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(57) ABSTRACT

In accordance with the disclosed semiconductor chip and
multi-chip module, signal transmission is made possible
between semiconductor chips that are placed on a plane so
as to be adjacent to each other through inductive coupling
without affecting other coils such as in an oscillation circuit
or an antenna circuit for RF communication. A multilayer
solenoid coil, where a plane of the coil formed in a multi-
layer wiring structure in a semiconductor body is parallel to
a main surface of the semiconductor body, is formed along
at least one side end surface of the semiconductor body.
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SEMICONDUCTOR CHIP AND MULTI-CHIP
MODULE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based upon and claims the
benefit of priority of the prior Japanese Patent Application
No. 2015-195099, filed on Sep. 30, 2015, the entire contents
of which are incorporated herein by reference.

FIELD

[0002] The present invention relates to a semiconductor
chip and a multi-chip module, and for example, to a semi-
conductor chip and a semiconductor module where signal
transmission is carried out in a noncontact manner between
semiconductor chips that are arranged adjacent to each other
in a plane.

BACKGROUND

[0003] In conventional multi-chip modules where a num-
ber of semiconductor chips are integrated inside one pack-
age, signal transmission is carried out between semiconduc-
tor chips mounted in a multi-chip module through
connections by means of wire bonding or a silicon inter-
poser.

[0004] FIG. 23 is a diagram illustrating a conventional
structure where semiconductor chips are mounted using
bonding wires. Semiconductor chips 71, and 71, are
mounted on a package substrate 81 in such a manner that the
pads 72, and 72, provided on the respective semiconductor
chips 71, and 71, are connected to the pads 82 provided on
the package substrate 81 via bonding wires 73, and 73,.
[0005] In the structure where semiconductor chips are
mounted using bonding wires, the mounting area and the
consumed energy can be reduced, and therefore, the struc-
ture is often used for mobile devices. An issue in this
mounting system is a low data transfer rate. That is to say,
there is a problem such that the data transfer rate is limited
by the number of bonding wires that can be connected.
[0006] Meanwhile, SiP technologies using a silicon inter-
poser (see Non-Patent Document 1 and Non-Patent Docu-
ment 2) are characterized in that the data transfer between
chips can be carried out at a high rate and with low power.
FIG. 24 is a diagram illustrating a conventional structure
where semiconductor chips are mounted using a silicon
interposer. Semiconductor chips 91, and 91, are flip-chip
bonded on a package substrate 98 via a silicon interposer 93.
The silicon interposer 93 is provided with pads 94, vias
(TSVs) 95, wires 96 and C4 (controlled collapse chip
connection) bumps 97.

[0007] The semiconductor chip 91, and the semiconductor
chip 91, are connected to each other via the micro-bumps
92, and 92,, pads 94, vias (TSVs) 95 and wires 96. In
addition, the semiconductor chip 91, and the semiconductor
chip 91, are connected to the pads 99 provided on the
package substrate 98 via the pads 94, the vias (TSVs) 95 and
C4 bumps 97.

[0008] In the case of SiP technologies, however, a large
silicon interposer, fine micro-bumps and TSVs (through-
silicon vias) are required, and an issue includes a high
mounting cost.

[0009] Inorderto solve such a problem caused by bonding
wires and a silicon interposer, methods for carrying out
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signal transmission in a noncontact manner using capaci-
tances and coils have been proposed in recent years. For
example, the present inventor has proposed communication
between chips layered and mounted on a semiconductor chip
through inductive coupling via coils formed of wires on the
chip (see Patent Document 1 and Non-Patent Document 3).
[0010] In these proposals, noncontact signal transmission
is made possible by allowing a signal current on which data
is superposed to flow through a transmission and reception
coil formed on a first semiconductor chip so that a power
that has been induced in a transmission and reception coil
formed on a second semiconductor chip placed above or
below the first semiconductor chip can be detected.

[0011] These technologies can be used to make data
transfer between a number of IC chips possible through
wireless communication. As a result, neither wires for data
communication nor a large interposer are necessary, and
therefore, the number of wires for wire bonding can be
reduced, and the number of chips that are layered on top of
each other can be increased.
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SUMMARY

Problem to Be Solved by the Invention

[0019] In accordance with these methods for carrying out
signal transmission through inductive coupling, however, it
is very difficult to carry out signal transmission between
semiconductor chips that are placed adjacent to each other in
a plane as illustrated in FIGS. 23 and 24. That is to say, a
problem arises in a case where signal transmission is carried
out between semiconductor chips that are placed adjacent to
each other in a plane such that the direction of the magnetic
flux generated in a transmission and reception coil is



US 2017/0092603 Al

approximately perpendicular to the plane of the coil, and
therefore, the direction of the generated magnetic flux is
perpendicular to the direction of the signal transmission, and
thus, the generated magnetic flux cannot be effectively used.
[0020] Therefore, the present inventor carried out a simu-
lation on a plane spiral coil. FIG. 25 is a plan diagram
illustrating a plane spiral coil used for the simulation, where
the outermost block side is 70 um and the number of times
wound n is 8. In the case where the communication distance
d is the shortest possible distance 3 um according to the most
current dicing technology, that is to say, in the case of d=3
um, the coupling coefficient k is 0.0733, and the mutual
inductance M which indicates the intensity of the coupling
is 0.39 nH. In order to make communication possible, the
mutual inductance M needs to be approximately 1 nH, and
therefore, it has become clear from the results that it is
effectively impossible to carry out signal transmission using
a plane spiral coil of which the outermost block side is
approximately 70 pum.

[0021] In order to carry out signal transmission without
fail, very large transmission and reception coils are neces-
sary. In the case where large transmission and reception coils
are provided, however, the area occupied by the transmis-
sion and reception coils increase, which makes miniaturiza-
tion of the semiconductor chip difficult. In addition, a
problem arises such that the magnetic flux generated by a
transmission and reception coil for signal transmission
between chips may affect another coil that is provided in an
antenna circuit within the semiconductor chip for an oscil-
lation circuit or RF communication. This problem can bring
about deterioration in the properties or a worsening of the
chip margins.

[0022] In order to solve these problems, it has been
proposed to provide in proximity to a side end surface of a
semiconductor chip a transmission and reception coil of
which the coil plane is approximately perpendicular to the
main surface of the semiconductor chip (see Patent Docu-
ment 2 or Non-Patent Document 4).

[0023] As a result of the simulations carried out in the
above-described proposals, however, it has become clear
that stable signal transmission without fail is difficult. FIG.
26 is a schematic perspective diagram illustrating a coil
formed in a multilayer wiring structure used for a simula-
tion, where the length of the sides in the bottom layer and in
the top layer is 70 um, the length of the longitudinal sides
that correspond to the vias is 3 um, and the number of times
wound is 8. In the case where the communication distance
is d=3 pm as well, the coupling coefficient is 0.124 and the
mutual inductance M is 0.13 nH, which means the mutual
inductance M is approximately Y5 of that in plane spiral
coils.

