D circuit has enhanced noise coupling
characteristics since each plane has a dedicated substrate. This
assumption, however, does not consider the two primary noise
coupling paths among the planes:

« Significant noise is injected into the substrate by TSVs
that carry signals with high switching activity such as a
clock signal.

o Since the power/ground network of several planes is
typically shared due to the constraint on the number
of pads, simultaneous switching noise propagates across
the planes. Furthermore, the substrate of each plane is
essentially interconnected since the substrate is biased by
the ground network.
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Fig. 2. Cross section of a through silicon via consisting of a conductive
material and a dielectric layer.

Note that the switching noise that propagates through-
out the circuit due to these two mechanisms may reach a
sensitive device such as a low noise amplifier, mixer, or
oscillator, affecting the device operation and significantly
degrading performance. Noise characteristics should therefore
be considered during the design process of the power/ground
networks and placement of the TSVs. TSV related noise
coupling mechanism is investigated in Section II-A. The effect
of TSV parameters on noise is discussed in SectionII-B.
Finally, several 3-D noise isolation strategies are compared
in SectionII-C.

A. TSV Related Noise Coupling

A typical TSV consists of a metal such as copper or tungsten
surrounded by a dielectric layer, as depicted in Fig.2. The
dielectric layer, consisting of TiN or TaN, forms a barrier to
prevent the conductive material from diffusing into the silicon
[1]. The thickness of this dielectric layer #4;, is in the range
of 0.2 yum to 1 um [10]. A TSV is typically represented as a
cylinder with a diameter W and depth D, as shown in Fig.2
[11]-[13]. Aspect ratio of a TSV is determined by D/W.
These parameters vary depending upon the specific fabrication
technology [1]. For typical 3-D technologies, the diameter of
a TSV is in the range of 5 um to 10 um whereas the depth
varies from 50 ym to 100 ym [10].

Noise couples into the substrate when there is a fast signal
transition within the TSV. This coupling mechanism is similar
to noise coupling into the substrate through source/drain
junctions of a transistor. The dielectric capacitance of a
TSV, however, is larger as compared to source/drain junction
capacitance due to greater dielectric area. TSV related sub-
strate noise coupling is therefore one of the primary noise
injection mechanisms in 3-D circuits. An electrical model for
this coupling mechanism is depicted in Fig.3. The TSV is
represented by an L shaped, 4-stage distributed RC circuit
where the resistance and capacitance represent, respectively,
the conductive material and dielectric layer. A resistive sub-
strate model is assumed since the dielectric characteristics are
negligible for frequencies below about 10 GHz for a bulk type
substrate [14]. The resistance Ry, of the TSV is determined
by
1 pD pcD
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Fig. 3. Circuit model to represent noise coupling into the substrate by
a through silicon via.

where p. = 2.8 uQcm is the resistivity of the conductive
material which is assumed to be copper [12]. The capacitance
G5y due to the dielectric layer is

2

where € is the dielectric permittivity. Note that half of the
sidewall surface area of the cylinder is used to determine
the TSV capacitance. The lateral substrate resistance Rg,p; 1S
determined by

psl  4psl
W(D/4) WD’
where p, is the substrate resistivity and / is the physical
distance between the TSV and victim device. A bulk type
substrate with p; = 10 Qcm is assumed. Finally, the vertical
substrate resistance Ry, iS
ps(D/4) _ psD

mn dmn

3)

Roup1 =

; (4)

R =

where m and n represent, respectively, the length and width of
the victim device. A greater victim size reduces the vertical
substrate resistance due to higher cross sectional area.

A pulse voltage source with a specific transition time ¢z, is
connected to the TSV to represent an aggressor digital signal
such as clock. The far end node of the TSV drives a capacitive
load. The substrate coupling noise that reaches to the bulk
node of a victim device is estimated based on these equations
and the model illustrated in Fig. 3. For a TSV with W=7.5 um,
D=75 um, and connected to a clock signal with 100 ps rise/fall
times and 1 GHz frequency, the noise at the bulk node is shown
in Fig.4. Note that the ground network is modeled with an
RL impedance where the resistance is 2 € and inductance
is 1 nH. As illustrated in this figure, the peak-to-peak noise
voltage that couples to the victim device due to a TSV is
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Fig. 4. Substrate coupling noise at the bulk node of a victim device due
to a switching activity within the TSV.
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Fig. 5. Effect of TSV diameter on noise characteristics when TSV depth
is equal to 75 um.

more than 600 mV when there is no signal isolation. This
high noise can significantly degrade the performance of the
victim by modifying the threshold voltage due to body effect
or may directly couple to the source/drain junctions of the
device. The noise coupling characteristics should therefore be
considered during the TSV placement process. Considering
only thermal constraints may produce a 3-D circuit with poor
noise characteristics.

