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Abstract—We report on inter-chip bidirectional communication
and power transfer between two stacked chips. The experi-
mental prototype system components were fabricated in a 0.5-pm
silicon-on-sapphire CMOS technology. Bi-directional communi-
cation between the two chips is experimentally measured at 1 Hz—
15 MHz. The circuits on the floating top chip are powered with
capacitively coupled energy using a charge pump. This is the
first demonstration of simultaneous nongalvanic power and data
transfer between chips in a stack. The potential use in 3-D VLSI
is aimed at reducing costs and complexity that are associated with
galvanic inter-chip vias in 3-D integration.

Index Terms—AC coupling, capacitive coupling, chip-to-chip
communication, multichip module, proximity communication,
silicon-on-insulator (SOI), silicon-on-sapphire (SOS), three-
dimensional (3-D) integration.

I. INTRODUCTION

HREE-DIMENSIONAL (3-D) integrated circuits are
T emerging as a viable technology for information pro-
cessing in high throughput sensor arrays [1]-[4] and massively
parallel computer architectures that benefit from locality of
reference and short interconnects in the third dimension [5]-[7].

The early attempts towards 3-D integration were focused on
multiple tiers with polycrystallized silicon devices [8]. An al-
ternative approach that has emerged in the recent years uses
wafers fabricated in standard CMOS technologies, augmented
with an inter-die via [9]. The bulk CMOS wafers are first thinned
down to about 10-pm thickness and then aligned and bonded to
form a multiwafer stack. The whole process poses significant
challenges with bulk CMOS material, and recently an alterna-
tive approach has been demonstrated using silicon-on-insulator
(SOI) CMOS wafers [3]. This has lead to the first multipro-
ject foundry 3-D run at the MIT Lincoln Laboratories [4]. Even
with SOI CMOS wafers the whole process is prohibitively ex-
pensive for mass production and fabrication yields are low. The
advantages of 3-D architecture can also be achieved using vir-
tual vias for through wafer communication. Virtual optical vias
[9], [10] as as well as inductive vias [11] have been reported
for 3-D interconnects. Virtual optical and inductive vias sim-
plify the integration process, as they do not require galvanic con-

Manuscript received October 18, 2005. This work was supported by the Johns
Hopkins Applied Physics Laboratory, MD, by NASA Mars Advanced Tech-
nology Development under Grant 1243213, and by the National Science Foun-
dation under Grant NSF-ECS-0225489 and Grant NSF-ECS-GOALI-0010026.
This paper was recommended by Associate Editor R. Puri.

E. Culurciello is with the Department of Electrical Engineering at Yale Uni-
versity, New Haven, CT 06520 USA (e-mail: eugenio.culurciello@yale.edu).

A. G. Andreou is with the Department of Electrical and Computer En-
gineering, Johns Hopkins University, Baltimore, MD 21218 USA (e-mail:
andreou@jhu.edu).

Digital Object Identifier 10.1109/TCSI1.2006.885073

N
?‘\
\A\A\A\A\A \ n
Couplin:
f f f /\ /\ pne X&Out
N
A Bottom Die Sk
Fig. 1. Three-dimensional prototype for bidirectional communication between

two dies. The bottom die is connected galvanically through bonding pads to
external power supply and signals. The top die features capacitive inter-chip
data and power transfer with no galvanic connections.

nections, but they do not compete with the interconnect density
of metal vias of modern CMOS fabrication processes and 3-D
processes [4]. Capacitive vias offers another potential method
for inter-chip communication. Capacitive inter-die coupling has
been used successfully only to transfer signals [12]-[14], be-
tween dies, circuit boards [15] and multichip modules, while
still requiring electrical connections for both dies in order to
provide the required power supply [16]. These physical connec-
tion are generally obtained using a ball grid array, wire bonds
or probes, all imposing mechanical and cost limitations on the
number and density of data signal connections to the package.