[0024] As a result of another simulation, in a case where
the facing semiconductor chips were shifted by approxi-
mately 5 pm in the direction of the height, the coupling
coefficient was 0.01 and the mutual inductance M was 0.01
nH, and thus, it was found that the properties lowered by one
or more digits as compared to a case where there was no
positional shifting in the direction of the height. That is to
say, the shape of the coil in this case was very oblong in the
plane of the coil, such as 70 umx3 pum, due to the restriction
of the sides in the longitudinal direction by the thickness of
the multilayer wiring structure in the direction in which the
layers were layered. In the case where positional shifting
occurs in the direction of the height during the mounting
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process in this coil, a current that flows through the bottom
side and a current that flows through the top side are oriented
in the opposite directions, and therefore, the magnetic fields
generated by the currents are offset on the reception side.
Accordingly, stable signal transmission without failure is
difficult in the case where a coil having such a structure is
used.

[0025] According to an aspect of the embodiments,

a semiconductor chip, including :

[0026] a semiconductor body; and

[0027] a multilayer solenoid coil, where a plane of the coil
formed in a multilayer wiring structure in the semiconductor
body is parallel to a main surface of the semiconductor body,
characterized in that

[0028] the multilayer solenoid coil is formed along at least
one side end surface of the semiconductor body.

Another aspect of the disclosure provides a multi-chip
module with: a mounting substrate; a first semiconductor
chip mounted on the mounting substrate; and a second
semiconductor chip mounted on the mounting substrate, and
the multi-chip module is characterized in that the first
semiconductor chip has a multilayer solenoid coil, where the
plane of the coil formed along at least a first side end surface
of a first semiconductor body is parallel to the main plane of
the first semiconductor body, the second semiconductor chip
has a multilayer solenoid coil, where the plane of the coil
formed along at least a first side end surface of a second
semiconductor body is parallel to the main plane of the
second semiconductor body, and the multilayer solenoid coil
provided in the first semiconductor chip and the multilayer
solenoid coil provided in the second semiconductor chip
face each other.

Effects of the Invention

[0029] In accordance with the disclosed semiconductor
chip and multi-chip module, signal transmission is made
possible between semiconductor chips that are placed on a
plane so as to be adjacent to each other through inductive
coupling without affecting other coils such as in an oscilla-
tion circuit or an antenna circuit for RF communication.

BRIEF DESCRIPTION OF DRAWINGS

[0030] FIGS. 1A and 1B are schematic diagrams illustrat-
ing the configuration of a semiconductor chip and a multi-
chip module according to an embodiment of the present
invention;

[0031] FIGS. 2A and 2B are diagrams illustrating the
results of an electrical field simulation;

[0032] FIG. 3 is a schematic perspective diagram illus-
trating a multilayer solenoid coil provided in the semicon-
ductor chip according to Example 1 of the present invention;
[0033] FIGS. 4A and 4B are diagrams illustrating the
layered structure of a multilayer solenoid coil;

[0034] FIG. 5 is a diagram illustrating the transmission
and reception coils used for a simulation;

[0035] FIG. 6 is a diagram illustrating transmission and
reception circuits;

[0036] FIGS. 7A through 7C are diagrams illustrating
signal wave forms;

[0037] FIGS. 8A and 8B are diagrams illustrating the
layered structured of a multilayer solenoid coil used in the
semiconductor chip according to Example 2 of the present
invention;
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[0038] FIGS. 9A and 9B are diagrams illustrating the
layered structured of a multilayer solenoid coil used in the
semiconductor chip according to Example 3 of the present
invention;

[0039] FIGS. 10A and 10B are diagrams illustrating the
layered structured of a multilayer solenoid coil used in the
semiconductor chip according to Example 4 of the present
invention;

[0040] FIG. 11 is a diagram illustrating the transmission
and reception coils used for the simulation according to
Example 5 of the present invention;

[0041] FIG. 12 is a perspective diagram illustrating a
multilayer solenoid coil used in the multi-chip module
according to Example 6 of the present invention;

[0042] FIG. 13 is a diagram illustrating the multi-chip
module according to Example 6 of the present invention;
[0043] FIG. 14 is a diagram illustrating the multi-chip
module according to Example 7 of the present invention;
[0044] FIG. 15 is a diagram illustrating the mounting
structure in the multi-chip module according to Example 8
of the present invention;

[0045] FIG. 16 is a diagram illustrating transmission and
reception circuits used for the multi-chip module according
to Example 8 of the present invention;

[0046] FIGS. 17A through 17C are diagrams illustrating
signal wave forms;

[0047] FIG. 18 is a diagram illustrating the relationship
between BER and the timing;

[0048] FIGS. 19A and 19B are diagrams illustrating the
correlation between BER and the coil distance;

[0049] FIGS. 20A and 20B are graphs illustrating the
transfer rate and the power consumption;

[0050] FIGS. 21A and 21B are graphs illustrating the area
efficiency and the power efficiency of the data transfer;
[0051] FIG. 22 is a plan diagram illustrating the multi-chip
module according to Example 9 of the present invention;
[0052] FIG. 23 is a diagram illustrating a conventional
mounting structure using bonding wires;

[0053] FIG. 24 is a diagram illustrating a conventional
mounting structure using a silicon interposer;

[0054] FIG. 25 is a plan diagram illustrating a plane spiral
coil used for a simulation; and

[0055] FIG. 26 is a schematic perspective diagram illus-
trating a coil in a multilayer wiring structure used for a
simulation.

DESCRIPTION OF EMBODIMENTS

[0056] Here, an embodiment of the present invention is
described in reference to FIGS. 1A through 2B. FIGS. 1A
and 1B are schematic diagrams illustrating the configura-
tions of a semiconductor chip and a multi-chip module
according to the embodiment of the present invention. FIG.
1A is a schematic diagram illustrating the configuration of
the semiconductor chip, and FIG. 1B is a schematic diagram
illustrating the configuration of the multi-chip module. As
illustrated in FIG. 1A, the semiconductor chip 10 according
to the embodiment of the present invention is provided with
a multilayer solenoid coil 11, where the plane of the coil is
parallel to the main plane of the semiconductor body, which
is formed in a multilayer wiring structure in a semiconductor
body. The multilayer solenoid coil 11 is formed along at least
one side end surface of the semiconductor body. In this case,
it is desirable for the multilayer solenoid coil 11 to be
provided within a range of 7 um from the side end surface
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of the semiconductor body. Here, the semiconductor body
means a semiconductor substrate, a semiconductor substrate
in which an epitaxial layer has been formed, an epitaxial
layer from which the semiconductor substrate has been
removed, or the like.

[0057] As illustrated in FIG. 1B, in the multi-chip module
according to the embodiment of the present invention, a first
semiconductor chip 10, having a multilayer solenoid coil
11, formed along at least a first side end surface of the
semiconductor body and a second semiconductor chip 10,
having a multilayer solenoid coil 11, formed along at least
the first side end surface of the semiconductor body are
mounted on a mounting substrate 20 and are connected to
the mounting substrate 20 by bonding wires 22, and 21,
electrically. At this time, the multilayer solenoid coil 11,
provided in the first semiconductor chip 10, and the multi-
layer solenoid coil 11, provided in the second semiconductor
chip 10, are arranged so as to face each other.

[0058] As aresult of the above-described simulation of the
coils where the multilayer solenoid coils 11, and 11, were
arranged along side end surfaces of the semiconductor
bodies 10, and 10,, that is to say, in proximity to the dicing
lines, it was found that transmission and reception are
possible between the chips through inductive coupling. In
conventional manufacturing processes for semiconductor
devices, it is practically impossible to provide multilayer
solenoid coils 11, and 11, in proximity to a dicing line due
to poor dicing precision.