B. Effect of TSV Parameters on Noise

Several parameters such as the depth and diameter of a TSV
play an important role in the noise behavior. The TSV depth
is primarily dependent upon the wafer thinning capability of
the TSV fabrication process. Specifically, a reduced substrate
thickness produces a shorter TSV depth. A shorter TSV
depth enhances noise characteristics by reducing the TSV
capacitance Cyy, and increasing the lateral substrate resistance
Ryup1- Furthermore, a thinner substrate also helps in dissipating
the heat, thereby improving thermal stability. Processing thin
wafers, however, is a challenging step during fabrication [1].

The effect of TSV diameter on the peak noise is illustrated
in Fig.5. Peak noise is reduced as the TSV diameter is
decreased due to a reduction in the TSV capacitance Ciy.
Furthermore, lateral substrate resistance is also increased since
the TSV behaves as an input port to the substrate. The area
of the port is reduced due to a smaller diameter, thereby
increasing the substrate resistance.

Ground
network

Guard ring  Victim device

Aggressor TSV

Silicon (p-)

Fig. 6. Placement of a guard ring near the aggressor TSV to alleviate
noise coupling.

One of the deleterious effects of reducing the TSV diameter
is the increase in the TSV resistance. For a data or clock signal,
a higher TSV resistance not only increases the RC delay, but
also causes additional signal attenuation. For a power/ground
line, a higher resistance produces greater /R drop and reduces
the ability of the wire to carry higher current densities which
is a primary concern due to electromigration. A tradeoff
therefore exists between signal quality/reliability and noise
coupling characteristics in determining the TSV diameter. Note
that noise coupling can also be reduced by increasing the
thickness of the dielectric layer #4. Increasing ¢4, however
also increases the TSV resistance since the effective cross
sectional area of the conductive material is reduced, assuming
the diameter is maintained constant. Several design techniques
to achieve higher signal isolation are discussed in the following
section.

C. Noise Isolation Strategies

As described in the previous section, significant noise is
injected into the substrate by a TSV that carries a high
switching activity signal. The magnitude of the noise that
reaches to the bulk of a victim device is in the range of half
the power supply voltage when there is no noise isolation.
The efficiency of two design techniques in reducing TSV
related noise coupling is compared in this section. In the first
technique, a guard ring is placed around the TSV where the
ring dimensions are the same as the victim device, as depicted
in Fig. 6.

The guard ring is connected to a quiet ground network not to
inject additional noise into the substrate. The impedance of this
ground network is assumed to be the same as the impedance of
the analog ground network. The circuit model shown in Fig. 3
is modified to consider the effect of a guard ring. Specifically,
an additional resistive path to the contact of the ring is included
within the substrate to model the guard ring. The guard ring
achieves approximately an additional 15 dB isolation. Note
that this reduction in noise is relatively independent of the
frequency. In the time domain, positive peak substrate noise
at the bulk node is reduced from 498 mV to 73 mV. A
guard ring biased with a clean ground network is therefore
effective in reducing TSV related noise coupling. Guard rings
alone, however, are not sufficient since the noise magnitude
continues to be significantly high for sensitive circuits. A guard
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Fig. 7. Placement of a shield TSV connected to a ground network near
an aggressor TSV to alleviate noise coupling.
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ring can filter the noise current that flows relatively closer to
the surface. Alternatively, the noise current injected into the
substrate below the surface due to the depth of the TSV can
still reach to the victim device, as depicted in Fig. 6.

The second technique is to place another TSV as a shield
line, thereby enhancing noise isolation, as depicted in Fig. 7.
Note that the TSV shield line is connected to a quiet ground
network. The efficiency provided by a TSV shield line in
reducing the noise is significantly higher due to additional
capacitive isolation. Specifically, a TSV shield line achieves
approximately an additional 90 dB isolation at the frequencies
in the megahertz range. As the frequency increases to the
gigahertz range, the additional isolation provided by the shield
TSV is reduced to approximately 30 dB. The AC response of
both the guard ring and TSV shield line is shown in Fig. 8.
In the time domain, a TSV shield line can reduce the positive
peak noise voltage to 22 mV. Transient noise waveforms are
compared in Fig. 9 for each case. Note that placing additional
TSVs as shield lines is an effective way to reduce substrate
noise coupling, particularly at low frequencies. These addi-
tional TSVs, however, consume area and reduce the integration
density of 3-D circuits due to the minimum pitch between the
two TSVs, as illustrated in Fig. 7.

III. CONCLUSIONS

TSV related noise coupling mechanism in 3-D integrated
circuits has been investigated. The magnitude of the noise that
couples to a sensitive victim device due to a signal transition
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Fig. 9. Substrate noise waveform at the sense node for three cases:
Original circuit with no isolation, use of a guard ring, and use of a TSV
shield line.

within a TSV has been estimated. A circuit model has also
been proposed to evaluate noise coupling characteristics. Ef-
fect of several parameters such as TSV depth and diameter on
noise characteristics has been analyzed. Finally, the amount
of noise that can be reduced by using a guard ring and TSV
shield line has been compared.
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