In this brief, we report on the first multichip module that uses
nongalvanic capacitive coupling to provide both bi-directional
communication and also transfer of power between two separate
dies. A prototype was assembled using components that were
fabricated on a commercially available 0.5-pm silicon-on-sap-
phire (SOS) process. The proposed 3-D integration technique
does not necessitate any specialized fabrication technique or
equipment. In addition, the alignment of the dies is simplified
by the transparency of the sapphire substrate of SOS dies.

II. SYSTEM OVERVIEW

The prototype consists of two SOS CMOS dies, one acting as
transmitter and one as receiver. The transmitter die (bottom die)
is placed and bonded into a common dual-in-line package. The
receiver die (top die) is flipped and aligned on top of the trans-
mitter die, so that the required capacitive coupling is formed
between metal pads on both dies. Fig. 1 shows the alignments
of the pads between the transmitter bottom circuit and the re-
ceiver circuit. In this demonstration the alignment of the dies
was performed manually under an optical microscope and hence
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Fig. 2. System architecture: a distributed charge pump is used to transfer the
power using capacitive coupling between two dies. The DUT, powered by the
charge pump, receives and communicates a signal to the bottom die.

the precision of the alignment was 15 pim. The alignment under
optical light is possible thanks to the transparency of the SOS
substrate. The dies have been bonded together using a layer of
transparent varnish. Submicrometer precision can be obtained in
the alignment when using a dedicated aligner bonder machine.
Six metal pads are aligned in this demonstration, four of which
are used by a charge-pump circuit and two more for bidirec-
tional communication of two signals. The charge pump is used
to exchange power between dies. The circuits in Fig. 1 are actual
layout of the fabricated circuit, while Fig. 5 (shown later) is a
micrograph of the multi chip module. The coupling metal plate
capacitance is 8 fF, with a plates distance of 10 ym (3 + 3 pm
for the bond to passivation step and an estimated 4 pm for the
varnish layer). These distances can be reduced using a simple
blanket reactive ion etching of the glass passivation layer.

Fig. 2 shows a schematic of the prototyped system with im-
plementation details of the transmitter and receiver circuits. The
bi-directional communication circuit (right side of Fig. 2) is
composed of an input pad (in) at the receiver circuit which is
bonded to the package for external stimulation. The input pad is
connected capacitively to the receiver circuit which uses a dig-
ital buffer [device under test (DUT)] to relay the digital signal
and drive the return coupling capacitance. The signal is buffered
again and output to a pad of the transmitter circuit (OUT). Cou-
pling of power is performed by the charge-pump circuit on the
left side of Fig. 2. The pump circuit is split between the top and
bottom dies. The bottom dies contains the galvanic connections
to the power supply pads V44 and G'nd. The DUT is composed
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of four digital inverters and is powered from the charge-pump
output.

III. CHARGE-PUMP CIRCUIT

The charge-pump circuit is used to transfer power from the
bonded bottom die to the floating top die. Fig. 2 shows the ar-
chitecture of the NV-stages Dickson [17], [18] charge pump. The
circuit uses two square wave pumping clocks ¢, and ¢ (Phi and
PhiBar in Fig. 2) to pump charge through coupling capacitors
C. The output voltage R,V;4 of the Dickson charge pump is
given by

C Iout
Vo—Vp— ——"F7— |- Vp.
c+Cs P (C+Cs)f¢> N
(D

Rm‘/dd = ‘/1H+N<

Cys is the ground parasitic capacitance of each capacitor C'
(not shown in the figure). V,, is the voltage amplitude of the
clock ¢ and f, is the clock frequency. With ideal diodes and
capacitors, each stage increments the voltage R, V44 by a step
equal to V. The diode is employed in each stage to constrain
the charge flow in one direction allowing capacitors C' to charge,
but not to discharge. The built-in diode voltage drop reduces the
pumping voltage, subtracting Vp from the voltage pumped at
each stage. The open circuit output voltage of the charge pump is
reduced by the load current I, [last term in parenthesis of (1)].