[0059] An improvement in technology in recent years,
however, has made dicing possible with high precision. For
example, laser ablation can be used for dicing without
causing any cracks (see Non-Patent Document 5), and thus,
a multilayer solenoid coil provided in proximity to a dicing
line is not broken in a dicing process, which makes it
possible to place a metal wire at a distance of 1 um from the
chip end. Current mass production technology also makes it
possible to die bond two semiconductor chips 10, and 10,
that are at a distance of 1 pm from each other, and therefore,
the distance x between the coils can be made x=3 um. Thus,
the present inventor drastically changed his way of thinking
and realized a way of providing multilayer solenoid coils in
proximity to dicing lines, which had been considered to be
practically impossible according to the prior art.

[0060] FIGS. 2A and 2B are diagrams illustrating the
results of an electrical field simulation. FIG. 2A is a diagram
illustrating a state of magnetic field coupling in the vertical
direction in a case where conventional semiconductor chips
are layered on top of each other, where magnetic field
coupling was confirmed between upper and lower coils.
Meanwhile, as illustrated in FIG. 2B, it was found that
magnetic field coupling takes places between sides of semi-
conductor chips that face each other in a case where the
semiconductor chips are placed adjacent to each other in a
horizontal direction.

[0061] A hollow square coil made of a multilayer wire
wound in a semiconductor chip generates a magnetic field
around its four sides. In the case where coils overlap in the
vertical direction, as illustrated in FIG. 2A, magnetic field
coupling takes place between each pair of the four sides. In
the case where coils are adjacent to each other in a horizontal
direction, as illustrated in FIG. 2B, magnetic field coupling
takes place between a pair of sides that face each other.
[0062] In the case where coils are adjacent to each other in
a horizontal direction, the mutual inductance M is approxi-
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mately as small as %4 as compared to the case where the coils
overlap in the vertical direction. However, it is possible to
compensate for the shortage of M by increasing the number
of winding or devising a different way of winding. As
illustrated in Non-Patent Document 4, it was found that
coupling in a horizontal direction can be made strong to such
a degree as to be used in spite of the fact that only coupling
in the vertical direction can be considered to be strong
enough.

[0063] Thus, the present inventor has devised a way of
winding a coil with which the mutual inductance M can be
increased. The mutual inductance M increases in proportion
to the number (n) of windings of the coil to the power of
approximately 1.7, and therefore, such a conclusion is
gained that the solenoid coil is provided with winding in the
direction in which the layers are layered, and in addition has
a spiral in the direction of a plane if necessary so that the
number of windings can be increased. That is to say, the
intensity of the received signal is determined by the product
of the change in the current through the transmission coil
(dl/dt) and the mutual inductance M, and therefore, the
intensity of the received signal can be increased by increas-
ing the mutual inductance M by devising the way in which
the coil is wound.

[0064] In the case where the coil has a spiral, the sides that
face each other in each coil are at a distance away from each
other, and therefore, the width of the coil wire is narrower
along the sides at which two coils face each other so that an
increase in the communication distance can be suppressed.
The other three sides in each coil barely affect the mutual
inductance M, and therefore, the wire width is made thick so
that the parasitic resistance in the entire coil can be kept low.
In addition, all the wire resources are used up along the sides
of the semiconductor chips that face each other because
there are no wires other than those of the coils at an end of
the semiconductor chips. Wire resources that may be nec-
essary for a power line or a signal wire to cross may be kept
along the other three sides of each semiconductor chip.
[0065] As a result of the simulation, sufficient data com-
munication is possible in the case where the mutual induc-
tance is approximately 1 nH, communication is possible in
the case where the distance d between coils in a horizontal
direction is approximately Y12 of the diameter of the coil,
and communication is possible even in the case where the
coils shift by approximately /1o of the diameter of the coils
in a lateral direction, and therefore, communication is pos-
sible for square coils having sides of 80 um in the case where
the distance in a horizontal direction is approximately 7 pm.
As described below, communication is possible judging
from another simulation in the case where the distance
between the sides of a coil that face the sides of another coil
and the side end surface of the semiconductor chip is within
9.5 um.

[0066] In recent years, lasers have been used for dicing
without causing any cracks, and it has been reported that
metal wires can be placed at 1 pm from an end of a chip (see
Non-Patent Document 3). It is also possible to die bond two
semiconductor chips at a distance of 1 ym to 3 um away
from each other. Accordingly, chips can be mounted so that
the lateral distance between multilayer solenoid coils is
within 5 pm, and therefore, no problems arose with the
setting conditions in this simulation.

[0067] As described below, the data transfer rate per unit
area was 3.2 Th/s/mm? in a simulation in accordance with a
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65 nm-CMOS technology where D=40 pm and d=3 um. In
addition, the power consumption per unit data transfer rate
(power efficiency (Tb/s/W=(pJ/b))) could be increased
greatly by setting the coil distance d at 3 pm to 5 pm.
Incidentally, the power efficiency per unit data transfer rate
was 2.3 Tb/s/W (=0.43 (pJ/b)) in a simulation in accordance
with a 65 nm-CMOS technology where D=40 pm and d=3
pm.

[0068] In the case of the above-described plane spiral coil,
the facing sides are placed more inward inside the coil as the
coil winds in such a manner that the distance between the
sides become greater, and therefore, a large mutual induc-
tance cannot be gained. Meanwhile, in the case of the
present invention, the distance between the sides that face
each other is the same for a coil of the same number of
windings, and therefore, the mutual inductance M ideally
increases in proportion to n to the power of 1.7 (n to the
power of 1.6 to n to the power of 1.8) as the number n of
windings increases as described above. Incidentally, the
coupling coefficient was 0.184 and the mutual inductance M
was 1.16 nH for the communication distance d=3 um in the
case where the sides of a multilayer solenoid coil that was
wound eight times was 70 pum, and thus, a great improve-
ment was realized as compared to the horizontal spiral coils
or the coil in Patent Document 1.

[0069] In the case where the coils shifted from each other
by 5 um in the direction of the height, the coupling coeffi-
cient was 0.112 and the mutual inductance was 0.71 nH, and
thus, a great decrease of one digit or more as in the coil in
Patent Document 2 was not observed, though there was a
slight decline in the values. Therefore, multilayer solenoid
coils are used in the embodiments of the present invention,
and thus, magnetic field coupling has a sufficient intensity
even if the direction is not horizontal. Accordingly, the
restriction in the direction of the height is small during the
mounting process, which is barely different from the prior
art in the difficulty of mounting chips.

[0070] In addition, it is desirable for the sides of a mul-
tilayer solenoid coil in the respective layers on the side end
surface side to be aligned in the direction in which the layers
are layered in the multilayer solenoid coil. This structure can
keep the distance constant between all the sides that face
each other.

[0071] It is also desirable for the width of the sides of a
multilayer solenoid coil in the respective layers on the side
end surface side to be narrower than the width of the other
sides. In order to increase the mutual inductance M, the wire
width of the sides that face each other between the chips that
face each other should be made narrower so that the distance
between the sides that face each other does not increase
much. When the wire width is narrow, however, the parasitic
resistance increases, which makes it difficult for a large
current to flow through the transmission coil, and thus,
changes in the transmission current becomes small or the
bandwidth of the reception coil becomes narrower, which
makes high speed communication impossible. Meanwhile,
the sides that are orthogonal to the sides that face each other
between chips do not greatly affect the mutual inductance M
between the sides that face each other between chips.
Furthermore, the sides facing the sides that face another chip
in the same coil do not greatly affect the mutual inductance
M, even in the case they become thicker in the direction
away from the sides that face another chip. Accordingly, it
is possible to increase the mutual inductance M without
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increasing the resistance value of the entirety of the coil by
making the wire width of the sides that face each other
between chips that face each other narrower and by making
the wire width of the other sides thicker.

[0072] It is also desirable for the wire density along the
side of a multilayer solenoid coil on the side end surface side
to be higher than the wire density along the other three sides.
The mutual inductance M can be increased by making the
wire density along the side of a multilayer solenoid coil on
the side end surface side higher than the wire density along
the other three sides. In addition, it is possible to provide at
least a power line or a signal wire in such a manner that the
wire passes through a low wire density area along the sides
thereof.

[0073] An example of the way of such winding can be
cited where the odd-numbered wound coil elements of a
multilayer solenoid coil are formed of first wire elements
located outside, and the even-numbered wound coil ele-
ments of the multilayer solenoid coil are formed of first wire
elements located along the side end surface and second wire
elements located inside the first wire elements.

[0074] Furthermore, the multilayer solenoid coil may have
in its inside an inner multilayer solenoid coil wound with
wires that shares the multilayer structure with the winding
wires of the multilayer solenoid coil, where the multilayer
solenoid coil and the inner multilayer solenoid coil are
electrically connected in series. The mutual inductance can
be increased by approximately three times by incorporating
an inner multilayer solenoid coil in this manner. As a result,
the communication distance can be increased and the dis-
tance between chips can be expanded. Alternatively, com-
munication is made possible with less power and less
energy.

[0075] The multilayer solenoid coil may be one of the
multilayer solenoid coils for reception or one of the multi-
layer solenoid coils for transmission that are aligned in a
lateral direction. The multilayer solenoid coil may be a
multilayer solenoid coil made of a multilayer solenoid coil
for reception and a multilayer solenoid coil for transmission
layered on top of each other in the same location. In the case
of a multilayer wiring structure, in general, the higher the
layer is, the thicker the film thickness of the wiring layer is.
Accordingly, multilayer solenoid coils for transmission
through which a large current flows are wound with thick
wires in upper layers, and multilayer solenoid coils for
reception through which a current that is not very large flows
are wound with thin wires in lower layers. In such a case, the
locations of a multilayer solenoid coil for transmission and
a multilayer solenoid coil for reception may differ in the
direction of the height between semiconductor chips that
face each other, which makes the communication distance
slightly greater than the distance between the chips. How-
ever, as is clear from the above-described simulation results,
no problems arise.

[0076] Alternatively, one semiconductor chip may have a
multilayer in the order of a multilayer solenoid coil for
transmission/a multilayer solenoid coil for reception, and the
other semiconductor chip may have a multilayer in the order
of a multilayer solenoid coil for reception/a multilayer
solenoid coil for transmission. In such a case, the locations
of a multilayer solenoid coil for transmission and a multi-
layer solenoid coil for reception are almost the same in the
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direction of the height between semiconductor chips that
face each other, which makes the communication distance
shorter.

[0077] Furthermore, multilayer solenoid coils may be pro-
vided along at least two side end surfaces of the semicon-
ductor body. In this case, communication is made possible
through magnetic field coupling in an arrangement where
two or more semiconductor chips face one semiconductor
chip.

[0078] Moreover, the first semiconductor chip that is pro-
vided with a multilayer solenoid coil, where the plane of the
coil formed along at least a first side end surface of a first
semiconductor body is parallel to the main plane of the first
semiconductor body, and the second semiconductor chip
that is provided with a multilayer solenoid coil, where the
plane of the coil formed along at least a first side end surface
of'a second semiconductor body is parallel to the main plane
of the second semiconductor body can be mounted on a
mounting substrate in such a manner that the multilayer
solenoid coil provided in the first semiconductor chip and
the multilayer solenoid coil provided in the second semi-
conductor chip face each other, and thus, a multi-chip
module for mutual communication through magnetic field
coupling can be realized.

[0079] In this case, it is desirable for one side of the
multilayer solenoid coil provided in the first semiconductor
chip and one side of the multilayer solenoid coil provided in
the second semiconductor chip to face each other at a
distance of 7 um or less, preferably 5 um or less, in order for
communication to be stable between small multilayer sole-
noid coils.

[0080] In addition, it is desirable for the center point of the
multilayer solenoid coil provided in the first semiconductor
chip in the direction in which the layers are layered to be the
same as the center point of the multilayer solenoid coil
provided in the second semiconductor chip in the direction
in which the layers are layered in order for communication
to be stable with a small current.

[0081] Here, in the case where the center point of the
multilayer solenoid coil provided in the first semiconductor
chip in the direction in which the layers are layered is shifted
from the center point of the multilayer solenoid coil pro-
vided in the second semiconductor chip in the direction in
which the layers are layered by 5 um or less, stable com-
munication is possible.

[0082] In addition, a magnetic field coupling type multi-
chip module in which three or more semiconductor chips are
mounted can be implemented by providing the same mul-
tilayer solenoid coil as that provided in the first semicon-
ductor chip along the second side end surface of the first
semiconductor body and mounting on a mounting substrate
a third semiconductor chip having a multilayer solenoid coil
of which the coil plane formed along at least the first side
end surface of a third semiconductor body is parallel to the
main surface of the third semiconductor body in such a
manner that the multilayer solenoid coil faces the multilayer
solenoid coil provided along the second side end surface.
[0083] According to the embodiment of the present inven-
tion, the connection system can be switched from the
mechanical type using bonding wires to an electronic type
using multilayer solenoid coils in order to realize a reduction
in cost, an increase in speed, and a reduction in energy
consumption. In addition, the magnetic field communication
technology provides AC connections, and therefore, differ-
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ent types of chips where the power supply voltages are
different can be easily connected to each other. For example,
it is possible to easily connect a CPU or an FPGA manu-
factured in a cutting-edge process to an MPU or an I/O chip
manufactured in an older generation process in order to save
on the IP license fee. Incidentally, in a simulation using
parameters for a 65 nm-CMOS technology, the communi-
cation rate was 3.2 Th/s/mm? and the power consumption
was 0.4 pl/b.

[0084] In addition, the intensity of the reception signal is
determined by the product of the change in the current in the
transmission coil (dI/dt) and the mutual inductance M, and
the intensity of the reception signal can be increased by
increasing dI/dt by devising the transmission circuit. In the
case where the length (D) of one side of a coil is 40 um and
the distance (x) between the two coils is 3 um, for example,
data communication of 9 Gb/s/coil is possible at the maxi-
mum (4.65 Tb/s/mm?). This can be compared to a case of
communication (333 Gb/s/mm?) at 10 Gb/s/link using four
C4 bumps with a pitch of 50 pm per lane (shielded by means
of a differential signal and VDD/GND) so as to find the
transfer rate per chip unit area that is 14 times higher.
[0085] In addition, the magnetic field is generated uni-
formly along and 360 degrees around the sides of a coil, and
therefore, data can be transferred as long as the distance
between the lines is small even in the case where the height
is not the same between the two coils, that is to say, between
the semiconductor chips. Semiconductor chips can be
mounted at a height with a precision of +/-1.5 um by using
Cu pillars as micro-bumps, and therefore, the distance
between lines can be made approximately 4 um. In this case,
no silicon interposer, no micro-bumps or no TSVs are
necessary, and there are almost no additional mounting
costs. Thus, the connection system can be switched from the
mechanical type to the electronic type so as to pursue an
increase in the rate and a decrease in the power by taking
advantage of the technological progresses in wafer process-
ing.