An eleven-stage ring oscillator produces a 350-MHz square-
wave clock signal to drive the pump, and it is represented by
an oscillator symbol in Fig. 2. The output of the oscillator is
buffered to drive the pumping capacitances C. These capaci-
tors are designed using a parallel plate configuration of bonding
pads. Facing bonding pads of the top and bottom dies create two
parallel plates. Each capacitance has a value that depends on the
distance between the bonding pads plates (here approximately
8 fF).

To optimize the design of the Dickson charge-pump circuit,
we employ MOS transistors with different threshold voltages
that are available in the Peregrine SOS CMOS process [10],
[19]. The following naming convention is employed to iden-
tify the device: regular Rz threshold (Vry =~ 0.7 V), low
x L threshold transistors (Vg =~ 0.3 V, and intrinsic Iz, zero
threshold transistors (Vg & 0 V). The type of transistor is de-
noted by substituting x for either N or P. Diodes D1 are diode
connected regular threshold transistors that are employed by the
technology vendor as ESD protection diodes.

Diode connected NL MOS transistors are used as the rec-
tifiers (D3) in each pump stage. The use of a low-threshold
MOS transistor in this part of the circuit minimizes the for-
ward bias diode drop Vp to 0.3 V, and reduces the undesirable
voltage drops on the rectifiers. A 9-pF capacitor at the output
(Cout) together with a series of five diodes (D1) are used as the
charge-pump filter and constraint the maximum voltage within
the maximum supply range of the process (3.3 V). Transistors
T1, T2, and a diode chain of four diodes D2 form an active
voltage regulator at the output of the charge pump to produce
the regulated voltage R, V4. The series regulator transistor T2
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TABLE I
DEVICE TYPE AND SIZE OF MOS TRANSISTORS USED IN THE
CHARGE-PUMP CIRCUIT

Device | Type | Size [um)]
DI | RN | 27.4/1.6
D2 | RN 2/2
D3 NL 15/0.5
T1 1P 10/2
T2 | IN 6/4
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Fig. 3. Scaling properties of the charge pump in relation to the distance be-
tween the plates of coupling capacitors. Decreasing the distance between the
plates increases the capacitance and the coupled energy. The capacitor plates
were 90 x 90 pm?.

is a zero threshold IN device biased by a string of four reg-
ular threshold (RN) diode connected MOS transistors (D2) and
a current source. Transistor T1 is a self-biased current source
implemented using an IP MOS transistor. Transistor T2 acts as
an ideal voltage follower without a build-in voltage. The device
type and sizes are given in Table 1.

The absence of substrate parasitics in the SOS CMOS process
eliminates all the stray capacitance to ground Cg that further
degrade the voltage gain of each stage (see (1)). The stray ca-
pacitance in a 0.5-um bulk-process can have a value of up to
10% of the nominal value (from extracted parameters [20]).
For example a capacitance of C = 450 fF can have a para-
sitic C's = 45 fF. The capacitance C obtained with the SOS
process has virtually zero parasitic capacitance, thus the ratio
C/(C+Cs)is 1in SOS CMOS and 0.9 in a bulk CMOS. For a
design with no parasitic capacitances, such as the one presented
in this brief, (1) simplifies to

Iout
Vou = ‘/in N(Vy—0.3-— —0.3. 2
' " < ¢ Cf¢> @

Solving (2) results in a value of the unloaded V,; of 11.7 V,
with a supply of 3.3 V, V;, = 0V, Vp = 03V, N = 4,
Iowt = 0 A. The equivalent result in a bulk process of (1) is
Vout of 83 Vwitha Vp = 0.7 V.

Fig. 3 plots the scaling properties for the charge-pump output
current as a function of capacitors (pumping stages) and the
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distance between capacitors’ plates. The current was calculated
using the terms between parenthesis in (2). We used the above
design parameters, and 90 x 90 ym? bonding pad plates sep-
arated by silicon dioxide. The charge-pump output current is
calculated for an unloaded and unprotected pump. The charge
pump used in this article provided approximately 100 pA of cur-
rent, as can be seen in Fig. 3. Some of this current is used in the
series active voltage regulator. Decreasing the distance between
the capacitor plates increase the coupling capacitance. By thin-
ning the passivation layer between the two dies, shorter plate
distances can be obtained. The charge-pump output current can
be increased to several milliamperes by using capacitors with
1-0.1-pm plates distance and S705 dielectric.