EXAMPLE 1

[0086] Next, the semiconductor chip according to
Example 1 of the present invention is described in reference
to FIGS. 3 through 7C. FIG. 3 is a schematic perspective
diagram showing a multilayer solenoid coil provided in the
semiconductor chip according to Example 1 of the present
invention, where the multilayer solenoid coil is formed in a
multilayer wire structure having nine layers. In addition, the
sides that face the multilayer solenoid coil provided in
another semiconductor chip are the east side for the purpose
of convenience, and the other sides are the north side, the
west side, and the south side in this order.

[0087] The way in which this multilayer solenoid coil is
wound can be expressed as follows in the order of east,
north, west and south. Here, M denotes a metal line with a
suffix representing the layer level of the wire.

[0088] MS (Port)

[0089] M7MSM9MS (7% winding)
[0090] M6M6M7MS6 (67 winding)
[0091] M5M6M7M6 (5” winding)
[0092] M4M4M5M4 (4” winding)
[0093] M3M4M5M4 (3 winding)
[0094] M2M2M3M2 (2"¢ winding)
[0095] MIM2M3M2 (1** winding)
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[0096] Here, the outer wires are denoted by M and the
inner wires are denoted by m, the plugs are denoted by 1 and
|, and the connections at the same layer level are denoted by
— in order to make it easier to understand the way the coil
is wound. In addition, the wires on the east side in the
odd-numbered windings excluding the first winding are
denoted by ‘M. Thus, the following expression is gained.

[0097] -MS8

[0098] {™M71M8TM9I|M8

[0099] M6—m61m7|m6é6

[0100] {™M51M6TM7TM6

[0101] M4—md4tm5|m4

[0102] TM3TM41M5|M4

[0103] M2—m2tm3|m2

[0104] M1TM2TM3|M2

[0105] Accordingly, the north, west and south sides are

outer wires at the odd-numbered windings and inner wires at
the even-numbered windings.

[0106] FIGS. 4A and 4B are diagrams illustrating the layer
structure of a multilayer solenoid coil. FIG. 4A is a plan
diagram and 4B is a cross-sectional diagram along the chain
lines a-a', b-b' and c-¢' in FIG. 4A. As is clear from FIG. 4B,
all the seven layers have an east side, and the east sides are
aligned as viewed in the direction in which the layers are
layered. Only the even-numbered layers or only the odd-
numbered layers have the other sides, north, west and south,
so that the power lines and the signal wires can traverse
three-dimensionally. Thus, the wire concentration is the
highest along the east side that faces the multilayer solenoid
coil provided in another semiconductor chip, and therefore,
the coupling coefficient and the mutual inductance M can be
increased as compared to plane spiral coils.

[0107] FIG. 5 is a diagram illustrating the transmission
and reception coils used in a simulation where the transmis-
sion and reception coils are eight winding square coils
having sides of 80 um with the distance between the coils
being 6.6 um. Other values are set as follows.

[0108] Transmission coil: wire width of 2.5 pum, wire
intervals of 0.5 um

[0109] Reception coil: wire width of 0.6 um, wire intervals
of 0.3 um

[0110] Thickness of multilayer wires:

[0111] Thickness of M8 at 0.9 pm

[0112] Thickness of the layer between M8 and M7: 0.595
pum

[0113] Thickness of M7, M6, M5, M4, M3 and M2: 0.22
pum

[0114] Thickness of interlayer insulating films between

M7 and M6, between M6 and M5, between M5 and M4,
between M4 and M3, and between M3 and M2: 0.175 pm
[0115] Thickness of M1: 0.18 um

[0116] Thickness of the layer between M1 and the surface
of the substrate: 0.29 um

[0117] Height of M8 from M1: 3.83 pm

[0118] Here, a small amount of current flows through the
reception coil for which a fine wire is used, though the figure
shows the same width as that of the transmission coil.
[0119] As a result of the simulation, the coupling coeffi-
cient was 0.096 and the mutual inductance M was 0.91 nH.
Accordingly, square coils having sides of 80 um can make
communication possible when the coil distance is 6.6 pm.
[0120] FIG. 6 is a diagram illustrating a transmission and
a reception circuit, where the left side is a transmission
circuit and the right side is a reception circuit. Here, the
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transmission and reception circuits are manufactured in a
0.18 um CMOS process. A PRBS27-1 signal of 2 Gb/s/link
was used for the communication experiment.

[0121] FIGS. 7A through 7C are diagrams illustrating
signal waveforms. When a voltage V ., having the wave-
form in FIG. 7A is applied, the current 1, in FIG. 7B flows
through the transmission coil so as to generate a magnetic
field. This magnetic field allows the reception coil to gen-
erate a voltage of V., as a signal. As a result, communi-
cation is possible when the distance d in the horizontal
direction is up to approximately 1/12 the diameter of the
coils, and it was confirmed that communication was possible
even when the coils are shifted in the lateral direction by
approximately %10 the diameter of the coils. Here, FIG. 7C
illustrates the voltage generated in the reception coil.

EXAMPLE 2

[0122] Next, a multilayer solenoid coil used in the semi-
conductor chip according to Example 2 of the present
invention is described. The way in which this multilayer
solenoid coil is wound can be expressed as follows in the
order of east, north, west and south.

[0123] M8 (Port)

[0124] {'M71M8|M71M8

[0125] M6—m6|\m5|{mé

[0126] {'M51M6|M5TM6

[0127] M4—md|m3|{m4d

[0128] {'M31M4|M31tM4

[0129] M2—m2|m{m2

[0130] M11M2|M1{M2

[0131] In this case as well, the north, west and south sides

are inner wires at the odd-numbered windings.

[0132] FIGS. 8A and 8B are diagrams illustrating the layer
structure of a multilayer solenoid coil used in the semicon-
ductor chip according to Example 2 of the present invention.
FIG. 8A is a plan diagram, and FIG. 8B is a cross-sectional
diagram along chain lines a-a', b-b' and c-¢' in FIG. 8A. As
is clear from FIG. 8B, all the seven layers have an east side,
and the east sides are aligned as viewed in the direction in
which the layers are layered. Only the even-numbered layers
or only the odd-numbered layers have the other sides, north,
west and south, so that the power lines and the signal wires
can traverse three-dimensionally. Thus, in Example 2 of the
present invention as well, the wire concentration is the
highest along the east side that faces the multilayer solenoid
coil provided in another semiconductor chip, and therefore,
the coupling coefficient and the mutual inductance M can be
increased as compared to plane spiral coils.

EXAMPLE 3

[0133] Next, a multilayer solenoid coil used in the semi-
conductor chip according to Example 3 of the present
invention is described in reference to FIGS. 9A and 9B. The
way in which this multilayer solenoid coil is wound can be
expressed as follows in the order of east, north, west and
south.

[0134] M8 (Port)

[0135] 11'M7—M71M8|M7
[0136] M6} m51m6|m5
[0137] 1 1'M5—M51Mé6| M5
[0138] 1M4|m3fmd|m3
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[0139] {1'M3—M31M4 M3

[0140] Tm2|ml1fm2|ml

[0141] M1—M11M2 | M1

[0142] In this case as well, the north, west and south sides

are inner wires at the odd-numbered windings. Here, 11
means the connection to a wire at a level two layers above
through two vias.

[0143] FIGS. 9A and 9B are diagrams illustrating the layer
structure of a multilayer solenoid coil used in the semicon-
ductor chip according to Example 3 of the present invention.
FIG. 9A is a plan diagram, and FIG. 9B is a cross-sectional
diagram along chain lines a-a', b-b' and c-¢' in FIG. 9A. As
is clear from FIG. 9B, all the seven layers have an east side,
and the east sides are aligned as viewed in the direction in
which the layers are layered. Only the even-numbered layers
or only the odd-numbered layers have the other sides, north,
west and south, so that the power lines and the signal wires
can traverse three-dimensionally. Thus, in Example 3 of the
present invention as well, the wire concentration is the
highest along the east side that faces the multilayer solenoid
coil provided in another semiconductor chip, and therefore,
the coupling coefficient and the mutual inductance M can be
increased as compared to plane spiral coils.

EXAMPLE 4

[0144] Next, a multilayer solenoid coil used in the semi-
conductor chip according to Example 4 of the present
invention is described in reference to FIGS. 10A and 10B.
The way in which this multilayer solenoid coil is wound can
be expressed as follows in the order of east, north, west and
south.

[0145] M8

[0146] M7MS8MSMS

[0147] M6M6M6M6

[0148] MSM5SMS5M5

[0149] M4M4M4M4

[0150] M3M3M4M4

[0151] M2M2M2M3

[0152] MIM1M2M2

[0153] FIGS. 10A and 10B are diagrams illustrating the

layer structure of a multilayer solenoid coil used in the
semiconductor chip according to Example 4 of the present
invention. FIG. 10A is a plan diagram, and FIG. 10B is a
cross-sectional diagram along chain lines a-a', b-b' and c-¢'
in FIG. 10A. As is clear from FIG. 10B, all the seven layers
have an east side, and the east sides are aligned as viewed
in the direction in which the layers are layered. In this case,
a signal wire using M1 and M3 enters into the coil through
the west side, and a power line and the GND line using M7
can pass through the north and south sides. In Example 4, the
number of vias is smaller as compared to Examples 1
through 3, and therefore, the parasitic resistance is reduced,
which makes communication at a higher rate possible.

EXAMPLE 5

[0154] Next, a multilayer solenoid coil used in the semi-
conductor chip according to Example 5 of the present
invention is described in reference to FIG. 11. In Example 5,
the multilayer solenoid coil in Example 1 additionally has a
smaller multilayer solenoid coil wound in the same way
incorporated inside the hollow core of the multilayer sole-
noid coil in Example 1 where the multilayer solenoid coils
are electrically connected in series. The way in which this
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multilayer solenoid coil is wound can be expressed as
follows in the order of east, north, west and south.

[0155] The wire goes up winding like:
[0156] M8 (Port)

[0157] M7MSMIMS (7% winding)
[0158] M6M6M7M6 (6" winding)
[0159] M5M6M7M6 (5% winding)
[0160] M4M4M5M4 (4” winding)
[0161] M3M4M5M4 (3 winding)
[0162] M2M2M3M2 (2"¢ winding)
[0163] MIM2M3M2 (1* winding),

and after that goes inward and goes down winding like:

[0164] (M8) M8M7M8

[0165] M7MS8M7MS8 (7% winding)

[0166] M6M6M5M6 (6” winding)

[0167] MS5M6M5M6 (57 winding)

[0168] M4M4M3M4 (4” winding)

[0169] M3M4M3M4 (3" winding)

[0170] M2M2M1M2 (24 winding)

[0171] MIM2MIM2 (1** winding).

[0172] Of course, the wire is formed starting from the first

layer in the actual manufacturing process.

[0173] As the number n of windings of a multilayer spiral
coil increases, the mutual inductance M ideally increases in
proportion to n to the power of 1.6 to 1.8. In the case where
the wire is wound in a spiral towards the inside of the coil
when the number of windings of the coil is greater than the
number of wire layers in the multilayer wire structure as in
Example 5, the distance between the facing sides increases,
which causes the mutual inductance M to lower. Therefore,
it is desired to make the line width of the facing sides as
narrow as possible so that the distance between the facing
sides is prevented from becoming very large. When the line
width is made narrower, however, the parasitic resistance
increases, thereby preventing a large current from flowing
through the transmission coil, which makes a change in the
transmission current smaller or makes the bandwidth in the
reception coil narrower, and thus, high rate communication
cannot be achieved. Meanwhile, the sides (north and south)
that are orthogonal to the facing sides do not greatly affect
M between the facing sides (in the orthogonal direction).
Furthermore, the west sides do not greatly affect M even
when they become thicker in the direction in which the
location goes further away from the facing sides (east).
Accordingly, the line width of the east sides is %4 of the line
width of the other sides, and as a result, the mutual induc-
tance M can be increased without increasing the resistance
value of the coil as a whole.

[0174] FIG. 11 is a diagram illustrating the transmission
and reception coils used for the simulation. Both the trans-
mission and reception coils are coils of 16 windings of
which the outermost square has sides of 80 pm. In addition,
the line width of the facing sides is ' of the line width of
the other sides in both the transmission and reception coils.
As a result of the simulation, the coupling coefficient was
0.097, which is not very different from that between the
multilayer solenoid coils without inner coils because the
distance between the inner multilayer solenoid coils is not
very different from the distance between the outer multilayer
solenoid coils due to the fine line width of the facing sides.
However, the number of windings is two times greater, and
thus, the mutual inductance M was 2.89, which is 3.2 times
greater than that in Example 1. Accordingly, the communi-
cation distance can be increased as compared to Example 1
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and the distance between the chips can be increased. Alter-
natively, communication can be achieved with low power
and low energy consumption.

[0175] In the case of a multilayer solenoid coil wound in
the same way as that in any of Examples 2 through 4, the
multilayer solenoid coil may be provided as an outer mul-
tilayer solenoid coil having an additional multilayer solenoid
coil wound in the same way inside. Alternatively, the outer
multilayer solenoid coil and the inner multilayer solenoid
coil may be wound in ways different from each other.
Furthermore, the line width of the east sides may be Y% the
line width of the other sides even in the case where an inner
multilayer solenoid coil is not provided.

EXAMPLE 6

[0176] Next, the multi-chip module according to Example
6 of the present invention is described in reference to FIGS.
12 and 13. FIG. 12 is a perspective diagram illustrating a
multilayer solenoid coil used in the multi-chip module
according to Example 6 of the present invention. In the first
and second semiconductor chips, the coil for transmission
through which a large amount of current can flow is wound
with a wire provided in M8, M7, M6 and M5, which are
thick upper wire layers, and the coil for reception through
which a small amount of current can flow is wound with a
wire provided in M4, M3, M2 and M1, which are thin lower
wire layers. Here, a power line is provided using M7 and
MS.