IV. RESULTS

We successfully tested the functionality of the communica-
tion link and power transfer at signal frequencies ranging from
1 Hz to 15 MHz. The results extend to 100 MHz reliably in sim-
ulations, assuming tighter coupling (not achieved in this exper-
imental prototype). Fig. 4 shows screen shot from the oscillo-
scope during measurements. For each screen the top waveform
is the input signal at the transmitter and the bottom waveform is
the output signal from the receiver. The top left is at 1-V supply
and 1-MHz input. The top right is at 3.3 V and 1 kHz, the bottom
left at 1 MHz and the bottom right at 15-MHz input frequency.
The current drawn was 9 mA at 3.3-V supply from 1 kHz to
15 MHz.

V. DISCUSSION AND TECHNOLOGY COMPARISON

Capacitive coupling of data and power of SOS circuits is a
cost-effective solution for 3-D assemblies of two facing dies or
flip-chip packaging of single dies on a printed circuit board. The
high packaging cost of galvanic connections as bonding wires
is virtually eliminated when standard bonding pads are used as
coupling capacitors. In addition, small coupling pads can be
used and circuits can be designed under the coupling pads, as
opposed to standard bonding pads, where the mechanical stress
of the bonding equipment would damage underlying circuits.

The capacitive vias used in our prototype occupy an area
of 90 x 90 pum? for a plate separation of 10 um. By keeping
the coupling capacitance constant, this area can be reduced to
30 x 30 um? with a plate separation of 1 zm, and to 9 x 9 pm?
with a 0.1 pm separation. Typical inductive vias occupy an area
between 100 x 100 xm? [11] and 300 x 300 m? [21]. Inductive
vias of 50 x 50 ;m? have been proposed, but no demonstration
of communication was given [12]. Three-dimensional galvanic
vias occupy an area of 5 x 5 um? in the DARPA-sponsored
3-D SOI process from MIT Lincoln Laboratories [22]. Fig. 5
is a micrograph of the multi chip module. The size of the vias
are compared in Fig. 6. Through-die galvanic vias obtained in
3-D processes obtain very high density of vertical connections,
but require expensive fabrication technologies. Capacitive cou-
pling requires less silicon area than inductive coupling, espe-
cially when plates are close to each other. Plate spacing of 1 ym
or less can be obtained easily by etching the passivation layer of
facing dies.

Capacitive vias can be optimized for power and signal
transfer. When transferring data, low capacitance vias are
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Fig. 4. Oscilloscope traces verifying functionality of the prototype system.
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Fig. 5. Micrograph of the assembled multi chip module.

desirable because less power consumption is required to drive
them. On the other hand, the capacitive vias used to couple
power should be obtained with large coupling capacitances, so
that power transfer is maximized. This in turn requires more
silicon area. The required silicon area for a given power can be
obtained from Fig. 3.

It is important to notice that capacitive coupling provides
electrical insulation between dies [18], [23]. This feature is ad-
vantageous for the design of sensitive instruments that needs to
be decoupled from noise sources. In addition, insulation is often
required in body-implants and biomedical circuits for the safety
of patients and users.

In summary, capacitive coupling of data has been demon-
strated practical and advantageous in 3-D assemblies and die
packaging. Capacitive coupling of power is particularly suitable
for low-power sensors and sensory front-ends. Insulated sensory

H 1 :
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o coupling
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Fig. 6. Comparison between layout sizes of inductive, capacitive and galvanic
vias for data communication. The large inductor (10 nH) and the 3-D via is in the
MIT LL 3D-SOI process. A magnified (20X ) 3-D via layout is also displayed.
The capacitive vias and the small inductor (1 nH) are SOS layouts. The solid
square is the size of a bonding pad, here reported as a frame of reference. Sizes
are in (linear) micron.

systems running on low power budgets can also take advantage
of the technology to decouple circuitry.
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