[0177] FIG. 13 is a diagram illustrating the multi-chip
module according to Example 6 of the present invention.
The diagram illustrates cross-sections of the respective
portions of the multilayer solenoid coil along chain lines
a-a', b-b' and c-¢' in the same manner as in FIG. 4B. As
illustrated in FIG. 13, the corresponding portions of the
transmission coil and the reception coil are in locations
different from each other in the direction in which the layers
are layered, and thus, the communication distance is slightly
longer than the distance between the chips. In an electro-
magnetic field simulation, however, the mutual inductance
M was 0.13 nH for solenoid coils wound with a wire in four
layers in the case of D=40 pm and d=3 um. In the case where
the number of windings is increased from 4 to 24 by winding
the wire in a spiral, M is increased by 25 times to 3.3 nH.
Typically, M needs to be 1 nH or greater for magnetic field
coupling communication. The mutual inductance M is pro-
portional to the distance d approximately to the power V3,
and therefore, it was found by counting backwards that
D=40 um can make connection over a distance of d=5 um
possible. The distance d that makes communication possible
is proportional to D of the coils, and therefore, d<<D/8 can
be the standard for the design.

EXAMPLE 7

[0178] Next, the multi-chip module according to Example
7 of the present invention is described in reference to FIG.
14. FIG. 14 is a diagram illustrating the multi-chip module
according to Example 7 of the present invention. The
diagram illustrates cross-sections of the respective portions
of'the multilayer solenoid coil along chain lines a-a', b-b' and
c-¢' in the same manner as in FIG. 4B. As illustrated in FIG.
14, in the first semiconductor chip, the coil for transmission
is wound with a wire provided in M8, M7, M6 and M5,
which are thick upper wire layers, and the coil for reception
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is wound with a wire provided in M4, M3, M2 and M1,
which are thin lower wire layers. Meanwhile, in the second
semiconductor chip, the coil for reception is wound with a
wire provided in M8, M7, M6 and M5, which are thick upper
wire layers, and the coil for transmission is wound with a
wire provided in M4, M3, M2 and M1, which are thin lower
wire layers. In this case, the locations of the transmission
coil and the reception coil are almost the same in the
direction in which the layers are layered which makes the
communication distance shorter than that in Example 6.

EXAMPLE 8

[0179] Next, the multi-chip module according to Example
8 of the present invention is described in reference to FIGS.
15 through 21B. FIG. 15 is a diagram illustrating the
mounting structure of the multi-chip module according to
Example 8 of the present invention. Here, coils having the
same structure as the coils in Example 7 are used as the
multilayer solenoid coils 42, and 42, that are provided in
semiconductor chips 41, and 41,. Cu pillars 43, and 43, are
used to flip-chip bond the semiconductor chips 41, and 41,
to a package substrate 51 on which pads 52 are formed. At
this time, the semiconductor chips 41, and 41, are mounted
so that the multilayer solenoid coils 42, and 42, provided
therein face each other. The typical test chips were manu-
factured in a 0.18 um-CMOS process, and dicing was
carried out by means of laser ablation.

[0180] FIG. 16 is a diagram illustrating the transmission
and reception circuits used for the multi-chip module
according to Example 8 of the present invention. Here, a
turn-off transmit type transmission circuit where two trans-
mission coils are used to increase dI/dt is used.

[0181] FIGS. 17A through 17C are diagrams illustrating
signal waveforms. As illustrated in FIG. 17A, in accordance
with the transmitted data T, ,,.,, an NMOS is slowly turned
on in such a manner as to pull a bow string, and the NMOS
is quickly turned off in such a manner as to release the bow
string. As illustrated in FIG. 17B, when the NMOS is turned
on, an electromotive force is induced in the coil so as to
prevent the current I, from increasing, and the drain
voltage in the NMOS lowers so that the NMOS operates in
the triode region. As a result, the transconductance fV 5 is
lowered. Meanwhile, when the NMOS is turned off, an
electromotive force is induced in the coil so as to prevent the
current I, from decreasing, and the drain voltage of the
NMOS increases so that the NMOS operates in the satura-
tion region. As a result, the transconductance BV, is
increased. FIG. 17C illustrates the voltage generated in the
coil on the reception side.

[0182] That is to say, dI/dt is greater when the current of
the coil is turned off as in the present system than when a
current is made to flow through the coil as in the transmis-
sion and reception circuits in FIG. 6. In a simulation, dI/dt
could be made 1.5 times greater as compared to the H bridge
circuit in FIG. 6. Furthermore, only NMOS is used, and
therefore, the layout area can be made smaller to Y5 as
compared to the H bridge circuit where both NMOS and
PMOS are used. As a result, the transmitter/receiver can be
contained beneath the coil of D=40 um even in the case
where a 0.18 pm-CMOS technology is used. In addition, the
power supply voltage can be lowered by the voltage drop in
PMOS (0.7 Vp), and furthermore, the power consumption
can be reduced to ' because no stationary current is
consumed for pulse driving.
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[0183] FIG. 18 is a diagram illustrating the mutual rela-
tionship between the BER (bit error rate) and the timing. A
PRBS27-1 signal of 2 Gb/s/link was used for a communi-
cation experiment. When a coil of D=40 pm with 516
channels per 1 mm”* was formed, a total communication
band of 1 Th/s/mm? was gained. The timing margin at which
BER became 10~'* was 0.65-UL.

[0184] FIG. 19A is a diagram illustrating the correlation
between BER and the distance between coils in the case
where there is no positional shifting. FIG. 19B is a diagram
illustrating the correlation between BER and the distance
between coils in the case where there is positional shifting.
When the power supply voltage was 1.4V, the power con-
sumption was 4.2 mW in the transmitter and 3.7 mW in the
receiver, and thus was 7.9 mW in total (4 pJ/b). As illustrated
in FIG. 19A, channels with different pitches (p) of a coil
were used, and a dedicated manipulator was used to change
the communication distance (X) so as to carry out a com-
munication experiment. As a result, communication was
possible for BER<107'? in all the cases where the pitch was
p=1.1 D, 1.5 D and 2 D. In addition, the communication
distance was x<5 pm (=0.13 D). Furthermore, as illustrated
in FIG. 19B, communication was possible when the posi-
tional shift was 6<8 um (=0.2 D).

[0185] FIGS. 20A and 20B are graphs illustrating the
transfer rate and the power consumption. FIG. 20A is a
graph illustrating the correlation between the data rate that
indicates the transfer rate and the channel area. FIG. 20B is
a graph illustrating the correlation between the data rate that
indicates the power consumption and the channel area.
When the results of the experiment are compared to the
achievements of the cutting edge research, the density, that
is, the number of channels per 1 mm?, can be increased 15
times higher, and the communication rate can be increased
three times (1 Th/s/mm?) faster than in the Si interposer
system by using magnetic field coupling.

[0186] The transmission and reception circuits fabricated
in accordance with a 0.18 pin-CMOS technology have a
transfer rate that is lower than the bandwidth of the coils (9
Gbps/coil) and a layout area that is smaller than the size of
the coils (D=40 um), and therefore, the transfer rate and the
power consumption can be improved by using a finer CMOS
technology. For example, in a simulation using parameters
in accordance with a 65 nm-CMOS technology, the com-
munication rate was 3.2 Th/s/mm? as illustrated in FIG. 20A,
and the power consumption was 0.4 pl/b as illustrated in
FIG. 20B.

[0187] The magnetic field communication technology pro-
vides AC connections, and therefore, different types of chips
having different power supply voltages can be easily con-
nected. In addition, CPUs and FPGAs manufactured in a
cutting edge process can be connected to MPUs and 1/O
chips manufactured in an older process so that the IP license
fees and the development costs can be saved on.

[0188] FIG. 21A is a graph illustrating the area efficiency
(Th/s/mm?) of data transfer, and FIG. 21B is a graph
illustrating the power efficiency (Tb/s/W (pl/b)) of data
transfer. Here, the hysteresis differential comparator receiver
circuit in FIG. 16 was used for a simulation with the
parameters in accordance with a 65 nm-CMOS technology.
[0189] In the case where coils of D=40 um were used for
a communication distance x=3 pm, the area efficiency was
3.2 Tb/s/mm? as illustrated in FIG. 21A, and the power
efficiency was 2.3 Tb/s/W (=0.43 pl/b) as illustrated in FIG.
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21B. This can be compared with the transfer at 10 Gb/s/link
using a silicon interposer to find that the area efficiency
could be increased by seven times and the power efficiency
could be increased by ten times. As is clear from FIGS. 21A
and 21B, communication is possible even in the case where
the communication distance x is 20 um. As described above,
it is possible to die bond two semiconductor chips at a
distance of 1 um, and therefore, the facing sides of the coils
can be provided within a range of 9.5 um from the side end
surfaces of the semiconductor chips in order to make com-
munication possible.

EXAMPLE 9

[0190] Next, the multi-chip module according to Example
9 of the present invention is described in reference to FIG.
22. FIG. 22 is a plan diagram illustrating the multi-chip
module according to Example 9 of the present invention,
where multilayer solenoid coils 62, and 63, are arranged
along two sides of a first semiconductor chip 61,, and a
second semiconductor chip 61, and a third semiconductor
chip 61, provided with multilayer solenoid coils 62, and 62,
are mounted on a package substrate 64 so that the multilayer
solenoid coils 62, and 62, face the multilayer solenoid coils
62, and 63, along the respective sides.

[0191] In this case, the first semiconductor chip 61, may
be a control chip, and the second semiconductor chip 61,
and the third semiconductor chip 61; may be memories. In
addition, multilayer solenoid coils may be provided along
the four sides of the first semiconductor chip 61, so that four
semiconductor chips can be mounted so as to face the first
semiconductor chip 61,. Furthermore, multilayer solenoid
coils (63,) may be provided in the second semiconductor
chip 61, along a side other than the side through which the
first semiconductor chip 61, faces the second semiconductor
chip 61, so that a sixth semiconductor chip can be mounted
so as to face the second semiconductor chip 61,.

What is claimed is:

1. A semiconductor chip, comprising:

a semiconductor body; and

a multilayer solenoid coil, where a plane of the coil

formed in a multilayer wiring structure in the semicon-
ductor body is parallel to a main surface of the semi-
conductor body, wherein

the multilayer solenoid coil is formed along at least one

side end surface of the semiconductor body.

2. The semiconductor chip according to claim 1, wherein
at least one side of the multilayer solenoid coil is provided
within a range of 9.5 pm from the side end surface of the
semiconductor body.

3. The semiconductor chip according to claim 2, wherein
at least one side of the multilayer solenoid coil is provided
within a range of 5 um from the side end surface of the
semiconductor body.

4. The semiconductor chip according to claim 1, wherein
the sides in the respective layers of the multilayer solenoid
coil on the side end surface side are aligned in the direction
in which the layers of the multilayer solenoid coil are
layered.

5. The semiconductor chip according to claim 4, wherein
at least one side other than the side of each layer of the
multilayer solenoid coil on the side end surface side forms
a spiral.
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6. The semiconductor chip according to claim 4, wherein
the width of the side of each layer of the multilayer solenoid
coil on the side end surface side is narrower than the width
of the other sides.

7. The semiconductor chip according to claim 1, wherein
the wire concentration in the location where the sides of the
multilayer solenoid coil are aligned in the direction in which
the layers are layered along one side on the side end surface
side is higher than the wire concentration in the locations
where the sides are aligned in the direction in which the
layers are layered along the other three sides.

8. The semiconductor chip according to claim 7, wherein
at least a power line or a signal wire is provided so as to pass
through the multilayer solenoid coil in a horizontal direc-
tion.

9. The semiconductor chip according to claim 4, wherein
odd-numbered wound coil elements of the multilayer sole-
noid coil are formed of first wire elements located outside,
and even-numbered wound coil elements of the multilayer
solenoid coil are formed of first wire elements located along
the side end surface and second wire elements located inside
the first wire elements.

10. The semiconductor chip according to claim 4, wherein
the multilayer solenoid coil has in its inside an inner
multilayer solenoid coil wound with wires that shares the
multilayer structure with the winding wires of the multilayer
solenoid coil, where the multilayer solenoid coil and the
inner multilayer solenoid coil are electrically connected in
series.

11. The semiconductor chip according to claim 4, wherein
the multilayer solenoid coil is one of the multilayer solenoid
coils for reception or one of the multilayer solenoid coils for
transmission that are aligned in a lateral direction.

12. The semiconductor chip according to claim 4, wherein
the multilayer solenoid coil is a multilayer solenoid coil
made of a multilayer solenoid coil for reception and a
multilayer solenoid coil for transmission layered on top of
each other.

13. The semiconductor chip according to claim 1, wherein
multilayer solenoid coils are provided along at least two side
end surfaces of the semiconductor body.

14. A multi-chip module, comprising:

a mounting substrate;

a first semiconductor chip mounted on the mounting

substrate; and

a second semiconductor chip mounted on the mounting

substrate, wherein
the first semiconductor chip comprises a multilayer sole-
noid coil, where a plane of the coil formed along at least
a first side end surface of a first semiconductor body is
parallel to a main plane of the first semiconductor body,

the second semiconductor chip comprises a multilayer
solenoid coil, where a plane of the coil formed along at
least a first side end surface of a second semiconductor
body is parallel to a main plane of the second semi-
conductor body, and

the multilayer solenoid coil provided in the first semicon-

ductor chip and the multilayer solenoid coil provided in
the second semiconductor chip face each other.

15. The multi-chip module according to claim 14, wherein
one side of the multilayer solenoid coil provided in the first
semiconductor chip and one side of the multilayer solenoid
coil provided in the second semiconductor chip face each
other at a distance of 9.5 pm or less.



US 2017/0092603 Al Mar. 30, 2017
11

16. The multi-chip module according to claim 15, wherein
the height of the center of the multilayer solenoid coil
provided in the first semiconductor chip in the direction in
which the layers are layered is the same as the height of the
center of the multilayer solenoid coil provided in the second
semiconductor chip in the direction in which the layers are
layered.

17. The multi-chip module according to claim 15, wherein
the height of the center of the multilayer solenoid coil
provided in the first semiconductor chip in the direction in
which the layers are layered shifts by a distance of 5 pm or
less from the height of the center of the multilayer solenoid
coil provided in the second semiconductor chip in the
direction in which the layers are layered.

18. The multi-chip module according to claim 14, wherein

a multilayer solenoid coil having the same structure as

that of the multilayer solenoid coil provided in the first
semiconductor chip is provided along a second side end
surface of the first semiconductor body,

a third semiconductor chip comprises a multilayer sole-

noid coil, where a plane of the coil formed along at least
a first side end surface of a third semiconductor body is
parallel to a main plane of the first semiconductor body,
and

the third semiconductor chip is mounted on the mounting

substrate in such a manner that the multilayer solenoid
coil of the third semiconductor chip faces the multi-
layer solenoid coil provided along the second side end
surface.



